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STUDIES OF EVAPORATION

REVIEW OF LITERATURE ON EVAPORATION SUPPRESSION

By Georee B. Macin, Jr., and Lois E. RaNDALL

ABSTRACT

Evaporation suppression is the reduction of evaporation by
¢~ntrolling the rate at which water vapor escapes from water
srfaces. The need for water saving is greatest in areas of little
r~infall and low runoff. Water losses by evaporation from stor-
¢ ve reservoirs must be minimized for greatest utility of limited
s 'pplies.

A review of the literature shows that evaporation can be re-
trded by either physical or chemical means. It can be con-
t-olled by enclosure in a building, application of plastic covers,
¢l films, and monomolecular films.

Monomolecular films hold the greatest promise for use on large
¢veas of water such as reservoirs. From the literature available
i is apparent that these films introduce many chemical and
physical problems. The suppressants must be nontoxic and
corless, especially if used on water-supply reservoirs. They
£ -ould allow the free exchange of oxygen so that aquatic life is
rot endangered. The effects of water-borne bacteria on these
flms and the effects of the films on water of different qualities
ere not fully known. The physical problem of detecting the
rresence of the film has not yet been solved. Of the monomo-
lacular films that have been investigated, the waxy alcohols such
£+ hexadecanol and octadecanol show the greatest promise.

INTRODUCTION

Maximum use of a short water supply can be obtained
by applying conservation methods, such as storing water
¢t times of surplus for use in times of drought. Unfor-
tunately, not all the water put in surface storage is avail-
¢ble for future use because part is lost through evapora-
tion. The evaporation loss is serious because it is
vsually greatest in dry areas where the supply is most
valuable. For example, in the Great Basin and the

Jolorado River basin, where the needs for water exceed
{"\e amounts available, evaporation dissipates almost
cne-sixth of the available supply (108).! Great econom-
i~ gain would result in all arid areas if as much as one-
fourth of the evaporation from stored water could be
yrevented.

This paper is a brief review of the more significant
studies on the theory and methods of reducing evapora-
tion. The work is part of the studies on evaporation

-

1 Numbers in parentheses refer to references in the bibliography.

suppression by the U.S. Geological Survey. An exten-
sive search of the literature relating to methods of evap-
oration suppression discloses significant progress to date
and suggests that more effective methods may be
developed.

The authors found very helpful the extensive bibliog-
raphies of the Southwest Research Institute and of the
other writers whose names are preceded by asterisks in
the bibliography. However, some of the references in
those biblographies were not used as they did not se>m
pertinent to the subject matter covered here.

THEORY OF EVAPORATION

Four main factors affect evaporation: the area of
exposed water surface—the larger the area, the greater
the loss; the temperaturelof the water and air above it—
a higher temperature increases loss; the movement of
air above the water surface—a greater movement cer-
ries off more vapor; and the relative humidity—dry air
absorbs moisture more readily than moist air.

According to the kinetic theory of evaporation, mol-
ecules of water are in a constant state of random motinn,
colliding with one another, and rebounding. In the
liquid state, these molecules are held in balance by tk ~ir
cohesive force; however, some molecules possess suffi-
cient kinetic energy to overcome this cohesive force ¢ ud
break free from the water surface, thus forming gaseous
molecules.

The fundamental law of evaporation is credited to
Dalton (87). His generalized formula of evaporat'on
(88),

E=C(P,—P.),

was proposed in 1834. In his formula

E =rate of evaporation in inches per day;

P,=vapor pressure in the film of air next to the
water surface;

P,=vapor pressure in the air above the film;

C =coefficient that is dependent upon barometric
pressure, wind velocity, and other variab'es.
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Many investigators since Dalton have contributed to
the theory and laws of evaporation (see 33, 37, 49, 84,
86, 89, 120, 124, 154, 180, 188, 190, 207, 227, 236, 281,
282). Using theoretical considerations and measured
rates of evaporation of water from plane, cylindrical, and
spherical surfaces in an air stream, Missenard (212) con-
cluded that evaporation and convection are related and
are expressed by the same quantitative laws.

STUDIES OF FACTORS AFFECTING EVAPORATION

Evaporation depends on several factors in addition to
the four previously mentioned. Some investigators
have considered the effect of barometric pressure and
solar radiation. Dalton’s (87) fundamental derivation
considered the effect of vapor pressures, wind velocity,
and barometric pressure. The effect of vapor-pressure
differences at the air-water interface has been studied by
Matsak (208) and others (36, 39, 120, 159, 207, 229,
312). Tzentnershver (304) investigated the effect of
wind velocity and found that the rate of evaporation of
water is proportional to the velocity of the air current at
the water surface, provided that the temperature in the
surface layer of the liquid is constant. Timofeev (294)
studied the effects of turbulent air flow. Folse (115)
concluded that wind velocities less than 10.8 miles per
hour had no effect on evaporation, but that evaporation-
pan studies do not seem to support this conclusion.

Stelling (275), in his pan experiments in Russia
(1875-1882) worked out an approximate formula based
on wind velocity,

E=(0.8424+0.01056W) (e;—eq)

in metric units, in which £ (evaporation) and the dif-
ference in vapor pressure (e,—e¢,;) are given in milli-
meters and the wind velocity W is in meters per second.
Powell (233), Lur’e and Mikhailov (187), Himus (151),
and Carrier and Lindsay (71) studied the effects of
wind velocity and temperature. Himus and Hinchley
(152) studied the effect of air movement on the rate of
evaporation of water below the boiling point. Their
paper cites several references. Many other men have
studied the effect of wind velocity (31, 32, 76, 85, 98,
117, 120, 153, 190, 208, 209, 213, 225, 227, 229, 280,
281, 282, and 312), but to discuss their contributions is
beyond the scope of this report.

Sharpley and Boelter (266) developed an evaporation
formula based on the humidity and temperature of
the water. From water-surface temperature measure-
ments, Alty (37, 38) calculated the maximum rate of
evaporation. Carrier and Lindsay (71, 72) studied the
effect: of water and air temperature on evaporation.
Cummings and Richardson (86) applied a correction
factor for temperature to their thermodynamic equa-
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tion of evaporation. Others (120, 151, 152, 237, and
238) have used temperature data in their formulas.

The effect of barometric pressure has been studied by
Folse (115), Russell (255), and Mats~k (208). Quilez
(238) criticized the existing formulss for calculating
evaporation from a free surface. He derived an ex-
pression that does not involve empirical constants and
requires the measurements of only air and water tem-
perature and pressure. Other investizators have stud-
ied the effects of humidity (85, 86, 207, 266), solar
radiation (85), altitude (62), surface area (76, 109, 114,
223, 229, 305), and other factors (148, 149, 154, 306).

Chakravorty (76) studied the evaporation from a free
surface that was of restricted area and in which shape,
orientation, and edge effect influenced appreciably the
overall evaporation.

MEASUREMENT OF EVAPORATION

Evaporation has been determined by several methods.
Wisler and Brater (319) list five general methods: The
storage equation, measurements in an auxiliary pan and
reducing the pan evaporation to natural water surfaces
by means of a coefficient, the evaporation formula, the
humidity and wind velocity gradient, and the measure-
ment of insolation.

Other men have taken into account many related
factors and have proposed different evaporation equa-
tions. Fitzgerald (112) modified Dalton’s equation by
taking into account wind velocity,

E=(0.40+0.199W) (e,—eq),

in which W=wind velocity. Carperter (70) experi-
mented with a sunken tank in 1887. His equation,

E=(0.39+0.187W) (¢,—ea),

is a modification of Fitzgerald’s and is applicable to
conditions in western United States.

Boelter and others (61) worked out curves and equa-
tions of evaporation at air temperatures between 65°
and 80°F. and relative humidity between 54 and 98
percent. They list 13 references. Hickox (150) exper-
imented in still air under controlled conditions. He
drew an analogy between heat transfe~ and mass trans-
fer as they occur in evaporation and expressed evapora-
tion rates in terms of appropriate dimensionless groups.
He considered the effect of vapor-pressure differences,
wind velocity, pan diameter, water temperature, air
pressure, rim height, color of pan, and depth of pan.
His report contains 42 references on evaporation, most
of which are included in this paper. Others have con-
tributed to our knowledge of measurable factors influ-
encing evaporation (see 76, 114, 115, 151, 180, 184, 187
255, 266, 275, 306). ‘




REVIEW OF LITERATURE ON EVAPORATION SUPPRESSION

Thomas and Ferguson (288) reviewed part of the
literature and pointed out the confusion in terms and
the variation in formulas developed by different authors
under different conditions. Livingston (183) published
an annotated bibliography of evaporation.

EVAPORATION SUPPRESSION

The study of evaporation suppression on large areas
such as lakes and reservoirs requires a method of eval-
uating the evaporation that would have occurred dur-
ing the same period without the suppressant. Compari-
son of evaporation from two identical reservoirs side
by side and similarly oriented is one solution; however,
such reservoirs rarely exist in nature. A more common-
ly used method is & comparison with nearby evaporation
pans having concurrent records.

Kohler and others (165, 166) have calculated evapo-
ration from lakes by converting measured evaporation
from pans to lake evaporation by applying coefficients.
Kohler and others (166) describe a combination mass-
transfer and energy-budget approach first suggested by
Penman (230).

Blaney (57, 58) studied the effects of high altitudes
on evaporation from pans. He adjusted these data to
natural lakes and reservoirs by applying a coeffiicient.
The study was inconclusive because the pans froze dur-
ing the winter.

Sleight (272) used coeflicients to convert pan evapora-
tion to reservoir evaporation. Bonython (62), using
data from South Australia, demonstrated how errors
can be introduced into the use of a tank evaporimeter to
derive evaporation rates from large bodies of water.

Blaney (58) compiled data on evaporation from water
surfaces in California, and Bloodgood (60) compiled all
known data on water evaporation in Texas. Bloodgood
also discussed procedures and coefficients to use in ad-
justing pan evaporation losses to natural lake or reser-
voir losses.

Bigelow (55) showed that the location of pans rela-
tive to the water of a reservoir has an important effect
on the calculated evaporation. He concluded that
water is evaporated from a lake or reservoir about five-
eighths as fast as from an isolated pan placed outside
the vapor blanket. Rohwer (250, 252) found that the
evaporation cocfficient differs for different types of pans
and summarized the available records of comparative
rates of evaporation from different types of pans and
large bodies of water under similar conditions. He dis-
cusses the factors that cause evaporation and the
derivation of the general law under which these factors
operate.

Mansfield (191, 192) used a sunken pan to assess
the effectiveness of evaporation suppressants. This
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evaporimeter was calibrated to measure evaporation
from small ponds that were used in a field test of hex-
adecanol. Kohler (165) showed that, for a sunken pan
used in the Lake Hefner study, the monthly coefficient
used to convert pan evaporation to lake evaporation
ranged from about 0.2 to 1.5. He concluded that
Mansfield’s evaporimeter may be satisfactory for meas-
uring evaporation from small ponds but may be sub-
ject to considerable error if used for large reservoirs.

Harbeck and Koberg (134) conclude that a better
method of assessing the suppression of evaporation may
be obtained by using a combination of the ene-gy-
budget and mass-transfer evaporation measurement
techniques.

The energy-budget method of measurement was sug-
gested by Angstrom (44) in 1920. It is based on the
conservation of heat energy within a body. For any
given body of water a balance must exist between heat
gains and losses. Heat may be gained by long- and
short-wave radiation, conduction, and condensation.
Heat losses result from direct and reflected radiation,
conduction, advection, and evaporation. Radiation,
conduction, advection, and changes in energy stovage
in the water may be measured, and the evaporation or
condensation may be computed.

Bowen (64) determined that the ratio of heat losses
by conduction and by evaporation from any water
surface is -

(Tm—Ta) P

.R=0.46 '(P‘?'_a)v 7—66

whére R is the Bowen ratio, and T, and P, are the
original temperature and vapor pressure of the air
passing over the lake, and 7, and P, are the corre-
sponding quantities for the layer of air in contact with
the water surface.

Cummings and Richardson (86) use the Bowen ratio
in their equation,

_(H—8-C)
T LOTR)

which takes into consideration the net radiant energy
absorbed and the heat stored in the water. In their
equation, £ is the evaporation, H the difference be-
tween the incoming and outgoing radiation, S the heat
stored in a column of water having unit cross section,
O a correction for heat carried by flowing water and
leakage of heat through the walls of the vessel, L the
latent heat of water, and B the Bowen ratio.

UNESCO (306) published an equation of the thevmal
balance at the evaporating surface as

R=LE+H+@
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where R=net radiative flux at evaporating surface,
L=latent heat of evaporation of water,
E=rate of evaporation per unit area,
H=rate of transfer of sensible heat per unit area,
and
G=rate of change of heat storage per unit area
below evaporating surface.

“Thus, R—G=LE+H and, if R and @ can be measured
or estimated, the determination of E and H becomes a
matter of correctly assigning the relative magnitudes
of these quantities.”

Other investigators have worked on the energy-budg-
et approach to evaporation measurement (see 41, 62,
85, 130, 162, 206, 222, 223, 227, 229, 230, 235, 283, 285,
289, 290). E. R. Anderson (41) demonstrated that the
evaporation computed using the energy-budget equa-
tion was in good agreement with evaporation deter-
mined from the water-budget control at Lake Hefner.
Harbeck (130, 133) and Harbeck and Koberg (134)
rearranged Anderson’s energy-budget equation,

[Qa"’ Qr+ Qa— Qar+ Qv] - [Qbs+ Qo1+ Qw] = Qv’

to determine evaporation. Their equation is simply,
inflow—outflow=change in storage, in which
@, =solar radiation incident to the water surface,
Q, =reflected solar radiation,
Q. =incoming long-wave radiation from the atmos-
phere,
Q..—reflected long-wave radiation,
@, =net energy advected into the body of water,
Q,»=long-wave radiation emitted by the body of
water,
Q. =energy utilized by evaporation,
@, =energy conducted from the body of water as
sensible heat,
Q. =energy advected by the evaporated water,
@ =increase in energy stored in the body of water.
Some factors, such as heating due to chemical and
biological processes, conduction of heat through the
lake bottom, and transformation of kinetic energy into
thermal energy are small and were neglected.

TECHNIQUES IN EVAPORATION SUPPRESSION

Where water is at a premium, as in the arid regions,
man has resorted to various methods of conserving it.
Freese (118), in his paper before the First International
Conference on Reservoir Evaporation Control, dis-
cussed a number of methods of reducing evaporation.
Most methods consist of reducing the liquid surface
exposed to the atmosphere, and they can be divided
into three classes—those that reduce the surface area,
those that mechanically cover the surface, and those
that cover the surface with a film.

STUDIES OF EVAPORATION

The surface area can be reduced by constructing
reservoirs with maximum depth for a given volume
(52, 108, 118), storing water underground (52, 108,
118), and storing water in one large res~rvoir instead of
several small ones (52, 118). Evaporstion losses may
be reduced also by proper selection of reservoir sites
(47, 100, 108).

Mechanical covers include roofs (52, 113), floating
rafts (52), and wind breakers (52). Fleming (113)
describes an aluminum-covered municival reservoir at
Santa Ana, Calif. Although ground-water reservoirs
generally do not have exposed surfaces, in many of
them large quantities of water are used by phreato-
phytes—plants that obtain water from the zone of sat-
uration. Therefore, large quantities of water can be
saved by elimination of phreatophytes (see 47, 52, 108,
113, 249).

Surface films, the third general class*fication, appear
to be the most economical and offer the greatest poten-
tial for evaporation reduction.

Harbeck and Koberg (134) in their studies state:

Application of a film affects the terms Q,,, Q., and Q;, but the
net sum of the effects must be zero, or

Q5= Q20)+ (Q'3s— Q1) + (@' — €)=0

in which the symbols with prime refer to tt~ reservoir with a
film and the symbols without prime to the seme reservoir with-
out a film, If evaporation is decreased, the water-surface tem-
perature must rise until the energy no longer being utilized for
evaporation is returned to the atmosphere by increased back
radiation and conduction.

Harbeck and Koberg’s method (134) of evaluating
the effectiveness of a monomolecular flm involves the
computation of two unknowns—the evaporation and
water-surface temperatures that would have been ob-
served if no film had been applied. Tvwo simultaneous
equations are used to solve for the twe unknowns, one
based upon the energy-budget concept and the other
upon the mass-transfer theory.

The formation of monomolecular surface films of
spreading oils was discovered by Agne~ Pockels (232)
in 1891. She found that the area covered by a spread-
ing oil, such as oleic acid, could be vrried at will by
confining the film between movable barriers placed
across a shallow tray filled with water. Lord Rayleigh
(241) in 1899 reviewed Miss Pockels’ work and came to
the conclusion that the oil spreads to form a film one
molecule in thickness. During the period 1903-13,
Henri Devaux (95) studied the effect of oil film on water
and the limit of its expansion. He concluded that, if
Miss Pockels had scattered an inert povwder on the sur-
face to render the film visible, she would have seen the
extent to which the oil would spread. He found that
the thickness of an oil film at the maximum extension is
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only a single layer of molecules and that the film will
disappear abruptly when one tries to stretch it thinner.

Marecelin (197-205) studied the properties of benzyl
benzoate and oleic acid and their effects on water in
terms of the law of Gay-Lussac. He found that the
product of the area occupied by a quantity of oleic acid
on the surface of water and the surface pressure of the
film is constant over the range extending from the satu-
rated surface to that represented by a surface 28 times
as large.

Du Nouy (105), in his 1944 article “Concerning the
rate of evaporation of water through oriented mono-
layers on water,” referred to his earlier (1924) work
(104) as follows:

I should also like to mention the fact that, to my knowledge, I
published the first paper on the influence, on the rate of evapora-
tion of water, of a monolayer of oriented molecules. This paper
undoubtedly escaped the attention of Dr. Langmuir, as it was
printed in the Journal of Experimental Medicine under the mis-
leading title . . . . I reported a definite slowing up of the rate
of evaporation, but my method was crude in comparison with
that employed by Drs. Langmuir and Schaefer.

Hedestrand (141) concluded that a monomolecular
film of fatty acid reduced the rate of evaporation of
water very little, if at all; however, Rideal (243) and
Langmuir and Langmuir (176) found that fatty acids
spread on the water surface reduce evaporation greatly.
Rideal (244-246), Cary and Rideal (73-75), and Scho-
field and Rideal (258, 259) studied the effects of temp-
erature and polar groups on the equilibrium pressure,
investigated the mechanism and rate of spreading, and
calculated the latent heat of fusion for some of the or-
ganic compounds by an application of the Calpeyron
equation.

Langmuir (174) found that a small amount of oil on
the surface of water has no appreciable effect on its
surface tension, but when the amount of oil per unit
area is increased beyond a certain limit, the surface film
decreases. From this he concluded that the amount of
oil necessary to affect the surface tension corresponds
to a layer one molecule thick. He further reasoned
that, since the oil spreads on the water and since the
presence of -COOH, —-CO-, or ~OH groups in an or-
ganic molecule tends to render a substance soluble in
water, these groups must have a strong affinity for
water. This means that the molecules are standing on
end with the functional group being dissolved in the
water and the hydrocarbon chain extending upwards
from the surface. He found that pure hydrocarbon
oils (without the functional groups) do not spread on
water but form lenses. Langmuir worked out a method
for measuring the area occupied by a molecule on the
water surface.

Langmuir and Langmuir (176), in their paper “The
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effect of monomolecular films on the evaporation of
ether solutions,” pointed out that, using Rideal’s meas-
urements, the resistance to evaporation of water by a
monomolecular film of oleic acid is 800 units at 25°C.
whereas, in the absence of a film, it is 3 units. Instead
of considering the rate of evaporation of a liquid in
grams per square centimeter per second, they usec the
reciprocal of this quantity, termed the evaporation re-
sistance, B, in square-centimeter-seconds per gram.
They found cetyl alcohol had a resistance of 65,000
units to the evaporation of water and that the effect
can be observed in experiments at 1 atmosphere
pressure.

The resistance of cetyl alcohol film ranges from
5,000 units with no wind to 1,900 units with a wind
velocity of 1.5 meters per second. The thickners of
the film through which diffusion must occur can be
calculated by the equation R=h/CD, where h is the
thickness of a film, D is the diffusion coefficient, and
C the concentration of the diffusing substance vhen
equilibrium is brought about by stopping diffusion,
C=10"% grams per cubic centimeter for the corren-
tration of water in the cetyl alcohol film.

Langmuir and others (175, 178) studied the effe~t of
oil lenses on water and the nature of monomolecular
expanded films. Langmuir and Schaefer (177), in their
paper on “Rates of evaporation of water through com-
pressed monolayers on water,” pointed out that the
rate of escape of water molecules from the surface de-
creased at the ratio of about 10,000 to 1 in the presonce
of a cetyl alcohol monolayer. They decided that this
evaporation resistance is due to an energy barrier—oil
layers reduce evaporation by a different mechanism.

Adam (2) studied the properties and molecular struc-
ture of thin films of palmitic acid on water. His views
confirmed those of Langmuir that the film consists of
a single layer of molecules oriented with their COOH
group towards the water. He concluded that the hy-
drocarbon molecules sink to different depths wheveas
the molecules with the COOH groups rise in the water,
so that the COOH groups are in contact with each
other; this arrangement gives a liquid film, wherear the
packed hydrocarbon chain normally gives a solid one.

Adam (3-29) studied the properties and molecular
structure of thin films for several compounds. His
book (16), especially chapter 2, is a good source of
information on surface films.

Glazov (122, 123) found that the evaporation of water
from flat dishes in an air current is reduced by surface
films as follows: cetyl alcohol>CsH;;-OH>C\;Hy,-
COOH and Cy;H;, - COOH and CyH;, - COOH >saponin,
He decided that only liquid films are effective and that
the monomolecular layers reduce convection under the

surface.
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Oil has been used as a retardant for evaporation for
many years. Abbe (1) reports on the work of Onofrio,
who used oil upon inland rivers and lakes in France to
retard evaporation and thereby reduce the formation of
fog. Burgess (69) studied surface-film oil to find a
stable film with the highest spreading pressure. Cary
and Rideal (74) studied the behavior of crystals and
lenses of fats on the surface of water and the effect of
temperature on the presence of a film in equilibrium.

Gilby and Heymann (121) studied the rate of evapo-
ration of water through duplex films. In the presence
of an oil film, wind speeds as much as 8 miles per hour
did not increase the rate of evaporation. Guttenberg
(127) found that the rate of spreading of oil in water
could be expressed by R=ct* where ¢ is temperature in
°C., ¢ ranges from 9 to 19 centimeters per second, and
k ranges from 0.63 to 0.72 centimeters per second for
oleic, linoleic, and linolenic acids. No temperature
effect was observed between 10° and 40°C. Hede-
strand (141) concluded that the rate of evaporation of
water does not depend on resistance to the diffusion of
water molecules through the oil film but on the resist-
ance of the stagnant layer of air above the liquid.

Heymann and Yoffe (145, 146) studied “the stability
of multimolecular films of hydrocarbon oils, containing
spreaders, on water surfaces’” and found that polymer-
ized spreaders form thick films of oil that are much
more stable than other spreaders; some last as long as
18 months if they are kept free from dust. Langmuir
and Langmuir (176) showed that oils have greater re-
sistance to evaporation than other monomolecular lay-
ers. Rohwer (251) showed that surface oil films reduce
evaporation of water in proportion to their thickness,
but the relatively rapid dissipation of oil by wind, rain,
or other agents, renders this method uneconomical for
the conservation of large areas of water. Nelson (221)
has a patent for the use of oil on water to prevent
evaporation. Others have studied the effects of using
oil to prevent evaporation (see 95, 175, 218, 233, 239,
244, 295, and 296).

The use of multimolecular layers for suppression of
evaporation has been studied by Bikerman (56), Lang-
muir (178), and others (203, 217, 233). The multimo-
lecular films differ from the monomolecular films only in
thickness and their properties are very similar. The
remainder of this paper, therefore, will be concerned
with monomolecular films.

Monomolecular layers are potentially the best evap-
oration suppressants (77, 79, 80, 155, 243). Intensive
study has been made of their chemical properties (see
43, 65, 90, 94, 181, 185, 220, 231, 260, 267, 273, 274, 278,
300, 303). Sebba and Briscoe (263) found that a freshly
formed film of n-docosanol under a surface pressure of 47
dynes per centimeter almost completely prevents evap-
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oration from the water surface; but, if the film is aged
for 20 hours at zero pressure and then compressed to 47
dynes per centimeter, it is almost completely permeable.
They concluded that the increased pereability results
from association of the single molecules in the uncom
pressed film with double molecules with a hydrophilic
alcohol group at each end. The double molecules lie
flat on the water surface and the film is more permeable.

Zolin (322) showed that the rate of evaporation de-
pends on the volatility of the given component. Little-
wood and Rideal (182) derived a relation between ob-
served values of evaporation coefficients and temper-
ature at the evaporating surface. Or this basis they
explain the wide range in the experimental results.

The shape of the molecules that mal-e up the surface
film (3) is important in determining tte rate of evapo-
ration. Woog (320) studied the effect of shape in ste-
aric, palmitic, and oleic acids and his results confirmed
those of Langmuir (177). The effect of chemical strue-
ture on the water-vapor permeability of thin films was
evaluated by Weitzel and others (314-317). They
found that increased length in the hydrocarbon chain of
the fatty acids decreased permeability and that the
steric interference of a side chain increased permeability;
8-methylpalmitic acid permitted a 98-percent passage
of water vapor, whereas palmitic acid permitted only a
46-percent passage. Films formed by long-chain alco-
hols showed a similar decrease in perm-ability with in-
creasing chain length. The steric hindrance was de-
monstrated by the use of esters. The permeability of
the isomers erucic acid (cis) and brassidic acid (trans)
was measured. Brassidic acid greatly retarded the
passage of water vapor, whereas erucic acid had little
effect.

Harkins (135) found that, when polar compounds are
added, the molecules at the interface ere oriented with
their polar groups toward the solid and their nonpolar
groups toward the liquid. Durham (108) concluded
that fatty acids with main chains longer than C,; make
brittle solid films on subtrates containing calcium ions
at pH 7.5. Others (18, 105, 164, 220, 246) have studied
the effects of molecules of different shapes on the rate of
evaporation.

Ionization in fatty-acid monolayers on pure water has
been studied by Betts and Pethica (54) and Sanders and
Spink (257). The surface potentials of spread mono-
layers of weak acids or bases vary with their pH. This
variation may be used to calculate the intrinsic ioniza-
tion constants of the film forming molecules.

The variation in the solubility of monomolecular
films with surface pressures was studied by Sebba and
Briscoe (262). The surface pressure exerted by a
film, in equilibrium in excess of the solid film forming

substance, is not constant but varies with time. They
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~tudied the following film forming materials: cetyl
~lcohol, octadecyl aleohol, cholesterol, proteins, and
ttearic, palmitic, oleic, elaidic, brassidic, and erucic
~¢ids. Dervichian (92) determined the film pressures,
%lm potential compression at various temperatures,
and dipole moments of several monomolecular layers.
“Jarkins and Boyd (136) studied the effect of pressures
nd temperatures and the detection of phase transi-
‘ions in monolayers for pentadecylic, palmitic, mar-
7aric, stearic, nonadecanoic, and arachidic acids at
surface pressures of 0-28 dynes per centimeter and
iscosities of 3X107* to 1 surface poise. They (137)
]so analyzed the interpretations of Dervichian.

Nutting and Harkins (224) measured the pressure-
area relation of monolayers of fatty acids with 14 to 20
carbon atoms at 25°C. and straight-chain alcohols
vith 14 to 18 carbon atoms at 20°C. The pressure of
the transition point, liquid to plastic solid, increases
‘rom 6.2 dynes per centimeter for 14 carbon chains to
12.2 dynes per centimeter for 18 carbon chains in the
alcohol at 20°C.; the corresponding change for the
acids at 25°C. is from 21 dynes per centimeter for 15
carbon chains to 20 dynes per centimeter for 19 carbon
chains.

Rosano and LaMer (253) investigated the effect of
employing monolayers of Cy;, Cy, Cy, and Cy mem-
bers of the saturated fatty-acid series on evaporation.
They found that evaporation was independent of the
surface pressure of these monolayers in the range 10-24
dynes per centimeter if the film was spread initially
under pressure to prevent the entrance of impurities.
They measured the surface area, the resistance to
evaporation, and the surface viscosity for each sub-
stance as a function of the surface pressure. Shishakov
(268), in his paper “Electronography as a method for
the physical chemistry of surface film,” gives an
annotated bibliography. Others (34, 35, 91, 110, 143,
160, 167, 200, 201, 202, 205, 211, 242, 243, 256, 286, 302,
and 314) have studied the effects of surface pressure
and surface tension on evaporation.

Viscosity of monomolecular films was studied by
Joly (156-159) and others (67, 93, 94, 111, 138, 254).
Joly investigated films of palmitic acid, oleic acid, and
tricaproin and drew conclusions about the arrangement
of their carbon chains that explain the increase in
viscosity with molecular area. The viscosity meas-
urements can give precise information on the equi-
librium form of the molecules, the forces of molecular
interaction, and the energetics of surface phenomena.
He listed 120 references. ‘

The effect of monolayers on the rate of evaporation
has been investigated by many men (119, 142, 143, 144,
176, 214, 243, 264, and 265). Archer and LaMer (45,
46) studied the resistance to evaporation of monolayers
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of 4 fatty acids of 17, 18, 19, and 20 carbon atoms.
Their measurements indicated that the monola;7ers
decreased the rate of evaporation of water by a factor
of about 10®. Baranaev (48) found that the ratio of
evaporation of pure and film-covered water could be
expressed by the equation, V=e¢—aF,/T, where T is
temperature and values of ¢ and F, were given in dynes
per centimeter. Values of @ and F, were obtained as
follows: cetyl alcohol, 55.0, 40; hexadecyl acetate, 53.4,
34; palmitonitrile, 53.0, 13.5; palmitic acid, 52.0, 10.0;
stearic acid, 54.2, 6.0; lauric acid, 26.9, 20.0; and cleic
acid, 17.1, 29.0. Baranaev (48) derived a formules on
the assumption that evaporation takes place through
“holes” in the monolayers.

Bartlett and Poulter (51) studied the influence of
surface tension on the rate of evaporation of water
through surface films. Kheinman’s (163) studies indi-
cate that cetyl alcohol decreases the rate of evaporation.
A 0.5N solution of sodium oleate has no effect; but,
when excess solid sodium oleate is present, evaporation
is decreased. Paraffin has no effect, but crude petro-
leum has. Glazov (122, 123) determined the rate of
evaporation for several surface-active substances. He
found that a monomolecular layer of cetyl alcohol causes
the largest decrease in evaporation when compered
with the effect of aliphatic acids, aromatic amines, and
other surface-active substances.

The early investigators considered that all surface
films were either oils or monomolecular layers; however,
a better classification would be oils, multimolec:lar
layers, and monomolecular layers.

Early investigations (48, 50, 122, 176) of monomclec-
ular films have shown that cetyl alcohol has the great-
est resistance to evaporation. Docking and others
(97) found in their experiments that cetyl and octadecyl
aleohol reduced evaporation, and these authors viere
the first to apply the film on ponds and reservoirs for
the control of evaporation. They studied the effects
of some multimolecular films which were not successful
during field experiments.

Mansfield (192) in 1953 experimented with flakes of
cetyl alcohol on reservoirs but found them to be unsmit-
able. The East African Industrial Research Organi-
zation (107) describes s method for pelletizing cetyl
alecohol. Mansfield (193, 195) used the pellets success-
fully in his laboratory and field tests during the 1954-55
season. He placed alcohol pellets in a small raft
covered with wire gauze. The initial dosage was esti-
mated to be 3 to 5 pounds per acre. Heath (140) in
his article describes the standard method of pelletizing
cetyl alcohol.

Laycock (179) used small wood rafts to dispense
pellets of cetyl alcohol at the rate of 1 pound per acre
to form a thin film that reduced evaporation from 50
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to 70 percent. He found that the method is harmless
to fish and other animal life but that it inhibits devel-
opment of mosquito larvae. Downing and Melbourne
(99) studied the effect of hexadecyl alcohol on natural
waters and found that it reduced the rate of solution
of oxygen. They suggested that

in the development of the use of cetyl alcohol, due regard should
be given to this potential effect, particularly where reservoirs
contain high concentrations of organic matter, the decay of which
could create a high oxygen demand.

Boon and Downing (63) found that the efficiency of
hexadecyl alcohol in reducing evaporation depends on
intensity of solar radiation, wind velocity, relative hu-
midity, the rate at which films are replaced, and bio-
logical action.

Grundy (126) studied the use of kerosene for dispers-
ing cetyl alcohol. He found

success in the use of the solution depends on wind, even a light
breeze, to carry drops of the liquid over the water surface.
The principle by which the film is spread is as follows: when
some of the solution is poured on a water surface, it breaks up
into drops. The first drops disperse rapidly to spread a film as
much as 100 feet from the point of dosing. Additional drops
of solution will not disperse in the presence of a film but are car-
ried down wind to areas of water surface with no film, where they
in turn disperse. This process is repeated across the reservoir if
enough solution is used. The solution damps small waves, so
the progress of the spreading film can be observed visually across
the reservoir.

He found that evaporation was reduced 20 percent by
a dose of 1 liter of solution per day on a l-acre reser-
voir. A second experiment on a 5-acre reservoir dosed
with 3 liters per day and wind velocities as much as 15
miles per hour showed a reduction in evaporation of
slightly more than 30 percent.

MecArthur and Durham (189) believe that the use of
a mixture of cetyl and stearyl alcohol is more effective
than cetyl alcohol alone in reduction of evaporation of
water from reservoirs in hot climates. They found
that the addition of 5-8 percent of oleyl alcohol im-
proves the spreading and recovery rates, but spreading
agents, such as octanol or Pluronic F68, are unnecessary
and greatly reduce the effect of the film.

Several organizations in the United States have been
studying evaporation suppression. The following have
reported on their progress: Southwest Research Insti-
tute (101, 102, 103, 169, 249), the U.S. Bureau of Rec-
lamation (77, 291, 292, 293, 307, 308, and 309), the U.S.
Geological Survey (133, 134), and others (248, 276, 277).

The Southwest Research Institute began studies in
1955. Dressler (100, 103) used an insulated metal
trough filled with water whose temperature was kept
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at 30°C. Eighteen battery jars containing distilled
water were placed in the trough. He left one or more
jars untreated as a control. Dried air was blown over
the jars at a rate of about 0.1 mile par hour. Water
levels were maintained and replenishment was measured
to determine evaporation loss. He studied about 150
potential evaporation retardants and found that hex-
adecanol and octadecanol gave good results. The U.S.
Geological Survey (132) measured eveporation from a
3-acre ranch pond near Southwest Reearch Institute,
both with and without a film.

The U.S. Bureau of Reclamation and U.S. Public
Health Service studied evaporation supnression on Kids
Lake in 1956 (293) and found that hexadecanol did not
affect the water quality, including taste, odor, color, and
toxicity. From this they concluded that it was feasible
to treat Lake Hefner. Berger (53) studied the effects
of hexadecanol and found that it was not toxic to fish and
did not create problems for water treatment processes.
Timblin (291) worked out a series of incicator oils which
shows the presence and degree of comprassion of 8 mono-
molecular layer. A modified method used talc-powder
(205) as an indicator for detection on small areas. The
Bureau of Reclamation reported reduction in evapo-
ration losses of as much as 65 percent in field studies on
Rattlesnake Reservoir (77, 292) in Colorado.

The Bureau of Reclamation (307-309) studied the
effect of surface tension on the flotation of small beads
hexadecanol, screening tests on monolryers and duplex
films, and other properties of monoraolecular layers.
Ludzack and Ettinger (186) studied the biological ox-
idation of hexadecanol under laboratory conditions and
reported measurable consumption of the material with
all substrates tested. LaMer and Robbins (170, 173)
have studied the effects of solvents in the spreading of
monolayers. The Geological Survey is searching for
a suitable solvent.

A significant part of our water suppl: is lost through
evaporation; Meyers estimates the annual evaporation
loss in 11 western States is 11.5 million acre-feet (210)
and the total water use of the same States amounts to
111 million acre-feet. Dressler (78) found that mono-
molecular films are especially suitable for the large west-
ern reservoirs. He estimated that
the cost, including chemicals, amortization of equipment, labor,
and power, totals $4.50 per acre-foot of water saved, or 1.4 cents
per 1,000 gallons, operating 180 days per year. This compares
with values of about $6.00 per acre-foot for i*rigation water and
$10.00 to $40.00 per acre-foot for municipal water.

Dressler thinks that 40 percent of the water normally

lost by evaporation could be saved.



REVIEW OF LITERATURE ON EVAPORATION SUPPRESSION

BIBLIOGRAPHY

[References marked with an asterisk (*) contain bibliographies on

evaporation suppression.

Abstracts of most references are

available in the Chemical Abstracts of the American Chemical
Society, the British Abstracts, and the Water Pollution Ab-
stracts of the Department of Scientific and Industrial Research,

London.

Transliterations of names of authors and publica-

tions have followed the usage of these abstracts for ease of
reader reference}

1.

2.

10.

11,

12

13

.

14,

15.

16.

17.

18.

. Adam, N. K., 1923, The structure of thin films.

Abbe, Cleveland, 1914, Prevention of fog: U.S. Weather
Bur., Monthly Weather Rev., v. 42, no. 2, p. 104,
Adam, N. K., 1921, Properties and molecular structure of
thin films of palmitic acid on water. Part I: Royal

Soc. London Proc., ser. A, v. 99, p. 336-351.

. Adam, N, K., 1922, Properties and molecular structures of

thin films, II, Condensed films: Royal Soc. London
Proc., ser, A, v. 101, p. 452-472.

Adam, N. K., 1922, Properties and molecular structures of
thin films. Pt. 3, Expanded films: Royal Soc. London
Proc., ser. A, v. 101, p. 516-531.

. Adam, N. K., 1923, The structure of thin films. Pt. IV,

Benzene derivatives. A condition of stability in mono-

molecular films: Royal Soe. London Proc., ser. A,

v. 103, p. 676-687.

Pt. V:
Royal Soc. London Proc., ser. A, v. 103, p. 687-695.

Adam, N. K., 1925, The structure of surface films on water:
Jour. Phys. Chemistry, v. 29, p. 87-101.

. Adam, N. K., 1925, The evaporation of water from clean

and contaminated surfaces: Jour. Phys. Chemistry,
v. 29, p. 610-611.

. Adam, N. K., 1926, The properties of surface films on

liquids: Chem. Rev., v. 3, p. 163-197,

Adam, N. K., 1928, Structure of thin films. XI, Oxygen-
ated derivatives of benzene: Royal Soc. London Proe.,
ser. A, v. 119, p. 628-644.

Adam, N. K., 1930, The structure of surface films. XIV,
Some esters of fatty acids., Evidence of flexibility in
the long chains: Royal Soc. London Proe., ser. A,
v. 126, p. 366-372.

Adam, N. K., 1930, The structure of surface films. XYV,
Amines: Royal Soc. London Proc., ser. A, v. 126,
p. 526-541.

Adam, N. K., 1932, Unimolecular surface films: Kolloid-
Zeitschr., v. 61, p. 168-177.

Adam, N. K, 1933, Structure of surface films. XVTII,
y-Hydroxystearic acid and its lactone: Royal Soc.
London Proc., ser. A, v, 140, p. 223-226.

Adam, N. K,, 1937, Rapid method for determining the
lowering of tension of exposed water surfaces with
some observations on the surface tension of the sea and
of inland waters: Royal Soc. London Proc., ser. B,
v. 122, p. 134-139.

Adam, N. K., 1941, The physics and chemistry of surfaces
(see especially chap. II): Oxford Univ. Press., 3d ed.

Adam, N. K., and Dyer, J. W. W., 1924, The molecular
structure of thin films: Royal Soc. London Proc,, ser. A,
v. 106, p. 694-709.

Adam, N. K,, and Harding, J. B., 1932, Surface films,
XVI, Surface potential measurements on fatty acids
on dilute hydrochloric acid: Royal Soe. London Proc.,
ser. A, v. 138, p. 411-430.

61

19. Adam, N. K., and Harding, J. B., 1933, Structure of surface

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

films. XX, Surface potential measurements or ni-
triles: Royal Soc. London Proe., ser. A, v, 143, p. 104~
111.

Adam, N. K., and Jessop, G., 1926, The structure of thin
films. VII, Critical evaporation phenomena at low
compressions: Royal Soc. London Proc., ser. A, v.
110, p. 423-441.

Adam, N. K., and Jessop, G., 1926, The structure of thin
films. VIII, Expanded films: Royal Soc. London
Proc., ser. A, v. 112, p. 362-375.

Adam, N. K., and Jessop, G., 1926, The structure of thin
films. IX, Dibasic substances: Royal Soc. London
Proe., ser. A, v. 112, p. 376-380.

Adam, N. K., and Jessop, G., 1928, Structure of thin f'ms.
XII, Cholesterol and its effect in admixture with other
substances: Royal Soc. London Proc., ser. A, v. 119,
p. 173-182.

Adam, N. K., and Miller, J. G. F., 1933, Structure of sur-
face films. XVIII, Effect of alkalinity in the under-
lying solution on films of fatty acids: Royal Soc.
London Proc., ser. A, v. 142, p. 401-415.

Adam, N. K., and Miller, J. G. F., 1933, Structure of sur-
face films, XIX, Effect of alkaline solutions on films
with various end groups: Royal Soe. London F-oec.,
ser. A, v. 142, p. 416-422,

Adam, N. K., and Rosenheim, O., 1929, The structu-e of
surface films. XIII, Sterols and their derivatives:
Royal Soc. London Proe., ser. A, v, 126, p. 25-34.

Adam, N. K., Askew, F. A., and Pankhurst, K. G. A,, 1939,
Interaction between adsorbed substances of simple
constitution and insoluble monolayers: Royal Soc.
London Proc., ser. A, v. 170, p. 485-500.

Adam, N. K,, Berry, W. A, and Turner, H. A., 1928, The
structure of surface films. X, Phenols and mono-+iyc-
erides: Royal Soc. London Proe., ser. A, v. 117,
p. 532-541.

Adam, N. K., Danielli, J. F., and Harding, J. B., 1934,
The structure of surface films. XXI, Surface poten-
tials of dibasic esters, alcohols, aldoximes and ketones:
Royal Soc. London Proe., ser. A, v. 147, p. 491-499.

Addink, N. W. H., 1946, Unimolecular layers on w=ter:
Chemische Weekblad, v. 42, p. 203-207.

Albertson, M. L., 1954, Extension of the Reynold’s anal-
ogy to evaporation: Acad. sci. [Paris] Comptes rerdus,
v. 239, p. 474-476.

Albertson, M. L., 1954, Evaporation in relation to friction
velocity: Acad. sci. [Paris] Comptes rendus, v. 239,
p. 529-531.

Albertson, M. L., 1955, 1956, Mechanics of evaporation:
La Houille Blanche, v. 10, no. 5, p. 704-717; v. 11,
no. 1, p. 36; v. 11, no. 2, p. 282.

Allan, A. J. G., and Alexander, A. E., 1954, Monolayers
at low surface pressures: Faraday Soe. Trans., v. 50,
p- 863-873.

Allan, A. J. G., and Schulman, J. H., 1954, Surface films
of phenolic compounds: Jour. Chem. Soec. [London],
p. 1238-1241.

Alty, T., 1931, Reflection of vapor molecules at a liquid
surface: Royal Soc. London Proc., ser. A, v. 131,
p. 554-564.

Alty, T., 1932, Application of Knudsen’s Law to the evap-
oration of water: Nature, v. 130, p. 167-168,



62
38.

39.

40.

41.

*42.

43.

44,

45.

46.

47.

48,

49,

50.

51.

52.

53.

54

55.

56.

*b7.

STUDIES OF EVAPORATION

Alty, T., 1933, Maximum rate of evaporation of water:
Philos. Mag., v. 15, p. 82-103.

Alty, T., and Nicoll, F. H., 1931, Interchange of molecules
between a liquid and its vapor: Canadian Jour. Re-
search, v. 4, p. 547-558.

American Society Civil Engineers, 1934, Standard equip-
ment for evaporation stations: Final report of sub-
committee on evaporation of the special committee on
irrigation hydraulics: Am. Soc. Civil Engineers Trans.,
v. 99, p. 716-718; discussion p. 719~747.

Anderson, E. R., 1954, Energy-budget studies, in Water-
loss investigations, Lake Hefner studies, technical re-
port: U.S. Geol. Survey Prof. Paper 269, p. 71-119
(reprint of U.S. Geol. Survey Cire. 229, p. 71-118).

Anderson, E. R., Anderson, L. J., and Marciano, J. J.,
1950, A review of evaporation theory and development
of instrumentation: U.S. Navy Electronics Lab. Rept.
159.

Anderson, P. J., and Pethica, B. A., 1956, The thermo-
dynamics of monolayer penetration at constant area,
Pt. 2: Faraday Soc. Trans., v. 52, no. 8, p. 1080-1087.

Angstrom, A. K., 1920, Applications of heat radiation
measurements to the problems of the evaporation
from lakes and the heat convection at their surfaces:
Geografiska Annaler, v. 2, p. 237.

Archer, R. J., and LaMer, V. K., 1954, The effect of mono-
layers on the rate of evaporation of water: Annals
New York Acad. 8ei., v. 58, p. 807-829.

Archer, R. J., and LaMer, V. K., 1955, The rate of evapo-

ration of water through fatty acid monolayers: Jour.
Phys. Chemistry, v. 59, p. 200-208.

Arthur, G. B., 1957, The water we do not use: Public
Works, v. 88, no. 9, p. 134-136, 176, 178, 180, 182,
184, and 185.

Baranaev, M., 1937, The effect of surface layers of insol-
uble substances on the rate of evaporation of water:
Zhur. Fiz. Khimii (Jour. Phys. Chemistry [U.S.S.R.]),
v. 9, p. 69-76.

Baranaev, M., 1938, Kinetics of evaporation: Uspekhi "

Khimii, v. 7, p. 1231.
Baranaev, M., 1939, Relation between surface energy of

liquids and the accomodation coefficient: Zhur. Fiz.

Khimii (Jour. Phys. Chemistry [U.S.8.R.]), v. 13, p.
1635-1641.

Bartlett, Raymond, and Poulter, T. C., 1927, The rate of
evaporation through surface films: Iowa Acad. Seci.
Proc., v. 34, p. 214-215.

Beadle, B. W, and Cruse, R. R., 1957, Water conserva- |
tion through control of evaporation: Am. Water Works

Assoc. Jour., v. 49, p. 397-404.

Berger, B. B., 1958, Use of hexadecanol in reservoir evapo-
ration reduction: Am. Water Works Assoc. Jour., v.
50, no. 7, p. 855-858.

Betts, J. J., and Pethica, B. A., 1956, The ionization char-
acteristics of monolayers of weak acids and bases:
Faraday Soe. Trans., v. 52, no. 12, p. 1581-1589.

Bigelow, F. H., 1907, 1908, 1910, Studies on the phenomena
of the evaporation of water over lakes and reservoirs:
U.S. Weather Bur., Monthly Weather Rev., v. 35, p.
311-316; v. 36, p. 24-39, 437-445; v. 38, p. 307-313.

Bikerman, J. J., 1939, Formation and structure of multi-

layers: Royal Soc. London Proc., ser. A, v. 170, p. 130-144. |

Blaney, H. F., 1956, 1957, Evaporation from free water
surfaces at high altitudes: Am. Soe. Civil Engineers

58.

59.

60.

*61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Proc., v. 82, paper no. 1104, p. 1-15; v. 83, paper no.
1257, p. 15.

Blaney, H. F., and Corey, G. L., 1955. Evaporation from
water surfaces in California: California Div. Water
Resources Bull. 54-B.

Blank, Martin, and LaMer, V. K., 1957, Transfer of mono-
layers through surface channels II, Mechanism:
Jour. Phys. Chemistry, v. 61, p. 1611-1614.

Bloodgood, D. W., Patterson, R. E.,and Smith, R. L., Jr,,
1954, Water evaporation studies in Texas: Texas Agr.
Expt. Sta., Bull. 787, 83 p.

Boelter, L. M. K., Gordon, H. 8., and Griffin, J. R., 1946,
Free evaporation into air of water from a free hori-
zontal quiet surface: Indus. Eng. Chemistry, v. 38,
p- 596-600, 1256 [correction].

Bonython, C. W., 1950, Evaporation studies using some
South Australian data: Royal Soc. South Australia
Trans., v. 73, pt. 2, p. 198-219.

Boon, A. G., and Downing, A. L., 1957, Observations on
the use of cetyl alcohol for concervation of water:
Inst. Water Engineers Jour., v. 11, p. 443-448.

Bowen, I. 8., 1926, The ratio of heat l1gses by conduction
and by evaporation from any water surface: Phys.
Rev., ser. 2, v. 27, p. 779-787.

Boyd, G. E., 1958, Energy relations in ir onolayer formation:
The spreading of long-chain fatty acids on aqueous
surfaces: Jour. Phys. Chemistry, v. 62, p. 536-541.

Boyd, G. E., and Schubert, J., 1957, Energy relations in
unimolecular film formation. Th= gpreading of cetyl
aleohol and palmitic acid on aqu2ous surfaces: Jour.
Phys. Chemistry, v. 61, p. 1271-1275.

Boyd, G. E., and Vaslow, F., 1958, furface viscosities of
mixed unimolecular films: Jour. Colloid Sei., v. 13,
no. 3, p. 275-285.

‘Brookfield, K. J., Fitzpatrick, A. D. N, ;Iackson,' J. F,

Matthews, J. B., and Moelwyn-Hughes, E. A., Escape
of molecules from a plane surface into a still atmos-
phere: Royal Soe. London Proe., se". A, v. 190, p. 59-67.

Burgess, B. F., Jr., 1949, Surface-film studies on DDT-oil
larvicides: Jour. Soap and Sanitary Chemistry, v. 25,
no. 8, p. 127-131.

Carpenter, L. G., 1891, Section of Meteorology and Irri-
gation Engineering: Colorado Agr. Expt. Sta. Ann.
Rept. 4. :

Carrier, W. H., and Lindsay, D. C., 1925, Temperatures
of evaporation of water into air: Mech. Eng., v. 47,
p. 327-331.

Carrier, W. H., and Lindsay, D. C., 1925, Temperatures
of evaporation of water into air: Refrigeration Eng.,
v.11,p. 241-257.

Cary, A., and Rideal, E. K., 1925, The behavior of crystals
and lenses of fats on the surface of water. I, The
mechanism and rate of spreading: Royal Soc. London
Proc., ser. A, v. 109, p. 301-317.

Cary, A., and Rideal, E. K., 1925, The behavior of crystals
and lenses of fats on the surface water. II, The
effect of temperature on the en~uilibrium pressure:
Royal Soe. London Proc., ser. A, v. 109, p. 318-330.

Cary, A., and Rideal, E. K., 1925, The behavior of crystals
and lenses of fats on the surface of water. III, The
effect of the polar group on the equilibrium pressure:
Royal Soec. London Proc., ser. A, v. 109, p. 331-338.

Chakravorty, K. R., 1947, Evaporation from free surfaces:
Imp. Coll. Chem. Eng. Soc. [London] Jour., v. 3, p. 46—
53.



77.
78.

79.

82.

83.

84.

85.

86.

87.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98,

REVIEW OF LITERATURE ON EVAPORATION SUPPRESSION

Chemical and Engineering News, 1957, Chemical shields to
prevent water evaporation: v. 35, no. 23, p. 28.

Chemical and Engineering News, 1958, Film protects cli-
mate’s prey: v. 36, no. 26, p. 44-45.

Chemical Week, 1955, Australians have developed a trick to
save water: v. 76, no. 4, p. 9.

. Chemical Week, 1955, Control on water: v. 77, no. 9, p. 18.
81.

Chemical Week, 1957, Process plants plan for future water
needs: v. 80, no. 26, p. 21.

Commonwealth Scientific and Industrial Research Organi-
zation, 1956, Saving water in dams—The Mansfield
process: Melbourne, Australia, C.8.I.R.O. Leaflet 15,
4 p.

Commonwealth Scientific and Industrial Research Organi-
zation, 1957, Annual report for year ending 30th June
1957: Melbourne, Australia, Div. of Indus. Chemistry,
p. 17.

Cowley, A. W., 1945, A note on diffusion processes: Imp.
Coll. Chem. Eng. Soc. [London] Jour., v. 1, p. 63-66.

Cummings, N. W., 1925, The relative importance of wind,
humidity and solar radiation in determining evapora-
tion from lakes: Phys. Rev., v. 25, p. 721.

Cummings, N. W., and Richardson, B., 1927, Evaporation
from lakes: Phys. Rev., v. 30, p. 527-534.

Dalton, John, 1798-1802, Experimental essays on the con-
stitution of mixed gases; on the force of steam or vapor
from water and other liquids in different temperatures,
both in a torricellian vacuum and in air; on evapo-
ration; and on the expansion of gases by heat: Man-
chester Lit. and Philos. Soc. Mem. and Proe., v. 5, p.
535-602. :

. Dalton, John, 1834, Meteorological observations and essays

(2nd ed.).

Davies, D. R., 1950, A note on three-dimensional turbu-
lence and evaporation in the lower atmosphere: Royal
Soc. London Proc,, ser. A, v. 202, p. 96-103.

Delaplace, R., 1925, Extension of the law of Gay-Lussac to
superficial solutions: Acad. sci. [Paris] Comptes rendus,
v. 180, p. 2024-2026.

Dervichian, D. G., 1935, Direct registration of the electric
effect of unimolecular layers: Jour. phys. radium, v. 6,
p. 427-428, 429-432.

Dervichian, D. G., 1937, Researches on monomolecular lay-
ers: Annales de physique, v. 8, p. 361-466.

Dervichian, D. G., 1940, Transformation in monolayers:
Jour. Chem. Physics, v. 8, p. 347.

Dervichian, D. G., and Joly, M., 1939, Higher-order trans-
formations in unimolecular layers: Acad. sci. [Paris]
Comptes rendus, v. 208, p. 1488-1489.

Devaux, Henri, 1913, Oil films on water and on mercury:
Ann. R e pt. Smithsonian Institution, p. 261-273.
(Summary of all his researches on oil films, 1903-13.)

Dixon, R, M., 1956, The water situation in Texas, 7n Proceed-
ings of First International Conference on Reservoir
Evaporation Control, San Antonio, Tex., April 14:
Southwest Research Inst., p. 43-53.

Docking, A. R., Heymann, E., Kerley, Lucy F., and Morten-
sen, K. N., 1940, Evaporation of water through multi-
molecular films: Nature, v. 146, p. 265.

Dorsser, A. H. de Haas van, Leniger, H. A., and Meel, D. A,
van, 1949, The influence of the degree of air turbulence
on the rate of evaporation from a free water surface into
an air stream: Ingenieur (Utrecht), v. 61, no. 40; ch.
25-30. (In English.)

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

63

Downing, A. L., and Melbourne, K. V., 1957, Chemical
conservation of water: Inst. Water Engineers Jour., v.
11, p. 438-442.

Dressler, R. G., 1956, The southwest cooperative research
project on reservoir evaporation control, ¢z Proceed ngs
First International Conference on Reservoir Evapora-
tion Control, San Antonio, Tex., April 14: Southwest
Research Inst.

Dressler, R. G., 1956, Fifth monthly report: Southwest
Cooperative Committee on Reservoir Evaporation
Control, March 31.

Dressler, R. G., 1956, Article in The Texas Engineer, O~to-
ber. (As cited by Southwest Research Institute, San
Antonio, Tex.)

Dressler, R. G., and Johnson, A. G., 1958, Water reservoir
evaporation control: Chem. Eng. Prog., v. 54, no. 1, p.
66.

Du Nouy, P. L., 1924, Further evidence indicating the
existence of a superficial polarized layer of molecule at
certain dilutions: Jour. Experimental Medicine, v. 39,
p. 717,

Du Nouy, P. L., 1944, Concerning the rate of evaporation of
water through oriented monolayers on water: Science,
v. 99, no. 2575, p. 365.

Durham, K., 1955, Interaction of monolayers of branched-
chain fatty acids with calcium ions in the underlying
solution: Jour Appl. Chemistry, v. 5, p. 686—692.

East Africa High Commission, East "African Industrial
Research Organization, 1955: Ann. Rept., 1954-55.
22 p., Nairobi, Kenya.

Eaton, E. D., 1958, Control of evaporation losses—interim
report: Senate Committee on Interior and Inswlar
Affairs, Print no. 1, U.8. 85th Cong., 2d sess., 49 p.

Ferguson, J., 1952, Rate of natural evaporation from shallow
ponds: Australian Jour. Sci. Research, v. 5, p. 315-330.

Few, A. V., 1957, Monolayer properties of tyrocidine and
gramicidin S cyclic decapeptides at the air-water irter-
face: Faraday Soc. Trans., v. 53, p. 848-859.

Ficalbi, Augusta, and Gabrielli, Gabriella, 1957, Unimolec-
ular films of demethylkhellin: Annali di Chirica
[Rome], v. 47, p. 1017-1022.

Fitzgerald, D., 1886, Evaporation: Am. Soc. Civil Engi-
neers Trans., v. 15, p. 5681-646.

Fleming, Roscoe, 1957, The problem of water, in Britanunica
Book of the Year: Chicago, Encyclopedia Britanrica,
Inc., p. 1-32.

Follansbee, Robert, 1934, Evaporation from reservoir sur-
faces: Am. Soc. Civil Engineers Trans., v. 99, p. 704
715, 719-747.

Folse, J. A., 1929, A new method of estimating streamflow,
based upon a new evaporation formula: Carnegie Inst.,
Washington, Pub. 400, 237 p.

Fortier, Samuel, 1907, Evaporation losses in irrigation:
Eng. News, v. 58, p. 304-307.

Freeman, J. R., 1926, Regulation of elevation and dischirge
of the Great Lakes: Chicago Sanitary Dist., 548 p.
(Revised to Oct. 1, 1926.)

Freese, S. W., 1956, Reservoir evaporation control by other
techniques, in Proceedings First International Con-
ference on Reservoir Evaporation Control, San
Antonio, Tex., April 14: Southwest Research Inst.

Gabrielli, Gabriella, and Fiecalbi, Augusta, 1957, Films of
myricyl aleohol on urea solutions: Ricerca sci., v. 27,
p. 85-87.



64

120,

121.

*122,

123.

124,

125.

126.

127.

128.

129,

130.

131.
132.

133.

134.

135.

136.

137.

138.

STUDIES OF EVAPORATION

Giblett, M. A., 1921, Some problems connected with evapo-
ration from large expanses of water: Royal Soe.
London Proe., ser. A, v. 99, p. 472-490.

Gilby, A. R., and Heymann, E., 1948, The rate of evapo-
ration of water through duplex films: Australian Jour.
Sci. Research, ser. A, v. 1, p. 197-212.

Glazov, N. 1., 1938, The effect of adsorption layers on the
velocity of evaporation of water: Zhur. Fiz. Khimii
(Jour. Phys. Chemistry [U.S.8.R.]), v. 11, p. 484-491.

Glazov, N. 1., 1939, Effect of surface-active substance on
the rate of evaporation of water from solutions. II;
111, Effects of aliphatic acids and aromatic amines:
Zhur, Fiz. Khimii (Jour. Phys. Chemistry [U.S.S.R.]),
v. 13, p. 840-845, 1642-1645.

Goodgame, T. H., and Sherwood, T. K., 1954, The ad-
ditivity of resistances in mass transfer between phases:
Chem. Eng. Sci., v. 3, p. 37-42,

Grenet-Delisle, Claude, 1950, Measurement of rates of
evaporation: Peintures, pigments, vernis, v. 26, p.
270-273.

Grundy, F., 1957, 1958, The use of cetyl alcohol to reduce
reservoir evaporation: Inst. Water Engineers Jour.,
v. 11, p.429-437; East African Meteorol. Dept. Mem.,
v. I1, no. 11, p. 1-11.

Guttenberg, W. von, 1941, Radial spreading of organic
liquids on a water surface: Zeitschr. Physik, v. 118,
p. 22-26.

Hanson, H. G., 1956, Public Health Service interest and
program in reservoir evaporation control research, in
Proceedings First International Conference on Reser-
voir Evaporation Control, San Antonio, Tex., April 14:
Southwest Research Inst.

Harbeck, G. E., Jr., 1952, Evaporation research at Lake
Hefner: Am. Water Works Assoc. Jour., v. 44, no. 8,
p. 701-706.

Harbeck, G. E., Jr., 1953, The use of reservoirs and lakes
for the dissipation of heat: U.S. Geol, Survey Cire.
282, 6 p., [1954].

Harbeck, G. E., Jr., 1955, The effect of salinity on evapo-
ration: U.S. Geol. Survey Prof. Paper 272-A, 6 p.
Harbeck, G. E., Jr., 1958, Can evaporation losses be re-

duced?: Am. Soc. Civil Engineers Proc., v. 84, IR1.

Harbeck, G. E., Jr., 1958, Evaporation suppression in
laboratory and field: Hydraulics Conf. Iowa Inst. for
Hydraulics Research, 7th, Proc., June 16-18.

Harbeck, G. E., Jr., and Koberg, G. E., 1959, A method
of evaluating the effect of a monomolecular film in
suppressing reservoir evaporation: Jour. Geophys.
Research, v. 64, no. 1, p. 89-93.

Harking, Wm. D., 1932, Oriented molecules at the solid-
liquid interface and the nonspecific nature of ordinary
adsorption: Phys. Rev., (ii), v. 39, p. 190.

Harkins, Wm. D., and Boyd, G. E., 1939, Viscosity of
two-dimensional system: Effect of pressure and tem-
perature and detection of phase transitions in mono-
layers: Jour. Chem. Physics, v. 7, p. 203-204.

Harkins, Wm. D., and Boyd, G. E., 1940, States of mono-
layers on an aqueous subphase: Jour. Chem, Physics,
v. 8, p. 129-130.

Harkins, Wm. D., and Kirkwood, John G., 1938, The
viscosity of monolayers. Theory of the surface slit
viscometer: Jour. Chem. Physics, v. 6, p. 53; Nature,
v. 141, p. 38-39.

139.

140,

141.

142.

143.

144,

145.

146.

147.

148.

149.

*150.

151.

*152,

153.

154,

155.

156.

*157.

158.

Haydon, D. A., and Phillips, J. N., 1958, The Gibbs
equation and the surface equation of state for soluble
ionized monolayers in absence of rdded electrolyte at
the oil-water interface: Faraday Soc. Trans., v. 54,
pt. 5, p. 698-704.

Heath, W. A., 1958, Cetyl alcohol for evaporation control:
Water and Sewage Works, v. 105, no. 9, p. 361-362.

Hedestrand, G., 1924, The influence of thin surface films
on the evaporation of water: Jour. Phys. Chemistry,
v. 28, p. 1245-1252.

Heller, Siegfried, 1954, New methods for the study of uni-
molecular films: Kolloid-Zeitschr., v. 136, p. 120-124.

Heller, Siegfried, Fretzdorff, A. M., and Weitzel, Gunther,
1952, New method for the contiruous measurement
of the contact potentials of unimolecular films:
Hoppe-Seyler’s Zeitschr. physiolo~r. Chemie, v. 289,
p. 288-297,

Heller, Siegfried, Fretzdorff, A. M., an1 Weitzel, Gunther,
1955, New methods for the measurement of water-
vapor permeability of thin films on water and living
skin: Hoppe-Seyler’s Zeitschr. physiolog. Chemie,
v. 301, p. 17-25.

Heymann, E., and Yoffe, A., 1942, T e stability of mul-
timolecular films of hydrocarbcn oils, containing
spreaders, on water surfaces: Faraday Soc. Trans.,
v. 38, p. 408-417.

Heymann, E., and Yoffe, A., 1943, The equilibrium be-
tween lens and unilayer in the system hydrocarbon
oil-oleic acid-water, in relation to the interfacial film:
Faraday Soc. Trans., v. 39, p. 217-219.

Hibberd, G. E., and Alexander, A. E., 1958, Monolayers
of isotactic poly(propene oxide): Jour. Polymer Sei.,
v. 28, p. 455-456.

Hickman, K. C. D., 1954, Maximum evaporation coeffi-
cient of water: Indus. Eng. Chemistry, v. 46, p. 1442~
1446.

Hickman, K. C. D., and Torpey, W. A., 1954, Evapora-
tion of resting water: Indus. Eng, Chemistry, v. 46,
p. 1446-1450.

Hickox, G. H., 1944, Evaporation frow a free water sur-
face: Am. Soc. Civil Engineers Proe., v. 70, p. 1297—
1327.

Himus, G. W., 1929, Evaporation of water in open pans:
Inst. Chem. Eng. Trans., London, p. 53-61. Ad-
vance copy dated December 6.

Himus, G. W., and Hinchley, J. W., 1924, The effect of
a current of air on the rate of evaporation of water
below the boiling point: Chemist~y and Industry, v.
43, p. 840-845.

Horton, R. E., 1917, A new evaporation formula devel-
oped: Eng. News-Rec., v. 78, p. 196-199.

Jeffreys, Harold, 1918, Some problems of evaporation:
Philos. Mag., v. 385, 6th ser., p. 271-280.

Jeppe, C. W. B,, and Segal, B., 1932, Some notes on the
protective filming of liquids: Chem. Metall. Mining
Soc. South Africa Jour., v. 33, p. 131-137.

Joly, Maurice, 1946, A theory of tt= viscosity of uni-
molecular layers based on their structure. Pt. I:
Jour. phys. radium, v. 7, p. 83-9¢.

Joly, Maurice, 1946, A theory of tl~ viscosity of uni-
molecular layers based on their structure, Pt. II:
Jour. phys. radium, v. 7, p. 112-121.

Joly, Maurice, 1947, Viscosity of urimolecular films of
fatty compounds: Jour. chim. physique, v. 44, p.
206-212,



159.

160.

161.

162.

163.

164.

*165.

166.

167.

168.

169,

170.

171,

172,

178.

174,

175.

176.

177.

REVIEW OF LITERATURE ON EVAPORATION SUPPRESSION

Joly, Maurice, 1947, Application of surface viscosity meas-
urements to the study of unimolecular films: Jour.
chim. physique, v. 44, p. 213-220.

Kargin, V. A., Malipskii, Yu. M., and Medvedev, S. 8.,
1954, Unimolecular films of polyacrylates: Doklady
Akad. Nauk SSSR, v. 96, p. 307-309.

Kashiwagi, M., 1958, Dynamic studies on monolayers.
Pt. 1, Spreading of protein monolayers: Chem. Soc.
Japan Bull., v. 81, p. 176-180.

Kennedy, R. E., 1949, Computation of daily insolation
energy: Am. Meteorol. Soc. Bull,, v. 30, no. 6, p.
208-213.

Kheinman, A. 8., 1940, Effect of surface films on the rate
of evaporation of water and aqueous solutions: Zhur.
Fiz. Khimii (Jour. Phys. Chemistry [U.8.S.R.]), v.
14, p. 118-123.

Kirkwood, J. G., 1943, Phase transitions in monolayers
due to hindered molecular rotation: Am. Assoc. Adv.
Sci. Pub. 21, p. 157-160.

Kohler, M. A., 1952, Lake and pan evaporation, in
Water-loss investigations, Lake Hefner studies, tech-
nical report: U.8. Geol. Survey Prof. Paper 269,
p. 127-148 (reprint of U.8. Geol. Survey Cire. 229,
p. 127).

Kohler, M. A,, Nordenson, T. J., and Fox, W, E., 1955,
Evaporation from pans and lakes: U.S. Weather Bur.
Research Paper 38.

Krum, F., and Miller, F. H., 1957, Spreading measure-
ments of mixed film systems of polystyrene-oleic acid:
Kolloid-Zeitschr., v. 155, p. 119-121,

Kul'man, A. G., 1945, Apparatus for gravimetric deter-
mination of the evaporability of liquids: Zhur. Prik-~
ladnoi Khimii (J. Appl. Chemistry [U.8.8.R.]), v. 18,
p. 572,

The Laboratory, 1958, It’s not just water: Pittsburgh, Pa.,
Fisher Scientific Co., v. 26, no. 5, p. 126

LaMer, V. K., 1956, The physical chemical basis of water
evaporation control by the monomolecular film tech-
nique, ¢n Proceedings First International Conference
on Reservoir Evaporation Control, San Antonio, Tex.,
April 14: Southwest Research Inst.

LaMer, V. K., 1957, Retardation of evaporation by
monolayers: Internat. Cong. on Surface Activity, 2nd,
Proc., London, Preprint 1, DH300-302.

LaMer, V. X., and Blank, Martin, 1956, The transfer of
surface films through surface channels—geometrical
factors: Jour. Colloid Sei., v. 11, p. 608-616.

LaMer, V. K., and Robbins, M. L., 1957, Solvent effects
in the spreading of monolayers: Paper presented at
the 131st National American Chemical Society Meet-
ing, New York, September 10, during the Symposium
on Properties of Monolayers, Division of Colloid
Chemistry.

Langmuir, Irving, 1917, The shapes of group molecules
forming the surfaces of molecules: [U.8.] Natl. Acad.
Sei. Proe., v. 3, p. 251-257.

Langmuir, Irving, 1933, Oil lenses on water and the nature
of monomolecular expanded films: Jour. Chem. Phys-
ics, v. 1, p. 756-776.

Langmuir, Irving, and Langmuir, D. B., 1927, The effect
of monomolecular films on the evaporation of ether
golutions: Jour. Phys. Chemistry, v. 31, p. 1719-1731.

Langmuir, Irving, and Schaefer, V. J., 1943, Rates of
evaporation of water through compressed monolayers
on water: Franklin Inst. Jour., v. 235, p. 119-162.

178.

179.

180.

181.

182.

*183.

184.

185.

186.

187.

188.

*189.

190.

191.

192,

193.

194.

*195.

196.

197.

65

Langmuir, Irving, Schaefer, V. J., and Sobotka, Harry,
1937, Multilayers of sterols and the adsorptior of
digitonin by deposited monolayers: Am. Chem. Soc.
Jour., v. 59, p. 1751-1759.

Laycock, H, C., 1956, Cetyl alcohol controls evaporation:
Water and Sewage Works, v. 103, p. 346-347.

Leven, Karl, 1942, 1943, The evaporation of water:
Wiarme- u Kiilte- Tech., v. 44, p. 161-167; Chemisches
Zentralbl.,, v. 1, p. 1757.

Levialdi, A., D’Alessio, J. T., and Cohan, N., 1955, Iso-
therms of unimolecular films of behenic acid: Anales
asoc. quimica argentina, v. 43, p. 203-214.

Littlewood, R., and Rideal, E., 1956, The evaporation
coefficient: Faraday Soc. Trans., v. 52, p. 1598-1608.

Livingston, G. J., 1908, 1909, An annotated bibliogravhy
of evaporation: U.S. Weather Bur., Monthly Weather
Rev., v. 36, p. 181-186, 301-306, 375-381; v. 37,
p. 68-72, 103~109, 157-160, 193-199, 248-252.

Loveland, G. A., and Perin, S. W., 1913?, Evaporation of
water from a free water surface at Lincoln, Nebr.:
Nebraska Agr. Expt. Sta., 25th Ann. Rept., p. 193-
197,

Lovera, G., 1943, Velocity of expansion of monolayers:
Nuovo cimento, v. 1, p. 141-147.

Ludzack, F. J., and Ettinger, M. B., 1957, Biological oxida-
tion of hexadecanol under laboratory conditions:
Am. Water Works Assoc. Jour., v. 49, p. 849-858.

Lur’e, M., and Mikhailov, N., 1936, Evaporation from
free water surface: Indus. Eng. Chemistry, v. 28,
p. 345-349.

Lype, E. F., 1955, Kinetic theory of evaporation rates of
liquids: Am. Soc. Mech. Engineers Trans., v. 77,
p. 211-223,

MeArthur, I. K. H., and Durham, X., 1957, Fatty alcol 2ls
for water conservation: Internat. Cong. on Surface
Activity, 2nd, Proc., London, Preprint 1, AL208-215.

Maisel, D. 8., and Sherwood, T. K., 1950, Effect of air
turbulence on rate of evaporation of water: Chem.
Eng. Prog., v. 46, no. 4, p. 172-175.

Mansfield, W. W., 1953, Effect of surface films on the
evaporation of water: Nature, v. 172, p. 1101.

Mansfield, W. W., 1955, Influence of monolayers on the
natural rate of evaporation of water: Nature, v. 175,
p. 247-249.

Mansfield, W. W., 1955, Summary of field trials on the
use of cetyl alcohol to restriet evaporation from omen
storages during the season 1954-55: Commonwealth
Sci. and Indus. Research Organization, Div. of Incus.
Chemistry, serial 74, 8 p., Melbourne, Australia.

Mansfield, W. W., 1956, The use of hexadecanol for rerer-
voir evaporation control, in Proceedings of F'rst
International Conf. on Reservoir Evaporation Con-
trol, San Antonio, Tex., April 14: Southwest Research
Inst.

Mansfield, W. W., 1958, The influence of monolayers on
evaporation from water storages, I. The potential
performance of monolayers of cetyl alcohol: Aust-al-
ian Jour. Appl. Sei., v. 9, no. 3, p. 245-254.

Manufacturing Chemist {L.ondon], 1955, Chemical conser-
vation of water: v. 26, p. 389. London.

Mareelin, Andre, 1921, Surface tension of monomolecular
layers: Acad. sci. [Paris] Comptes rendus, v. 173,
p. 38-41.



66

198.

199.

200.

201.

202.

203.

204.

205,

*206.

207.

208.

209.

210.

211.
212.

213.

214,

215.

216.

217.

STUDIES OF

Marecelin, Andre, 1921, Surface extension of soluble or
volatile compounds: Acad. sci. [Paris] Comptes
rendus, v. 173, p. 79-82.

Marcelin, Andre, 1924, Superficial solutions and the law
of gases: Acad. sci. [Paris] Comptes rendus, v. 178,
p. 1079-1081.

Marcelin, Andre, 1924, Extension of the application of the
law of gases to superficial solutions: Acad. sci. [Paris]
Comptes rendus, v. 179, p. 33-35.

Marcelin, Andre, 1925, Superficial solutions and the law
of Gay-Lussac: Acad. sei. [Puris] Comptes rendus,
v. 180, p. 2022-2023.

Marcelin, Andre, 1929, Surface varnishes on water and
molecular dimensions: Acad. sci. [Paris] Comptes
rendus, v. 189, p. 236-238.

Marcelin, Andre, about 1931, Solutions superficielles flu-
ides & deux dimensions et stratifications monomolécu-
laires: Presses Universitaries de France [Paris], 164
p., F. 80.

Marcelin, Andre, 1933, Surface solutions. Two-dimen-
sional liquids and unimolecular layers: Kolloid-Bei-
hefte, v. 38, p. 177-336.

Mareelin, Andre, and Dervichian, D. G., 1932, Direct
measurement of the surface tension of superficis1 solu-
tions formed by soluble substances: Acad. sci. [Paris]
Comptes rendus, v. 195, p. 866-869.

Marciano, J. J., and Harbeck, G. E., Jr., 1954, Mass-trans-
fer studies, in Water-loss investigations, Lake Hefner
studies, technical report: U.S. Geol. Survey Prof.
Paper 269, p. 46-70 (reprint of U.S. Geol. Survey
Cire. 229, p. 46-70, 1952).

Marwedel, Georg, 1957, The absolute evaporation time:
Farbe u. Lack, v. 63, p. 481-487, 542-548.

Matsak, V. G., 1957, Vapor pressure and the evaporation
of substances in moving air: Gigiena i Sanitariya, v.
22, no. 8, p. 35-41.

Meyer, A. F., 1915, Computing runoff from rainfall and
other physical data: Am. Soc. Civil Engineers Trans.,
v. 79, p. 1056-1224.

Meyers, J. S., 1958, Evaporation causes tremendous wa-
ter loss in western United States: U.S. Geol. Survey
Press Release, April 7.

Miller, I. R., 1954, Properties of polyelectrolyte mono-
layers: Jour. Colloid Sci., v. 9, p. 579-590.

Missenard, A., 1934, New theory and laws of evaporation:
Chaleur and Industrie, v. 15, p. 129~141.

Mitchell, T. J., 1950, The rate of evaporation in the deter-
mination of water: Chemistry and Industry, p.
751-753

Molstad, M. C., Farevaag, P., and Farrell, J. A,, 1938,
Rate of evaporation from a free water surface by a per-
pendicular air stream: Indus. Eng. Chemistry, v. 30,
p. 1131-1138.

Moran, W. T., and Garstka, W. U., The reduction in
evaporation through the use of monomolecular films.
(As cited by Cruse, R. R., of the Southwest Research
Institute. San Antonio, Tex.)

Msangi, A. 8., 1956, Hexadecyl alcohol and larval mos-
quito control: East African Med. Jour., v. 33, p.
353-356.

Miiller, F. H., 1955, Properties of surface films of macro-
molecular substances: Zeitschr. Elektrochemie, v. 59,
p- 312-327, discussion p. 327-329.

EVAPORATION

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

232.

237.

239.

231.

233.

234.

235.

236.

238.

Murray, D. R. P., 1938, Efficiency of oils as mosquitc
larvicides. I. Stability of oil films on the surface of
water: Bull. Entomol. Research, v. 29, p. 11-35.

Mysels, K. J., 1959, On evaporation from wind-swepi
surfaces: Science, v. 129, p. 38.

Nasini, A. G., and Mattei, Gianfran-o, 1941, 1942, Reac
tions in unimolecular films as d~terminants of strue
ture: Constitution of ozonider: Boll. sci. facolte
chim. indus. univ. Bologna, p. 37-38; Chemisches
Zentralbl, pt. 1, p. 1118,

Nelson, F. C., 1940?, Oil coatings for preventing evapo
ration of water, as in desert regions: U.S. Patent No
2,170,644 (to Stanco, Inc.), August 22.

Neumann, J., 1952, Energy balance of an evaporatiol
from sweet water lakes of th» Jordan Rift: Bull
Research Counecil Israel, v. 2, p. 337-357.

Norris, R., 1948, Evaporation from extensive surfaces o
water roughened by waves: Royal Meteorol. Soc.
Quart. Jour., v. 74, no. 319, p. 1-12.

Nutting, G. C., and Harkins, W. D., 1939, Pressure-are:
relations of fatty acid and alcohol monolayers
Am, Chem. Soc. Jour., v. 61, p. 1180-1187.

O’Brien, L. J.,, and Stutzman, L. F., 1950, Mass transfe
of pure liquids from a plane, free surface: Indus. Eng
Chemistry, v. 42, p. 1181-1187.

Palmer, C. M., 1956, Evaluation of new algicides fo
water supply purposes: Am. Water Works Assoc
Jour., v. 48, no. 9, p. 1133-1137.

Pasquill, F., 1943, Evaporation from a plane, free-liquic
surface into a turbulent air stream: Royal Soc
London Proc., ser. A, v. 182, p. 75-95.

Pasquill, F., 1949, Eddy diffusion of water vapour anc
heat near the ground: Royal Soc. London Proe.
ser. A, v. 198, p. 116-140.

Penman, H. L., 1946-47, Evaporation in nature: Phys
Soc. London, Repts. on Prog. in Physics, v. 11
p. 366-388. [1948]

Penman, H. L., 1948, Natural evaporation from ope
water, bare soil and grass: Royal Soc. London Proc.
ser. A, v. 193, p. 120-145.

Pethica, B. A., 1955, The thermodynamics of monolaye
penetration at constant area, pt. 1: Faraday. Soc
Trans., v. 51, pt. 10, p. 1402.

Pockels, Agnes, 1891, Surface tension: Nature, v. 43, v
437-439.

Powell, R, W., 1943, Influence of surface films of oil on th
evaporation of water: Faraday Soc. Trans., v. 3¢
p. 311-318. : "

Price, 1958, Fatty alcohols for water conservation: Price’
(Bromborough) Ltd., Bromborough Pool, Cheshire
England, 2nd ed., Tech. Pub. 1.

Priestley, C. H. B., and Swinbank, W. C., 1947, Vertice
transport of heat by turbulence in the atomsphere
Royal Soc. London Proc., ser. A, v. 189, p. 543-561

Priiger, Wilhelm, 1940, The theoretical treatment of th
evaporation process: Sitzber Al'ad. Wiss. Wien, Mat’
naturw. K1, Abt. I1a, v. 149, r. 31-58.

Priiger, Wilhelm, 1940, Rate of vevorization of liquide
Zeitschr. Physik, v. 115, p. 202-244.

Quilez, J. Domingo y, 1932, Evapo-ation from large sv~
faces: Anales fis. y quimica [Madrid], v. 30, p. 492-50

Ramdas, L. A., 1927, Oil contamination as a climati
factor: Nature, v. 119, no. 3000, p. 652.

'



240.

241.

242.

243.

244,

245.

246.

247.

249,

250.

252.

*253.

254.

255.

256.

257.

258.

259.

260.

REVIEW OF LITERATURE

Ramdas, L. A., and Narasimhan, 8., 1957, Effect of tem-
perature on the efficiency of unimolecular films in
suppressing evaporation: Jour. Sei. Indus. Research
[India), v. 16A, p. 357-358.

Rayleigh, Lord, 1899, Investigation in capilarity: Philos.
Mag., 5th. ser., v. 48, p. 321-337.

Rebinder, P. A., and Trapeznikov, A. A., 1938, The me-
chanical properties and stabilizing effect of adsorption
layers and their dependence on surface concentration.
Pt. 1: Acta Physicochimica U.S.8.R., v. 9, p. 257-272.
(In English.)

Rideal, B. K., 1925, The influence of thin surface films on
the evaporation of water: Jour. Phys. Chemistry, v.
29, 1585-1588.

Rideal, E. K., 1926, Chemical and physical action at sur-
faces: Nature, v. 117, p. 626-628.

Rideal, E. K., 1932, Examination of film structures by
electrical and optical methods: Kolloid-Zeitschr., v.
61, p. 177-180.

Rideal, E. K,, 1932, Unimolecular layers of proteins:
Kolloid-Zeitschr., v. 61, p. 218-222.

Ries, H. E., Jr., and Cook, H. D., 1954, Unimolecular
films of mixtures. Pt. 1: Jour. Colloid Seci., v. 9,
p. 535-546.

. Roberts, W. J., 1957, Evaporation suppression from water

surfaces: Am. Geophys. Union Trans., v. 38, no. 5,
p. 740-744.

Robinson, T. W., 1958, Phreatophytes: U.S. Geol. Survey
Water-Supply Paper 1423, 89 p.

Rohwer, C., 1931, Evaporation from free water surfaces:
U.S. Dept. Agr. Tech. Bull. Relating to Irrigation
271, p. 1-96.

. Rohwer, C., 1933, Evaporation from salt solutions and

from oil-covered water surfaces: Jour. Agr. Research,
v. 46, p. 715-729.

Rohwer, C., 1934, Evaporation from different types of
pans: Am. Soc. Civil Engineers Trans., v. 99, p.
673-703; discussion, p. 719-747.

Rosano, H. L., and LaMer, V. K., 1956, Rate of evapora-
tion of water through monolayers of esters, acids, and
alcohols: Jour. Phys. Chemistry, v. 60, no. 3, p.
348-353.

Ross, J., 1958, Transition temperatures of monolayers and
surface viscosity of dilute aqueous solutions of lauryl
alcohol in sodium lauryl sulphate: Jour. Phys. Chem-
istry, v. 68, p. 531-533.

Russell, T., 1888, Depth of evaporation in the United
States: U.S. Weather Bur., Monthly Weather Rev.,
v. 16, p. 235-239.

Salceanu, Constantin, 1957, Liquid films as related to sur-
face tension: Acad. sci. [Paris] Comptes rendus, v.
245, p. 1713-1715.

Sanders, J. V., and Spink, J. A., 1955, Ionization in fatty
acid monolayers on pure water: Nature, v. 175, p.
644-645.

Schofield, R. K., and Rideal, E. K., 1925, Kinetic theory
of surface films. I. Surfaces of solutions: Royal Soe.
London Proe., ser. A, v. 109, p. 57-77.

Schofield, R. K., and Rideal, E. K., 1926, Kinetic theory of
surface films. II. Gaseous, expanded and condensed
films: Royal Soc. London Proc., ser. A, v. 110, p. 167-
177.

Schulman, J. H., and Hughes, A. H., 1932, Surface poten-
tials of unimolecular films, IV. Effect of underlying

ON EVAPORATION SUPPRESSION

261

262

263

264

265

266

267

*268

270.

271.

272,

273.

274.

275.

276.

277.

67

solution and transition phenomena in the film: Royal
Soc. London Proc., ser. A, v. 138, p. 430-450.

. Science News Letter, 1957, Chemical cuts water loss: v. 71,
no. 24.

. Sebba, F., and Briscoe, H. V. A., 1940, The variation of the
solubility of unimolecular films with surface pressure,
and its effect on the measurement of true surface pres-
sure: Chem. Soc. [London] Jour., p. 114-118.

. Sebba, F., and Briscoe, H. V. A., 1940, A new ‘aging’ phe-
nomenon in unimolecular films on water: Chem. Soc.
[London] Jour., p. 128-131.

. Sebba, F., and Briscoe, H. V. A., 1940, The evaporation of
water through unimolecular films: Chem. Soc. [Lon-
don] Jour., p. 106-114,

. Sebba, F., and Sutin, N., 1952, Apparatus for studying the
evaporation of water through monolayers: Chem. Soc.
[London] Jour., p. 2513-2516.

. Sharpley, B. F., and Boelter, L. M. K., 1938, Evaporttion
of water into quiet air from a one-foot-diameter sur-
face: Indus. Eng. Chemistry, v. 30, p. 1125-1131.

. Shereshefsky, J. L., and Mazumder, B. R., 1957, The prop-
erties of fatty acid monolayers on urea, thiourea and
ammonium sulfate substrates: Paper presented at the
131st National American Chemical Society Meeting,
New York, September 10, during the Symposium on
Properties of Monolayers, Division of Colloid C*em-
istry.

. Shishakov, N. A., 1950, Electronography as a metho for
the physical chemistry of surface films: Zhur. Fiz.
Khimii (Jour. Phys. Chemistry [U.S.8.R.]), v. 24, p.
1026-1029.

. Sklyarenko, 8. 1., and Baranaev, M. K., 1938, Effe~t of
films of surface-active substances on the rate of evap-
oration of solutions: Zhur. Fiz. Khimii (Jour. Fhys.
Chemistry [U.S.8.R.]), v. 12, p. 271-276.

Sklyarenko, 8. I., Baranaev, M. K., and Mezhueva, K.
1., 1940, Effect of films of surface-active substances on
the rate of evaporation of solutions. Pt. II: Zhur. Fiz.
Khimii (Jour. Phys. Chemistry {U.S.S.R.]), v. 14, p.
830-843.

Sklyarenko, 8. I., Baranaev, M. K., and Mezhueva, ¥ . 1.,
1944, Effect of films of surface-active substances on
the rate of evaporation of water and aqueous solu-
tions. Pt.III: Zhur. Fiz. Khimii (Jour. Phys. Chem-
istry [U.S.8.R.]), v. 18, p. 447—-452.

Sleight, R. B., 1917, Evaporation from the surfaces of
water and river-bed materials: Jour. Agr. Reservch,
v. 10, no. 5, p. 209-262.

Sobotka, Harry, 1958, Radioaclive tracer studies of mono-
layers: Jour. Phys. Chemistry, v. 62, p. 527-531.
Sobotka, H., Demeny, M., and Chanley, J. D., 1957,
Comparison of floating and built-up monolarers:
Paper presented at the 131st National American
Chemical Society Meeting, New York, Septembe~ 10,
during the Symposium on Properities of Monolayers,

Division of Colloid Chemistry.

Stelling, E. V., 1883, Uber die Abhingigkeit der Verdun-
stung des Wassers von seiner Temperatur und von
der Feuchtigkeit und Bewegung der Luft [1881]: 42 p.
Wild, Repert. f. Meteorol., no. 3, 8.

Stephens, Uel, 1957, Evaporation losses and control:
Public Works, v. 88, no. 1, p. 138-140.

Stephens, Uel, 1958, Research and experiments in evap-
oration reduction: Am. Water Works Assoe. Jour.,
v. 50, no. 7, p. 846-854.



68

278.

279.

280.

281.

282,

283

.

284.

285.

286.

287.
288.

289,

290.

291.

202,

*208.

294.

295.

296.

STUDIES OF EVAPORATION

Subrahmanyam, D. 8., 1950, The critical area of surface
films and evaporation through them: Indian Jour.
Physics, v. 24, p. 271-275.

Sutherland, K. L., 1957, Economic methods of controlling
evaporation of water: Research, v. 10, p. 198-204.

Sutton, G. L., 1943, The equation of diffusion in a turbu-
lent medium: Royal Soc. London Proc., ser. A,
v. 182, p. 48-75.

Sutton, O. G., 1932, A theory of eddy diffusion in the
atmosphere: Royal Soc. London Proc., ser. A, v.
135, no. 826, p. 143-165.

Sutton, 0. G., 1934, Wind structure and evaporation in
a turbulent atmosphere: Royal Soc. London Proe.,
ser, A, v. 146, no. 858, p. 701-722,

Sverdrup, H. U., 1937-38, On the evaporation from the
oceans: Jour. Marine Research, v. 1, p. 3-14.

Swinbank, W. C., 1951, A sensitive vapour pressure re-
corder: Jour. Sei. Instruments, v. 28, no. 3, p. 86-89.

Swinbank, W. C., 1951, The measurement of vertical
transfer of heat and water vapour by eddies in the
lower atmosphere; Jour. Meteorology, v. 8, no. 3,
p. 135-145.

Tawde, N. R., and Parvatikar, K. G., 1956, Measurement
of surface tension by unstable pendant drops: Indian
Jour. Physies, v. 30, p. 348-352.

Texas Water Conservation Association, 1956, Water for
Texas, your No. 1 problem: Austin, Tex.

Thomas, N., and Ferguson, A., 1917, Evaporation from a
circular water surface: Philos. Mag., v. 34, p. 308-321.

Thomas, N. O., and Harbeck, G. E., Jr., 1956, Reservoirs
in the United States: U.S. Geol. Survey Water-
Supply Paper 1360-A.

Thornwaite, C. W., and Holzman, Benjamin, 1939, The
determination of evaporation from land and water
surfaces: U.S. Weather Bur., Monthly Weather Rev.,
v. 67, no. 1, p. 4-11.

Timblin, L. O., Jr., 1957, Determination of the presence
and degree of compression of a monomolecular layer
using indieator oils: U.S. Bur. of Reclamation, Chem.
Eng. Lab. Rept. SI-13.

Timblin, L. O., Jr., and Florey, O. L., 1957, Reservoir evap-
oration reduction through the use of monomolecular
layers: U.S. Bur. Reclamation (A paper presented at
the 31st annual meeting of the Rocky Mountain Sec-
tion of the American Water Works Association, Sep-
tember 25).

Timblin, L. O., Jr.,, Moran, W. T., and Garstka, W. U,,
1957, Use of unimolecular layers for reservoir evapo-
ration reduction: Am Water Works Assoe. Jour., v.
49, p. 841-848.

Timofeev, M. P., 1949, Evaporation from a water surface
in a turbulent atmosphere: Uchenye Zapiski Lenin-
grad. Gosudarst. Univ, imeni A. A. Zhdanova, no.
120, ser. Fiz. Nauk no. 7, p. 202-240.

Tovbin, M., ard Schlosberg, E., 1948, Effect of unimolecu-
lar layers on the rate of evaporation of solutions:
Zhur. Fiz. Khimii (Jour. Phys. Chemistry [U.S.8.R.]),
v.'22, p. 379-386. (In Russian.)

Tovbin, M. V., 1939, The theory of fugacity and evapora-
tion: Zhur, Fiz. Khimii (Jour. Phys. Chemistry
[U.8.8.R.]), v. 13, p. 1852-1857.

297. Tovbin, M. V., and Savinova, E. V., 1957, Kinetics of the
nonsteady state of a process at a liquid-gas interface.
I. Kinetics of the nonsteady stats of the evaporation
of water: Zhur. Fiz. Khimii (Jorr. Phys. Chemistry
[U8.8.R.]), v. 31, p. 2445-2452.

298. Tovbin, M., V,, and Savinova, E. V., 1957, II. The effects
of adsorption layers on the nonst-ady state of evapo-
ration of water: Zhur. Fiz. Khimii (Jour. Phys.
Chemistry [U.8.8.R.]), v. 31, p. 2717-2719.

299. Trapeznikov, A. A., 1938, Mechanical properties of adsorp-
tion layers of insoluble fatty acids and aleohols on
water and the effect of the pH of the substrate upon
these properties. Pt. II: Acta Physicochimica
U.8.S.R, v. 9, p. 273-312. (In English.)

%300, Trurnit, H. J., 1945, Unimolecular films on water interfaces
and layer films: Fortschr. Chem. org. Naturstoffe, p.
347-476.

301. Trurnit, H. J., 1947, Films and mixed films of long-chain
dibasie esters: Zeitschr, Naturfovsch, v. 2b, p. 258-
266.

302. Trurnit, H. J., 1947, A thrust meter fo~ unimolecular films:
Zeitschr. Naturforseh, v. 2b, p. 267-274.

303. Trurnit, H. J., 1948, Uber monolekulare filme an wasser-
grenzflachen und uber schichtfolien. Vienna: Spring-
er Verlag. [1946]. Review in An~ew Chem., v. 60-A,
p. 138.

304. Tzentnershver, M., Wekerowna, C., and Majewska, Z.,
1932, Rate of evaporation of liqu'ds in an air current:
Bull. internat. acad. polonaise, Classe sei. math, nat.,
pt. A, p. 369-382. (In German.)

305. Uhlig, S., 1956, Daily loss of water from reservoirs and
swimming baths: Wasserwirtscl +ft [Stuttgart], v.
46, p. 180-181.

306. United Nations Educational, Seientific and Cultural Organ-
ization, 1958, Climatology, Revisw of research, arid
zone research X: Paris, France. 190 p.

307. U.S. Bureau of Reclamation, 1957, The effect of surface
tension upon the flotation of smsll beads of hexadec-
anol: Chem, Eng. Lab. Rept. SI-8.

308. U.S. Bureau of Reclamation, 1957, Reservoir evaporation
reduction with monomolecular and similar films—prog-
ress report March 1955 through March 1956: Chem.
Eng. Lab. Rept. SI-9.

309. U.S. Bureau of Reclamation, 1957, Reservoir evaporation
eontrol—screening tests on morolayers and duplex
films: Chem. Eng. Lab. Rept. SI-12.

310. U.S. Department of Agriculture, 1956, Water: The 1955
Yearbook of Agriculture.

311. U.8. Geological Survey, 1954, Water-loss investigations
Lake Hefner studies, technical report: U.S. Geol.
Survey Prof. Paper 269, 158 p. A reprint of U.S. Geol.
Survey Cire. 229, 1952, and also U.S. Navy Elec-
tronies Lab. Rept. 327,

312, Wade, 8. H., 1942, Evaporation of I'quids in currents of
air: Inst. Chem. Engineers [London] and Soc. Chem.
Industry [London), Chem. Eng. G~oup Proc., Advance
copy, January 12, 10 p.

313. Water and Water Engineering, 1957, The application of
monolayers for the reduction of evaporation losses
from water surfaces: v. 61, p. 256-259.



REVIEW OF LITERATURE ON EVAPORATION SUPPRESSION 69

?14. Weitzel, Gunther, Fretzdorff, A. M., and Heller, Siegfried,
1951, Monomolecular films of several methylated pal-
mitic acids, pt. A: Hoppe-Seyler’s Zeitschr. physiolog.
Chemie, v. 288, p. 189-200.

315. Weitzel, Gunther, Fretzdorff, A. M., and Heller, Siegfried,
1951, Monomolecular films of several methylated
stearic acids, pt. B: Hoppe-Seyler’s Zeitschr. phy-
siolog. Chemie, v. 288, p. 200-215.

316. Weitzel, Gunther, Fretzdorff, A. M., and Heller, Siegfried,
1955, Effect of chemical structure on the water-vapor
permeability of thin films on water and living skin:
Hoppe-Seyler’s Zeitschr. physiolog. Chemie, v. 301,
p. 26-45.

317. Weitzel, Gunther, Fretzdorff, A. M., Heller, Siegfried, and
Graeser, Ernest, 1952, Monomolecular film studies on
long-chain polar compounds in relation to their bio-
logical properties: Kolloid-Zeitschr., v. 127, p. 110~
124.

318. Whitlow, E. P., and Cruse, R. R., 1957, Reduction of
water losses by retardation of evaporation, ¢n F-n-
ceedings of 18th annual water conference, Octoher
1957, Engineers Soc. of Western Pennsylvania, Pitts-
burgh, Pa., 165 p.

319. Wisler, C. O., and Brater, E. F., 1949, Hydrology: New
York, John Wiley & Sons, Inc., 419 p.

320. Woog, Paul, 1921, The dimensions of the molecules of the
fatty oils and certain phenomena of molecular solu-
tions: Acad. Sci. [Paris] Comptes rendus, v. 173,
p. 387-390.

321. Young, A. A., 1947, 1948, Evaporation from water sur-
faces in California: California Div, of Water Re-
souces Bull. 54 and 54-A.

322. Zolin, A. 1., 1939, 1940, The kinetics of evaporatior of
solutions of surface active substances: Acta Univ.
Voronegiensis [U.S.S.R.], v. 11, no. 3, p. 15-25;
Khimicheski Referativnyi Zhur., no. 2, p. 11.



