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Abstract-Surface-active, film-forming compounds of the type which reduce evaporation (l-heptadecanol) 
and compounds which are not expected to affect evaporation (oleyl alcohol) were introduced on the surface 
of a SO cm deep tank of water. Changes in heat flux and near-surface temperature structure were measured in 
20°C and 28°C water with room temperature of 22°C and 30% relative humidity. Comparison with an earlier 
study by Jarvis indicates that the turbulence and surface renewal associated with deep water convection are 
important in mitigating the effects of surface-active compounds. A weak air flow (1 m s-r) over the open tank 
resulted in dramatic changes in the frequency and amplitude of temperature fluctuations below the interface. 
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NOMENCLATURE 

amplitude of temperature spectra [“Cl ; 
specific heat at constant pressure 
[J kg-’ “C-‘1; 
evaporation rate [kg cm- 2 s - “1; 
frequency [s-i] ; 
sensible heat flux [J cm-’ s- ‘I; 
thermal conductivity of heat 

[Jm -* “c-l s-‘I; 
exchange coefficient for heat or moisture 
between the laboratory air and the 
air-water interface ; 
latent heat of evaporation [J kg- ‘1; 
specific humidity of the air [kg m-j]; 
specific humidity for saturated air at tem- 
perature T,[kg me31 ; 
surface temperature ; 
air temperature [“C] ; 
bulk water temperature [“Cl ; 
interfacial surface temperature PC] ; 
wet bulb temperature [“Cl ; 
deviation of surface temperature from 
bulk temperature, T, - T,. 

Greek symbols 
6, scaling depth ; 
;‘, surface tension [mN m-l]; 

P? density [kg m-"1 ; 
0, (77’ standard deviation of temperature fluc- 

tuations [‘Cl. 

INTRODUCTION 

MO~OMOLI~(.~!LA~ films have been applied to water 
reservoirs in the past in attempts to reduce evap- 

oration. In particular cetyl alcohol (1-hexadecanol) 
was used extensively in studies by the U.S. Bureau of 
Reclamation, some results of which have been sum- 
marized [ 11. The research reported here is related to a 
laboratory study by Jarvis [Z], who measured the 
temperature at several depths in a water vessel as air of 
low relative humidity was blown over the surface at 
two speeds and with different surfactant compounds 
introduced on the surface during the experiments. He 
observed the change in surface temperature and in the 
tem~rature fluctuations, but did not measure evap- 
oration rate or beat flux. Table 1 is a summary of 
Jarvis’s findings with our interpretation of changes 
occurring in evaporation rate and in boundary Iayer 
thickness. 

The practical use of these surfactant compounds to 
reduce evaporation from lakes and reservoirs was not 
always successful, The method of spreading the com- 
pound and the solvents used to disperse them modified 
the film coherence while surface waves and wind 
transport destroyed the films. The influences of circu- 
lation induced in the water by density differences and 
wind on evaporation retardation by monolayers are 
discussed in this paper. Limited success of programs to 
retard evaporation with organic films may be due in 
part to a misunderstanding of the forces involved, e.g. 
the author of ref. [Z] says: “A rather surprising result 
was noted for monolayers of cetyl alcohol and stearic 
acid when the air flow was about 6 liters/minute at 55% 
relative humidity (where there was considerable con- 
vection and the surface temperature was initially the 
same as the bulk water). The presence of a cetyl alcohol 
monolayer (Fig. 7) decreased the surface temperature 
0.2’ to 0.3”C, even though it reduced the rate of 
evaporation.” (The figure reference is to [a].) 
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Table I, Results of the experiments of Jarvis [Z] with surface active compounds on water 
____-- 

Changes observed as compound was added 

Compound 

oleic acid 

Slow air flow rate 
(free convection) 

ST no change 
(T, no change 

indicating no effect 
on E 

Fast air flow rate 
(forced convection) 

-_- .-_. -.-.___.__ 
ST decreased 
a, increased 

indicating little change 
in E but increase in 6 

ST increased S’T decreased 

cett.1 atconot (rT decreased ET i increased 

f 1 -hexadecanol) 
indicating E decreased 

_-. - ““_. __ ._..._ .__._ ____ 

indicating E not very much 
reduced (see comment in 
text) but increase in 6 

-_~~ - 

This case corresponds to the lowest right hand box 
of Table I, our interpretation being different from that 
of Jarvis. There is no evidence in the article that the 
evaporation was reduced very much, and from the 
reduction in the surface tei~l~erature and the increased 
temperature punctuations. it is likely that e~~aporation 
remained large when the monotayer was applied under 
the condition of greater airRow. 

Surfactant films on water may or may not reduce 
evaporation. hut they all reduce the surface tension to 
some degree. This has the effect of increasing the 
stability and thickness of the water layer near the 
interface where moiecular transfer of heat dominates. 
The surfactants, so to speak, hin~l this layer to the 
interface tending to make it less mobile. These two 
effects ofsurfactants will change the total heat flux and 
the stress transfer [3] respectively. As a consequence, 
thickness and the temperature structure of the in- 
te~hciai boundary layer will also change [dl~ The 
macroscale elects of these two properties are in- 
vestigated in this report ; the mechanisms occurring on 
the microscale are beyond the scope of this study. 

H = CONSTA~T;~~~= CONSTANT 

EK l(a). Illustration of the relationship of surface tempera- 
ture deviation, AT, and boundary layer scaling depth, 6, to 

beat 11~1s under conditions of free convection. 

In order to interpret Jarvis’s observations and those 
to be presented here, one must have an understanding 
of how monomolecular surface films affect the heat flux 
and temperature structure of water, and a general 
ullderst~din~ of how the temperature profile depends 
on heat flux and stirring of the water. The sketches in 
Fig. I illustrate some of these relationships for a clean 
water surfitce. In particular, the deviation of the surface 
temperature from that of deeper water, AT. depends 
on the heat flux and on the thickness of the interfacial 
boundary layer. This boundary layer is defined as the 
layer where molecular transfer dominates. A scaling 
depth of this layer, 6, is illustrated in Figs. I(a) l(b). 
(5 is an abstraction obtained by extending the tempera- 
ture gradient, CT/i;, at the interface linearly to the 
temperature of the bulk water. Heat transferred to the 
interface by molecular conduction [-k f?F:iiiz], where 
li is molecular heat conductivity of water, balances the 
surface heat-flux, which isexternafly determined by the 

‘-T 
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FK;. 1 (b). Illustration of the effects of turbulent mixing in the 
water on the values of hT and 6 for constant heat flux. 
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conditions on the air side of the interface. The linear 
gradient is an approximation. The true shape away 
from the interface is exponential or can be given in 
terms of error functions [5, 61. 

Figure l(a) illustrates what is known about the 
scaling depth, 6, and the value of AT for two values of 
heat flux under conditions of free convection in water 
with a clean surface [7,8]. As heat flux increases, the 
temperature drop from the interior to the interface 
increases and the layer depth decreases. Thus, if we 
increase the heat flux by raising the water temperature, 
the AT becomes larger and as a consequence the 
standard deviation of temperature fluctuations, u~{z), 
also increases, being proportional to heat flux (or to 
AT) in free convection [7]. The relative important of 
gravity and surface tension forces {the Marangoni 
effect) on clean water in free convection were discussed 
in ref. [S]. 

Figure l(b) illustrates how the mean temperature 
distribution changes as mechanical stirring of the 
water (by wind or other mechanisms) reduces the 
thickness of the boundary layer from 6, to 6,, assum- 
ing that the upward heat flux at the air--water interface 
remains constant. 

EXPERIMENTAL PROCEDURES 

A rather large convection tank, 0.50 x 0.75 m cross- 
section, OSOm depth, has been used to study heat 
transfer and thermal structure in the boundary layer 
below an air-water interface in the past [7]. In later 
studies salt was added to the tank [9] and high 
frequency surface waves were produced [IO]. Both of 
these additions resulted in substantial changes in heat 
flux and thermal structure. The effects are primarily 
originating at the interface, e.g. salt left behind in 
evaporation becomes concentrated immediately below 
the interface [ll, 121 and surface waves create con- 
vergence and divergence zones at the interface in- 
fluencing its structure [13, 141. The present work 
employed the techniques of the previous studies with 
the only change being the addition of monomolecular 
films at the interface. 

The convection tank wascleaned with detergent and 
rinsed repeatedly. It was then filled with water, which 
had passed through a carbon filter. At the top of the 
tank a coating of paraffin wax had been applied, and a 
movable barrier fitting tightly between the sides of the 
tank was pushed across the tank moving any surface 
film ahead of it. This film was then allowed to spill over 
the edge, the paraffin wax coating eliminating the 

possibility of adherence to the Plexiglas walls. The 
cleanliness of the surface was then ascertained by 
measuring the surface tension with a du Nouy-ring 
‘interfacial tensiometer’(Kruss, W. Germany), which is 
an in situ device employing the ring (or du Nouy) 
method for evaluating surface tension. The swept 
water surface produced surface tension values con- 
sistent with clean water (e.g. 71.2 mN mm’ at a 
temperature of 30°C and 72.7 mN m-’ at 20.3’C). 

The pure compounds listed in Table 2 were applied 
to the surface of the tank with a microsyringe, and the 
resulting surface tension of the film-covered surface 
was measured periodically during the course of each 
experiment. The liquid film-forming compounds, oleyl 
alcohol or methyl oleate, were added directly to the 
water surface in small quantities which were in excess 
of that required to form a complete monomolecular 
layer. The liquids spread spontaneously over the 
surface, and the excess liquid remained as an unspread 
droplet in equilibrium with the spread monomolecular 
layer. Under such elf-regulating conditions, the sur- 
face tension remained constant during the experiment 
and is a measure of the equilibrium collapse pressure of 
the film. The solid l-heptadecanol was added to the 
tank surface as a 1% solution in chloroform. The 
spread film of this material was compressed to its 
collapse pressure by moving the surface barrier a few 
cm. During the course of the experiments with l- 
heptadecanol, the surface tension varied only a few 
tenths of a mN m-l. 

The monolayer-forming compounds selected for 

this study differ only slightly from those examined by 
Jarvis [2], and their physicochemical properties and 
effects on gas exchange and microscale hydrodynamics 
are expected to be nearly the same. I -heptadecanol is a 
linear molecule capable of close packing in a homo- 
geneous surface film. The tightly packed monolayer 
acts as a molecular barrier to the passage of gas (water) 
molecules [15], and because of strong intermolecular 
interactions, its film behaves like a rigid sheet with slow 
film spreading properties. The oleyl alcohol (9- 
octadecen-l-01, cis isomer), on the other hand, is a 
more bulky molecule due to its permanently bent 
structure as a consequence of the cis double bond. 
Since its molecules have less coherence, films of oleyl 
alcohol are more fluid, spread much more readily than 
the linear I-heptadecanol, and do not retard evap- 
oration by a molecular barrier effect. Surface films of 
both compounds immobilize the air-water interface 
and modify its fluid properties (e.g. capillary wave 

Table 2. Surface-active compounds applied to the convection tank 

Name Source 
y,, Surface tension at 20-C 

(mN m-‘) 

Oleyl alcohol 

i-Heptadecanol. 997, 
Methyl oleate, 98”/, 

The Hormel Institute 
freshly distilled 
Lachat Chemicals 
Lachat Chemicals 

41.3 

31.7 
57.5 
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damping [16]). Methyl oleate (methyl ester of 9- 
octadecenoic acid, cis isomer) is similar in its proper- 
ties to oleyl alcohol, except that its effect on surface 
tension is somewhat less. 

Two types of experiments were performed. In the 
first, the changes in heat flux and surface temperature 
drop were measured as the compounds were applied. 
In the second, temperature fluctuations at various 
depths were measured before and after the application 
of the compounds. Both types of experiments were 
performed with 20°C water and with 28’C water, and 
in several cases the effect of a fan driven airflow over the 
tank corresponding to a 1 m s-r wind was also 
measured. The temperature and humidity of the room 
were monitored with a ventilated Assman psychro- 
meter. Both dry and wet bulb temperatures remained 
constant within +0.3 C in all the experiments. 

The heat flux was determined by calorimetry. A 
mercury-in-glass thermometer with 0.01 ‘C marking 
was used to determine the temperature of the bulk fluid 
vs time. Corrections for heat losses through the walls 
are discussed in ref. [7]. The interface temperature was 
read with an infrared radiation thermometer (Barnes 
PRTS) to 0.1 C accuracy, and the ~uctuating tempera- 
ture in the water was measured with a resistance film 
probe (Thermosystems) using a precision bridge of in- 
house design [7]. The sensor is 15 grn in diameter and 
1.2 mm long. It is positioned by a computer-controlled 
horizontal and vertical traverse mechanism [7]. The 
temperature data were recorded in digital form on 
magnetic tape using a computer (Raytheon 707) 
which was also used to calculate statistics and fre- 
quency spectra. Wind velocity was measured at the 
position of the water surface using a handheld anem- 
ometer (Hastings Air Meter). Unfortunately. time did 
not permit us to repeat each experiment or to perform 

E / n= 55.6 W/,+8 

all possible permutations. However, the consistency of 
the observed effects allows us to draw some general 
conclusions. 

RESULTS 

Heat ,flux and interfacial trmperature 
The effects of adding surfactant monolayers to the 

water surface on the heat flux and the A7’ (or the 
surface temperature) can be seen in Figs. 2 and 3. In 
Fig. 2 the tank is at a temperature close to the air 
temperature, so that any net heat loss is entirely due to 
evaporation. Initially, the heat flux is 55.6 W m-* and 
AT = -0.3”C. When I-heptadecanol is added, the 
heat loss is approximately halved, but it does not 
vanish, AT is <0.1-C. The tank surface was then 
cleaned and its cleanliness was tested by measuring the 
surface tension, after which oleyl alcohol was applied. 
With oleyl alcohol the net heat flux remains close to 
the value for the clean surface. It is actually a little 
larger. This may not be of statistical significance due to 
a combination of experimental error, effects of distur- 
bance during cleaning. slight air movements, etc. The 
difference in AT between clean and oleyl alchol 
covered surface is also insignificant. 

The 1 m s _ ’ wind was then made to blow over the 
tank. Note that the average heat flux in that whole 
period tripled, but no attempt was made to calculate 
the heat flux separately for clean and film covered 
surfaces. The AT is larger with wind indicating that the 
effect of an increase in heat flux dominates over the 
boundary layer thinning caused by the wind stress. 
From a differential form of the heat conduction 
equation we have 

AT x Q .6. 

See also ref. [17]. 

(1) 

TIME (HOURS) 

FIG. 2. Temperature vs time in the laboratory tank as film-forming compounds are added to the surface for 
calm or 1 ms-’ wind. Bulk water temperature was 20.3”C at the start. Psychrometric readings of the 
laboratory air gave TJ,,bu,h = 22.2’C, Twethulb = 12.4”C. --- bulk water temperature, 0 interracial 
temperature. Heat Hux values apply to the linear portion of the bulk temperature curve immedtately above. 
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FIG 3. Temperature vs time in the laboratory tank as 
compounds are added on the surface and wind of 1 m SK’ is 
superimposed. Bulk water temperature was 28.9”C at the 
start. Fsychrometric readings of the laboratory air gave 
T drybutb = 22.3’C, Twelbuib = 12.0cC. -- bulk water 
temperature, 0 interfaciat temperature. Heat flux values 
apply to the linear portion of the bulk temperature curve 
immediately above (not corrected for wall losses of the order 

of 10%). 

Figure 3 illustrates the sequence of events when 
monotayers are imposed on 28°C water with 1 m s-i 
wind blowing over it. Assuming a constant cooling of 
the tank between the two periods with a clean surface, 
one can estimate that the heat Rux in the time period 
16:29-16:50 in Fig. 3 would have been 675 W me2 if 
the surface had remained clean. With the surface 
covered with oleyl alcohol, the heat flux was only 
520 W m-’ which implies about a 2Oc/A reduction in 
evaporation rate. (Some of the heat flux is due to 
sensible heat transfer, which is not affected by the 
presence of surfactants.) 1-heptadecanol is again very 
effective, causing a reduction by about 50%. Reducing 
the wind speed from the low value of 1 m s- ’ to calm 

on clean water reduces the heat flux by approxi- 
mately the same amount. The AT values were large 
and variable. It is characteristic of convective con- 
ditions to produce large amplitude low frequency 
surface temperature variations. Nonetheless, when the 
surface temperature is averaged over 2 min, one can 
discern a tendency for the AT to be several tenths of a 
“C larger when a surfactant is present. 

The resistance film probe in all experiments was 
positioned 2mm below the surface at a central pos- 
ition in the tank, The depth can be determined quite 
accurately since the vertical stepper motor resolution 
corresponds to 12.5 Llrn. The interface is approached 
from above by manual stepping until the meniscus 
attaches itself to the probe. Then the computer is 
instructed to move the probe down 2mm, which it 
performs by transmitting the required number of 
pulses. The choice of collecting time series rather than 
horizontal traverses was made because with mono- 
layers on the surface, we wished to keep the interface 
undisturbed. Horizontal traverses across the tank were 
made to ascertain that our chosen location was 
representative of the average conditions. The film 
sensor was positioned at an angle to the vertical such 
that cold plumes descending from the interface would 
not travel along the probe mount axis. Data were 
recorded over a period of 11 min in each condition. 
Figure 4 is an example of a record obtained in 2o“C 
water with a clean surface and with and without the 
1 m s-r wind blowing. 

Second, third, and fourth moments of the tempera- 
ture fluctuations were calculated for several com- 
pounds with and without 1 rns-’ wind (Fig. 5). The 
values of skewness and kurtosis are included in this 
figure, but not much significance should be attached to 
the absolute values of these higher moments. Oleyl 
alcohol on the surface and wind separately or together 
appear to increase standard deviation and skewness, 
while kurtosis is little affected by either. l-heptade- 
canal, because of its ability to reduce evaporation in 
the calm condition, evidently reduces temperature 
fluctuations to nil. 

When forming the ratio ~~~~*,~~~,~~” in the calm 
condition (r~ being standard deviation of the tempera- 
ture fluctuations), we find a ratio of approx. I, while 
with the wind the ratio is 2-3. It appears that oIey1 
alcohol transmits the pressure ~uctuations from the air 
more efficiently. However, traveling surface waves of 
any appreciable amplitude were not observed. 

When the water temperature was raised to 28“C, the 
0 values in calm with or without compounds are all 
larger than in 20°C and independent of the surface 
condition. When the 1 rns-’ wind is imposed, the 
recorded values are up to 25?; larger or smaller. which 
in the warm water case may be due to the Iarge 
variability of the system. 

Frequency spectra of the temperature ~u~iuat~o~~s 
were also calculated from the time series obtained at 
2 mm depth with a sampling rate of 30 Hz. Records of 
1024 values (33 s) were used with the Raytheon 
computer fast Fourier transform routine to produce a 
spectrum after a hanning fiber [18] had been applied. 
Twenty individual spectra were than averaged together 
but no smoothing over spectral bands was applied. 
Since there is a slow temperature decrease as the tank 
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I min. 

ion stopped 

1 m&x wind calm, clean water 

FK. 4. Record of temperature Ructuations vs time measured at 2 mm depth in 20°C clean water. 

cools, the effect of removing this trend was tested with 
indist~n~uishabie results. The spectra presented here 
have been nondimet~s~onali~d with the variance o2 
and frcquencyf. Thus, the ordinate isf;4”/cr2Af; where 
A is the spectral amplitude and Atis spectral interval. 
Thus, differences between spectra below a clean water 
surface and below a surfactant covered one, or between 
spectra for calm and for I m sm ’ wind, are not simply 
due to differences in mean heat Rux. In order to 
demonstrate the r~presentativeness of the spectral 
estimates, Fig. 6 shows two mean spectra produced 
from 16 and 20 individual spectra, respectively, in clean 
water and two with oleyl alcohol covered surface, both 
with the 1 m s-’ wind blowing. 

The spectra will be examined for changes in tem- 
poral scales of the motion. These results can be 
compared to conclusions drawn for frequency spectra 

10 

FK;, 5. Statistic& moments calculated fFom time series 
obtained at 2 mm depth in 20” water for calm and i m s- I 
wind. a clean water, 0 oley1 &oh~$ J% I-heptadecanol, 

x methyt &ate. tank, about 15% being due to sensible heat tlux, which 

when the surface is calm versus when it is covered with 
6 Hz waves [lo]. 

Spectra obtained with clean surface, with oleyl 
alcohol, and with 1 -heptadecanol monolayers are seen 
in Fig. 7. The water was 20°C with no wind blowing. 
The large emphasis on frequencies >O.l Hz in the case 
of I-heptadecanol is due to the total variance in the 
~nominator of the ordinate being small with this 
compounds i.e, one order of magnitude less than for 
clean water. A clean water surface and an oleyl alcohol 
covered one produce very similar spectra. 

When the 1 m s-- ’ wind is superimposed (Fig. 8) we 
see that the general shape of the spectra is changed. A 
spectral peak due to the fan is seen at 2 Hz. ln general, 
the spectra have most of their contributions (non- 
dimensional amplitude ) lo- ‘) at frequencies < 1.0, 
0.6 and 0.4 Hz, respectively, for clean, methyl oleate 
and oleyl alcohol, while it was much more evenly 
distributed without the wind. (Methyl oleate was used 
in this experiment to inchde a compound which has 
fess surface activity and no molecular barrier to gas 
exchange.) 

In 28°C water with a clean surface the difference 
between cafm and wind is much less pronounced than 
in 20°C water. Figures 9(a) and 9(b) contrast these two 
cases. However, at 28°C the shape of the spectrum 
changes with wind in the same sense as in the 20°C 
case, i.e. to greater relative emphasis on the IOW 

frequencies. That the change is less implies that the 
buoyancy driven fluctuations are so great as to do- 
minate over those introduced by a I m s-r wind. The 
relative importance of buoyancy and forced con- 
vection cannot be quantified or generalized in these 
simpte excrements, partly because the wind sets up 
large scale, low frequency motions in the tank, which 
are specific to the experimental setup. 

A shift to lower frequencies with unstable stratifi- 
cation is typical also for a system as different as the 
turbulent atmospheric surface layer [t9]. 

When surfactant monolayers are added to either a 
calm or wind disturbed tank at 28. C, the changes in 
spectral shape or total variance are minimal. At 20°C 
the net heat loss is solely due to evaporation since a 
snail sensible heat flux into the tank would occur for 
T, = 22°C. At 28’C, on the other hand, both sensible, 
H. and latent heat, LE. ffuxes produce lasses to the 
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fAz 

Afo2 

FREQUENCY (HZ) 

FIG 6. Nondimensional spectra of temperature fluctuations at 2 mm depth in clean water: H = 175 W.m-‘, 
y = 72SmNm-‘, 
22.1% Twe,buib = 

oleyl alcohol covered surface: H = 155 W rn*-‘, y = 40mN m- ’ (Tb 2o”C, Tdrybu,,, = 
12.8”C). The 1 m s- * wind was blowing. For each condition there are two realizations, one 

averaged over 20, the other only 16 individual records. 0 20* 16recs cfean water, 0 20 + 16recs oleyl 
alcohol. 

is unaffected by the monolayers if T, remains constant. 

The estimates of the relative importance of the two 
turbulent heat fluxes are obtained by forming the 
Bowen ratio, H/LE, and estimating H and LE by the 
so-called bulk method. One further assumes that the 

mechanisms for humidity and sensible heat transport 
in the atmosphere, represented by an exchange coef- 
ficient, K, are the same, viz. 

H pc (T - T,)K _ = P--S ~- 
LE LP-P(cl, - 4x 

where the quantities on the RHS except K are known 
or were measured. 

Heat exchange by infrared radiation would be 

directed into the tank for 20 C water and Out of the 
tank for 28°C water and would be unaffected by 
monolayers. The relative importance of radiative and 
evaporative cooling cannot be determined without 
knowing the value of K. However, we can state that 
substantial heat loss occurs in the 28 C case even if 
evaporation is retarded, while this is not true for 20 C 
water. Since spectral shape and total variance of 

10-l 

- 1 

fA* 

Ab’ . 

l = CLEAN 

o = OLEYL ALCOHOL 

A = I-HEPTADECANOL 

FREQUENCY (t-6!) 

FIG. 7. Nondimensional frequency spectra of temperature at 2mm depth in 20°C water, no wind. 
l clean water W = 56Wm-*, y = 72.7mN m-‘; 0 oleyl alcohol Ei = 44Wm-*, y = 41.3mN m-l; 

A l-heptadecanol H = 24Wma2, y = 31.7mNm-‘. 



1668 

E x x” .*.%c+ 0 = CLEAN 

> -x,“a 
X j METHYL OLEATE 

0 % 0 = OLEYL ALCOHOL 
0 

i 

Fro. 8. Nondimensional frequency spectra of temperature fluctuations at 2 mm depth in water for 3 surface 
conditions with 1 ms-’ wind blowing. Tbvtk = 19.8”C, T,,,,,, = 21.8”C, Trcrbulb = 12.&C. q clean water 
H = 175Wrr1-~, y = 72.7mNm-‘; x methyl oleate H = 115Wm-2, y = S?.SmNm-‘; 0 oleyl alcohol 

H=155Wm-2,y=41.3mNm-‘, 

tern~ra~re fluctuations are little a&&d by m5no- 

layers on 28°C water, it indicates that buoyancy 
driven motions mitigate the surfactant effects. 

SUMMARY AND DISCUSSION 

These simple but quantitative experiments on effects 
af surfactant monolayers on heat Fiux and on tempera- 
ture structure and temperature fluctuations in the 
water have shown that the conditions within the bulk 
of the water itself are important, i.e. when buoyancy 
forces are large in the water, effects of surfactants are 
reduced. They also show that even a weak air flow, 
equivalent to a 1 m s- i wind results in substantial 

changes. The heat Rux becomes larger and the tem- 
perature spectrum shifts to lower frequencies. At 20°C 
these effects were modified by the surfactant mo- 
nolayers while at 28°C the presence of surfactants was 
irrelevant both in the calm and the wind stirred 
condition, 

Even though effects of the absolute temperature in 
regard to evaporation have been reported previously 
[ZO], they would not have included effects of the bulk 
dynamics of the water since only layers of urater 
approx. 3 mm thick were studied in Petri dishes. 

It appears from the present study that increased 
fhtctuations and a drop in surface temperature obser- 

fA2 
Afo* 

FREQUENCY (HZ1 

Fra 9(a). Nondimensional frequency spectra of temperature in water at 2 mm depth. (a) 20°C water: 0 
calm, [? 1 m s-’ wind (b) 28°C water: 0 calm, 0 1 m s- ’ wind. TdrybufBsrscs - 22% Tw.,bulheases * 12°C. 
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ved in ref. [Z], when a cctyl alcohol monolayer was 
applied with high flow rate of dry air, are not consistent 
with B statement that evaporation was retarded (at 

least it could not have been by very much). Even with a 
more rigid interface and therefore thicker boundary 
layer, a relatively large heat flux is required to maintain 
the surface temperature CWC lower than the bulk. It is 
unlikely that the surface is completely coherent with a 
‘strong’ airflow, but a certain reduction in mobility of 
the surface must be assumed to explain the drop in 

tempexature, which requires a deeper layer with a steep 
temperature gradient. This is consistent with the larger 
temperature fluctuations, which can then be produced 
by verticaf motions of the water past the temperature 
sensor. Our study of heat flux has shown that several 
monolayers reduce evaporation, but not so much as to 
eliminate AT. 

One ofus(K~K)hasattempted todriveevaporation 
without airflow by establishing a water vapor density 
gradient through a porous metal lid a short distance 
< 1 mm above a water tank without success, T. Foster 
(personal communications) also told of problems 
when attempting to drive evaporation with a vacuum. 
It may well be that in both cases monalayers of 
surfactants were responsible for inhibiting evaporation 
(even though care had been taken to work with clean 
water). Even a weak airflow seems to mitigate the 
effects of the pure surfactants employed in this study. 

The implication then is that the internal dynamics of 
a water body and the external conditions in the 
atmosphere above are as important as the chemical 
properties of a surfactant in affecting the evaporation 
rate. 

A~~kno~~~r?dye~~nrssis~n~ during experimental set up 
and the anaIysis was provided by Mr. R. J. Lind; Mr. J. 
Tillman designed the precision resistance bridge. Computer 
programs for data collection and some of the analysis was 

provided by Mr. M. Brengle. Ms. K. Moore drafted the figures 
and Ms. P. Brien typed the manuscript. AI1 are gralefutty 
appreciated. Funds for this research was provided by Office of 
Naval Research , Contract N00014-75X-0502. 
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EFFETS DE FILMS SUPERFICIELS ORGANIQUES SUR L’EVAPORATION ET LE CHAMP 
THERMIQUE DE L’EAU EN CONVECTION NATURELLE OU FORCEE 

R&urn&On introduit d la surface d’une masse d’eau de 50cm de profondeur des agents du type qui riduit 
l’lvaporation (I-heptadecanol) et des composls qui ne modifient pas I’&aporation (alcool oltique). Des 
changemen ts de flux thermiqueet dechamp de temp&ature au voisinagede la surface sont mesurCs dans I’eau 
j 20°C et 28°C avec une tempdrature ambiante de 22°C et 30% d’humiditd relative. Une comparaison avec 
une etude antdrieure de Jarvis indique que la turbulence et le renouvellement de la surface associes a la 
convection en profondeur sent importants et affectent les effets des agents surfactifs. Une faible ventilation 
d’air (1 m s-‘) au dessus du r&ervoir provoque des changements considlrables dans la frCquence et 

I’amplitude des fluctuations de tempirature sous l’interface. 

DER EINFLUSS VON ORGANISCHEN OBERFLACHENFILMEN AUF DIE VERDAMPFUNG 
UND DIE THERMISCHE STRUKTUR VON WASSER BE1 FREIER UND ERZWUNGENER 

KONVEKTION 

Zusammenfassung-Oberfl%zhenaktive, filmbildende Verbindungen, die die Verdampfung behindern (Hep- 
tadekanol) und Verbindungen, von denen kein EinfluB auf die Verdampfung erwartet wird (tilhaltige 
Alkohole), werden auf die Oberflache eines 50 cm tiefen Wassertanks aufgebracht. Die Verlnderungen der 
WBrmestromdichte und des Temperaturprofils an der Obefllche wurden in Wasser von 20 und 28°C bei 
Raumtemperaturen von 22°C und einer relativen Feuchte von 30”1,, gemessen. Der Vergleich mit einer 
friiheren Studie von Jarvis zeigte, dal3 Turbulenz und OberGchenemeuerung. welche mit der Konvektion im 
tiefen Wasser zusammenhlngen, wichting fiir die Milderung der Auswirkungen der oberfldchenaktiven 
Verbindungen sind. Ein schwacher Luftstrom (1 m s I) iiber dem offenen Tank bewirkte eine drastische 
Anderung in der Frequenz und der Amplitude der Temperaturschwankungen unterhalb der OberUBche. 

BJIMIIHME OPI’AHMqECKMX fIOBEPXHOCTHbIX IIJIEHOK HA MCIIAPEHME M 
TEPMMYECKYIO CTPYKTYPY BOAbI IIPM CBO6OflHOR M BbIHY)KflEHHOfi 

KOHBEKUMM 

AHHOTaUHII-HOBepXHOCTHOaKTllBHble COeZ-iHeHWfl,C~OCO6Hble 06pa3OBbIBaTb CH%UaH)UlHe MCnapeHHe 

nneiiKM (rana I-renranerason), H coenHHem+x, KOTOpbIe He OKa3bIBaK)T BnARHHR "a HCnapeHHe 

(MaCnnHbli CnHpT), HaHOCMxHCb Ha nOBepXHOCTb CnOIl BOLlbl ~7~6~HOfi 50 CM. npOBOWWiCb 

H3MepHrtfl Be"llllllHbl Ten"OBOrO nOTOKa I( CTpYKTYpbl TeMnepaTypbl y nOBepXHOCTH BOAbI C 

TeMneparypoR 20 C II 28 C np~ TeMnepaType orpyxaKxueti Cpenbl B 22 C H OTHOCMTeJbHOi? 

BnaxHoCrA 30”,. Cpaenenwe c panee nposenemblM AxapBticoM wxnenoBawieM noKasbmaeT, 470 

Typ6yIreHTHOCTb W 06HOBneHMe nOBepXHOCTH, 06yCJlOBJleHHble KOHBeKUHeii B LTY~oKoM CJTOe BOilbl, 

JHaVHTeJ,bHO ocna6nnro-r pOJb nOBepXHOCTHOaKTHBHb1X COCnHHeHMk Cxa6oe TWeHHC BO3nyXZI 

(I M CeK-') Hafl OTKpbITOii nOBepXHOCTbW BOBbl npHBOnHT K CWJlbHblM HSMeHeHARM L(aCTOTbl I( 

aM""MTy,Ibl TeM"epaTypHb,X KOJIe6aHHti "Ofi rpaHAUefi pa3,TeJIa '$a3. 


