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uTIVE SUMMARY

A preliminary investigation has been conducted by the Georgia Institute of
Technology to evaluate the feasibility of using monomolecular films of long chain
alkanols as means of reducing evaporation from the SRS disassembly basins. Such
reduction of evaporation would lower the tritium content in the air above the basins and
thereby reduce exposure of workers. Higher tritium concentrations in the basins may,
therefore, be tolerated so the frequency of purging the basins could be reduced.

The results of this investigation indicate that monomolecular alkanol films can serve
as practical evaporation barriers for the conditions expected at the SRS disassembly
basins.

The preliminary study conducted during the first quarter of 1991 comprised the
following tasks:

1.

Reviewing the literature with emphasis on identification and description of

candidate suppressants and application procedures.

2.

Constructing the test enclosure shown schematically in Figure ES.1 including

environmental control and a well-instrumented and temperature controlled 1.2 meter
diameter evaporation tank. The excellent agreement with literature data for fresh water
shown in Figure ES.2 demonstrates the reliability of this test apparatus.

3. Conducting a series of tests to evaluate the performance of thin film barriers over

the range of conditions expected at the SRS disassembly basins. Several screening

and

shakedown tests and ultimately 18 evaluation tests with the selected suppressant or fresh
water were conducted. Each test involved about one day of data accumulation.

4. Evaluating and documenting the experimental procedures and results.

All tasks were successfully accomplished, and this report represents the completion of
the preliminary investigation.

The literature review indicated that long chain alkanols, also called fatty alcohols,
dissolved in a suitable solvent form monolayers that can be effective evaporation
barriers, at least in controlled laboratory tests. Several mechanisms to model how the
transport of water is retarded have been offered. The energy barrier model is especially
appealing since it describes how the effectiveness of the barrier increases with the length
of the alkanol. Past experiments have investigated fatty alcohols with up to 22 carbon
atoms.

Small scale experiments in 400 ml beakers were conducted and demonstrated the

effectiveness of 16 and 22 carbon alkanols, hexadecanol and docosanol, with various
solvents. A series of spreading tests in a small, 16 inch diameter, pan indicated that
docosanol dissolved in petroleum ether spread well enough to cover the entire surface
of the pan; however, initial tests in the 1.2 meter tank with

this solution were

unsuccessful apparently because the solution was incapable of spreading over the larger

surface. Further small scale tests indicated better spreading with the fatty alcohol
dissolved in ethanol.

Figure ES.3 shows a comparison of two fatty alcohols spread using ethanol as the
solvent. The evaporation reduction increases with chain length from 16 to 18 carbons
as expected from the energy barrier model.

Docosanol, the 22 carbon alkanol, would

not spread effectively even with ethanol.

The 18 carbon fatty alcohol was selected for further investigation. Figure ES .4 shows

the results of the large scale experiments. Experiments were conducted over a wide
range of pool water temperatures and ambient air humidities. The data show that

evaporation can be reduced by as much as 40% at conditions similar to those expected

in the SRS disassembly basins.

Overall, this project has demonstrated that fatty alcohols can form monolayers that
are effective evaporation barriers. Further work is required to evaluate the factors that
influence the formation and durability of the monolayer and its effects on corrosion as
well as the water chemistry of the basins.
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CHAPTER 1. OVERVIEW,CONCLUSIONS, AND RECOMMENDATIONS

Currently, SRS disassembly basin water must be purged periodically to minimize the
source of tritiated water which can evaporate resulting in operator exposure.
Suppression of evaporation using a thin film barrier on the surface of the basins has
been suggested to reduce the escape of tritium and the consequent exposure of
personnel. To evaluate this concept, Georgia Tech undertook a preliminary study,
involving a literature review and an experimental investigation, during the first quarter
of 1991. This study has demonstrated that thin films can, indeed, be practical
evaporation barriers in the conditions that prevail at the SRS.

The preliminary study comprised the following tasks:

1. Literature review with emphasis on identification and description of candidate
suppressants and application procedures.

2.

Construction of an environmentally controlled test enclosure with a well

instrumented evaporation pan.

3. Conducting a series of tests to evaluate the performance of thin film barriers over
the range of conditions expected at the disassembly basins.

4. Evaluation and documentation of procedures and results.

All tasks were successfully accomplished, and this report represents the completion
of the preliminary investigation. Chapter 2 summarizes the literature review, and
Chapter 3 outlines the construction of the test apparatus.

Results of the tests are given

in Chapter 4. The conclusions and recommendations are stated at the end of this
chapter.

1

An extensive literature review was begun immediately at the start of this project and
continued throughout the project. The review was helpful in identifying suitable
suppressants, describing the mechanism by which the compounds suppress evaporation,
and in determining practical techniques and potential problems. The literature reveals
that both multilayer films, such as an oil sheen, and monolayer films can be effective
barriers. A monolayer film is ideally just one molecule thick. Partially solvent
surfactants form monolayers. Especially effective monolayer barriers are formed by
molecules that consist of a hydrophobic alkyl chain terminated by a hydrophilic
functional group, such as -OH in the case of alcohols or -COOH in the case of carboxylic
acids. Molecules such as these spread naturally into a monolayer. Past experiments
confirm that the film is formed with the hydrophilic group at the interface with the water
and the hydrophobic chain extending upwards away from the interface. Monolayers have
been found to be more effective than multilayers because they spread spontaneously and
the well oriented molecular chains are a better barrier than a chaotic liquid film.

Various models have been proposed for the resistance of monolayers to permeation
by water. The accessible area and energy barrier models are most appealing. The
accessible area model conceptualizes the barrier as a set of hard shells representing the
surfactant molecules. The transport of water vapor is retarded because it can only
escape through the interstitial gaps. The energy barrier concept models the escape as
a process in which the water molecule must have enough momentum and energy to force
apart the hydrophilic chains. While neither model is detailed enough to be of much
predictive value, both explain experiments that show how a continuous and tightly
packed film presents a better barrier. The energy barrier model also explains why longer
chain molecules will provide more resistance.

Monolayers spread rapidly and spontaneously because the hydrophilic group is
attracted to the water molecules near the interface. Normally water molecules at a free
surface are firmly bound by relatively strong attractive forces from molecules further
away from the surface. This unbalanced attractive force from the surface down makes
it difficult for molecules to reach the surface and accounts for the relatively high surface

2

tension of water. When the hydrophilic group of a suitable surfactant contacts the water
surface, the additional upward attractive force makes it easier for water molecules to
leave the bulk of the liquid and join the surface. The net result is to lower the surface
tension at the interface so the surfactant is said to exert a surface pressure. The low
surface tension region coated with surfactant is rapidly expanded by the pull of the high
surface tension of the surrounding clean water surface.

The literature review indicated that the long chain alcohols, or fatty alcohols, with
16 to 22 carbon atoms are the best evaporation resisting surfactants among commonly
available compounds. Fatty alcohol monolayers have reduced the evaporation rate by
as much as 80% in lab experiments. For several reasons, these closely controlled
laboratory scale tests, under conditions that cannot be duplicated in the field, cannot be
relied upon in practice. Many such experiments typically involve short durations and

measurements with a device called an evaporimeter. The evaporimeter is a cell
containing a desiccant that can be placed in close proximity to the water surface. The
amount of water adsorbed is determined by weighing the desiccant. Obviously this
instrument does not reveal long term practical mass transfer coefficients but only the
short term relative resistances. Often the monolayer film is physically compressed,

e.g.

by a moving plate, to maximize the resistance. Another major problem with many of the

laboratory tests is the small scale. A Petra dish is just too small to reveal problems with
spreading that will occur in practice. While laboratory results are optimistic, the
literature is equivocal about results to expect in the field, probably because of problems
with spreading over very large areas and uncontrolled environmental conditions. In
addition to the helpful indications of candidate compounds, the literature disclosed that
a solvent is typically necessary to promote spreading of the fatty alcohols since the
compounds which are long enough to form effective barriers are solids at room
conditions. Typical solvents used have been chloroform, petroleum ether, kerosene, and
ethanol.

In summary, the literature review revealed that suitable surfactants can appreciably
suppress evaporation, at least under laboratory conditions, and that fatty alcohols with

3

a suitable solvent are the best commonly available compounds.

Experimental confirmation of suppressant performance was always a prime task in
this project. The uncertain indications on practical performance and procedures in the
literature confirmed the need and importance of the experimental investigation. Both
small scale and large scale experiments were conducted. Fabrication of the apparatus
for the large scale experiment was the most time consuming part of the project. The
apparatus, illustrated in Figure 1.1, consists of a controlled environment chamber
comprising an cube eight feet on a side. 'The air temperature and relative humidity can
be controlled at prescribed values. Humidity is controlled by two packaged unit air
conditioners, and air temperature is controlled by radiant heat lamps. Water is
evaporated from a tank 1.2 meters in diameter and 0.3 meters deep. An immersion
heater maintains the prescribed water temperature. The heater is specially constructed
as a long coil to avoid hot spots and resultant convection. A commercial thermostat
module controls power to the heater. A personal computer based data acquisition
system monitors the apparatus and controls the air conditioners and heaters. Typically,
the air conditioners run to maintain the set humidity but tend to overcool the air so the
lamps operate to maintain the set temperature. Thermocouples sense the air and water
temperatures, and a commercial thin film capacitive device senses the relative humidity.
Loss of water is sensed in a unique way. A small pan on a digital balance is connected
by a siphon to the evaporation tank. Loss of water from the evaporation tank also
changes the level of water, and the mass, in the pan on the balance. An RS-232 channel
links the balance to the PC allowing the evaporation to be monitored.

Performance of the apparatus for the large scale experiment was verified in several
ways. The most important verification is comparison with literature data for the
evaporation rate of fresh water. Figure 1.2 shows data collected with fresh water. In
this case the setpoints for the relative humidity and the air temperature are 70% and
20°C while the tank water setting is 25°C. As seen in the graph, the prescribed
conditions are well maintained throughout the test. Data from the balance show the
cumulative mass lost from the evaporation tank. The first step in processing the data
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is shown in Figure 1.3 where the evaporation rate per unit area, calculated by linear
regression of the mass data, for two hour periods is displayed. The average over the
entire run of the two hour data is the solid line, and this data is taken as the summary
result for the individual experiment. For further comparison the mass transfer
coefficient, which relates the evaporation rate to the driving potential, is displayed in
Figure 1.4. The driving potential difference for mass transfer can be taken to be the
difference between the vapor pressure in a hypothetical film in equilibrium with the
liquid at the interface and the vapor pressure in the free air. The ratio of the unit
evaporation rate to the vapor pressure difference is the overall mass transfer coefficient
with units of seconds per meter. (Alternatively the concentration difference can be used
as the potential with meters per second as the units for the coefficient.) Figure 1.5
shows the evaporation rate results compared with literature data. There is excellent
agreement especially since the literature data is suspected to be slightly too high because
of enhancement by convective air currents. Figures 1.6to 1.8 show corresponding results
for a run with a film present.

Small scale experiments were conducted to confirm the performance of the fatty
alcohols. Initial tests in 400 ml beakers identified the 22 carbon alcohol, docosanol, with
petroleum ether as solvent applied with a cotton swab as the best performer, but this
combination failed in the 1.2 meter tank because of very poor spreading.

The solvent

appears to be too volatile. Further tests in a 16 inch diameter pan revealed that ethanol
would be a better solvent. Two candidate suppressants were compared as shown in
Figure 1.9 where the 18 carbon alcohol, octadecanol, was found to be superior, not the
22 carbon alcohol as in the literature. The 22 carbon alkanol apparently failed to
spread. With octadecanol, nearly 40% reduction in the evaporation rate for water at
30°C under air at 25°C and 50% relative humidity was observed.

With the best candidate suppressant and solvent identified, 18 comparative runs of
the large scale experiment were conducted, 9 with a film and 9 without. Data for all
tests are reproduced in Appendices A through C while typical results with a film present
are shown in Figures 1.6, 1.7, and 1.8. Here the setpoints are the same as for the run
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with no film as displayed in Figure 1.2: air relative humidity and temperature are 70%
and 20°C while the tank water setting is 25°C. The evaporation test data are shown in
Figure 1.6 which is representative of results for a run with a monolayer. This

evaporation rate may be directly compared with the fresh water data, and the effect of
the monolayer barrier is self evident. The average unit evaporation rate and mass

transfer coefficients are computed from the two hour data just as for the fresh water, and
Three of the nine completed runs with films

Figures 1.7 and 1.8 display these results.

are considered to be unreliable because the film from a previous test was not completely
removed. Apparently the presence of a residual film prevented the new film from
spreading properly. This result may be important if removal of the film is found to be
necessary in practice. Certainly this removal should be feasible. Figure 1.10 shows the
results of the six reliable tests. Evaporation was reduced by 25% to 40% by films
formed with octadecanol dissolved in ethanol.

Results of this investigation clearly indicate that fatty alcohol monolayers are
effective barriers, but additional work is required to investigate spreading over areas as
large as the disassembly basin and the durability of the film. The influence of the
suppressant and solvent on corrosion and other aspects of the water chemistry of the
basins must be evaluated. Finally, surfactants other than the fatty alcohols should be
considered.
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2.1. INTRODUCTION
Water evaporation reduction is the suppression of evaporation by controlling the rate
at which water vapor escapes from water surfaces. A number of methods of reducing
evaporation have been investigated in the past, and they can be divided into three
categories:
1. reducing water surface area by altering the shape of the water reservoir,
2. fully or partially covering the water surface by impermeable covers or floating
objects,
3. covering the surface with monolayer films or oil films.
Surface films appear to be very economical and offer the greatest potential for
evaporation reduction, especially, when the other two approaches are not applicable,
such as reducing water evaporation of a large water reservoir and in the current
application where access and visibility must not be impeded.
Of all the surface films applied to reduce water evaporation, monolayer films of fatty
alcohols, such as hexadecanol (cetyl alcohol) C16H330H, octadecanol (stearyl alcohol)
C 18 H 370H, eicosanol (arachic alcohol) C, 01-141 0H and docosanol (behenyl alcohol)
C„H 4 ,0H were proven to be very effective and have no adverse effect on the quality of
water. Other effective retardants of the family of alkoxy ethanols have also been
synthesized and their use for agricultural purposes in the past has been reported.

This chapter is a brief review of some significant studies on the theory, experimental
implementation, and experimental results of water evaporation reduction. Evaporation
phenomena at clean water surfaces are illustrated first. Previous experimental results
of water evaporation and factors affecting evaporation are examined. Experimental
methods of applying monolayer films over the water surface, physical properties of the
films, and the effectiveness of the films in terms of water evaporation reduction, are
reviewed subsequently. Theoretical models developed to explain the mechanism of the
permeation resistance of monolayer films are summarized, and their validity is discussed.
Finally, some conclusions are drawn from the current review and some recommendations
are given at the end of this chapter.

18

2.2. EVAPORATION AT CLEAN WATER SURFACE
The phenomena of water evaporation are related to the diffusion process at an
interface of water and its vapor. The molecules of vapor and water are always in
motion. Because the motion of the molecules is of a random nature, some molecules
will have a higher speed and energy than the others. The mass transfer rate or
evaporation rate is the net between the rate at which molecules escape from the liquid
phase and the rate at which molecules from the vapor phase impact on and are absorbed
by the liquid surface. The water molecules with higher kinetic energy will be able to
escape the surface into the air. It is well established that the mean velocity and velocity
distribution depend on the temperature; consequently, the motion increases with
increasing temperature. As the temperature of the molecules increases there is a
corresponding increase in the number which have sufficient energy to escape. These
water molecules, which escape into the air, have a random motion so that many of them,

after colliding with other molecules, will return to the water. If the concentration of the
molecules in the air is small, there will be a smaller number returning to the surface
than the number of those escaping the water surface, and evaporation will be the net
result. As the concentration increases, the net exchange will be less, until the
equilibrium state which the number of molecules returning to the surface is equal to the
number of molecules escaping. For evaporation to continue, the molecules leaving the
water surface have to be removed from the vicinity. If the vapor molecules were not
removed, the number of the molecules in the air would increase until an equilibrium
condition is reached and evaporation would stop. At equilibrium, the water vapor
concentration and pressure immediately above the surface would be equal to the vapor
concentration and vapor pressure of water at that temperature. Overall, then, the water
evaporation rate, J, depends on the difference between the vapor concentration near the
water surface and that of the ambient air, and this difference drives the transport
process.

The effectiveness of water evaporation depends on many factors such as the
temperatures of the water and the air above it, the air movement above the water
surface, the water surface area, the relative humidity, and the cleanness of the water
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surface. The energy required to initiate the evaporation process is called the latent heat
of vaporization. Because of the latent heat of vaporization which must be supplied in
order for water to evaporate, there is a continuous exchange of heat involved in the
evaporation process. As evaporation occurs from the water surface, the latent heat of
vaporization is partly supplied by conduction, convection, and radiation from the ambient
air, and in part by the heat from the water itself. If the ambient air is stagnant and
there is no heat source above the water surface, the latent heat of vaporization will be
mostly supplied by the water itself, and the evaporation rate would be governed by
diffusion or convection in the liquid. Forced convection could be a dominant driving
force for evaporation if the water surface is exposed to a current of air, laminar or
turbulent. The phenomena of water evaporation into still air and currents of air will be
discussed separately.

2.2.1. Evaporation of water into still air
The fundamental law of evaporation is credited to Dalton [1834]. His generalized
formula of evaporation is as follows:
J

(1)

= C (Pw -P.),

where
J

= the rate of evaporation,

C

= the coefficient which depends on the experimental conditions,

p,

= the vapor pressure at the water surface,

P.

= the partial pressure of the water vapor at the ambient air temperature.

Numerous investigators have contributed to understanding the phenomena of water
evaporation since then.

Most of the research on evaporation of water into still air have been of an empirical
nature. Sharpley and Boelter [1938] measured the evaporation rate from a one-footdiameter pan of water into quiet air in a humidity and temperature controlled room.
The air was at 71°F and 53 per cent humidity while the range of the water temperature
was from 63° to 93°F. The rate of evaporation was expressed by the following two
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equations:
J (1b/ft 2/hr) = -0.024 +

- C v „,)

5 x 10-4 (lb/ft3 ),

for (C,„ - C v .)

(2a)

and
J (lb/ft2/hr) = 18.75(C,‘„ - Cv .)
for 5 x 10-4

(C,„, - C yce ) 0.001 (lb/ft 3 ),

(2b)

where
C,,,

= the concentration of water vapor on the gas side of the air-water
surface,

Cy .

= the concentration of the water vapor in the air far from the interface.

The results of the investigation are illustrated in Figure 2.1. The partial pressure of the
air on the gas side of the interface is approximately equal to the total pressure and is
therefore substantially constant. Thus, the pressure difference, p vW - pv ,„,is proportional
to the concentration difference, C,,, - C.

The experiments were later extended by Boelter, Gordon, and Griffin [1946] to
measure the evaporation of water, within the water temperature limits 63° and 200°F,
into quiet air at 65° to 80°F and 54 to 98% relative humidity. The rate of evaporation
as a function of concentration difference was
J (lb/ft'- /hr) = 251(C v„ - C v .) 1.25
for 0.001

(C v„, - Cycc ) 1 0.025 (lb/ft 3).

(3)

The curve in Figure 2.2 represents the unit evaporation rate as a function of vapor
concentration difference, C,,,„ - C v ,„„at air temperature 70°F and 50% relative humidity.
These authors also reviewed their experimental results with data from Hinchley and
Himus [1924], Rohwer [1931], and Box [1906], in terms of pressure difference. The
results are indicated in Table 2.1 and plotted in Figure 2.3 for comparison. These
authors suggested that the results of Rohwer and Hinchley and Himus are high, possibly
as a result of extraneous air currents, and the data of Box may not be appropriate for
extrapolating to high vapor pressure differences because those data significantly differ
from the other results at high pressure differences.
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Table 2.1.

Representation of evaporation rate J(1b/ft 2/hr) as a function of
pressure difference, p y„,-p, o,(in-Hg).

Authors

J =

Hinchley and Himus

J =0.20(p,,,-p„.0) 1 .20

Griffin, Gorden, and Sharpley

J =0.067(p,„-pvc„) 1 .22

Box

J =0.054(p,,,-p vco )

Rowher

J =0.0173(p,,,-p,,,,)(t,44-3)"

where tw (water temp.)-t(air temp.) > -3.
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A similar study was performed in still air and under controlled conditions by Hickox
[1944]. The room temperature and relative humidity were maintained during the course
of the experiments at average values of 71°F and 53%, respectively. The empirical
correlations obtained in his study are
J (lb/ft'- /hr) = 16.2 (C„,„ - C„,„)
for (C vw - C v .) 4.2 x 104 (lb/ft3 ),

(4a)

and
J (lb/ft'/hr) = 65.88 (C, ‘„ - Cv .,) - 0.02124
for (C„,), - C„,,,) 2: 4.2 x 10 -4 (lb/ft3).

(4b)

A theoretical estimation was compared with the experimental results, assuming that the
vapor on the water surface is removed by diffusion only and the temperatures of the
water surface and ambient air are virtually the same. The estimated evaporation rate
by diffusion is considerably lower than the experimental result because the movement
of water vapor was aided materially by convection currents caused by the heated air next
to the water surface. The data are plotted in Figure 2.4, where the theoretical
estimation is represented by the dashed line. It was concluded that a slight movement
of air over the water surface could increase the removal of water vapor substantially.
He also drew an analog between heat transfer and mass transfer as they occur in
evaporation.

2.2.2. Evaporation of water into currents of air:
When moving air exists over an evaporating surface, the water molecules are
removed from the surface so that the concentration adjacent to the surface is reduced
and a concentration gradient is established. The number of molecules returning to the
surface is reduced, and the rate of evaporation is increased. Thus, the motion does not
result mainly from diffusion or free convection but rather from forced convection.
Thornthwaite and Holzman [1939] suggested that the movement of water vapor from
water surface to air takes place by means of two completely different processes, by
diffusion through a laminar boundary layer for a short distance and then by turbulence
through the air. They also believed that no overall transfer coefficient can account for
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the differences that exist in the boundary layer and the turbulent mass transfer due to
the varying degrees of roughness which affect both the thickness of the boundary layer
and the degree of turbulence.

Evaporation of water into currents of air has been studied extensively by Dalton
[1834], Carrier [1921], Himus and Hinchley [1924], Rohwer [1931], Lurie and
Michhhailoff [1936], Hickox [1944], Penam [1948], Kohler [1955], and others in
laboratory or field scale. Empirical equations based on their experimental results were
published. Their equations are tabulated as follows:
Dalton:

J = C(pw -P.)

Himus and Hinchley:

J = (31.0+13.5v)(pw-pa)

Carrier:

J = (17.8+15.2v)(p w-pa)

Rohwer:

J = (18.2 1 11.0v)(pw pa)

Lurie and Michhhailoff:

J = (22.0+ 16. 8v)(p,„,-p a)

Hickox:

J = (22.0+16.8v)(N-Pa)

Kohler:

J = (22.7+13.4v)(N-Pa)°.88

- -

-

where
J

= the water evaporation rate, g/hr/m 2

C

= rate of evaporation for which the following values were found:
With low air velocity, C = 33 g/hr/m 2/mmHg
With moderate air velocity, C = 42 g/hr/m 2/mmHg
With high air velocity, C = 52 g/hr/m 2/mrnHg

p„,

= the water vapor pressure at temperature of water evaporation, mmHg

pa

= partial pressure of water vapor in air, mmHg

v

= air velocity. m/s

For the majority of the experimental work, a straight-line relation between the
coefficient C and the air velocity was observed. It was suggested by Lurie and
Michhhailoff [1936] that the relation found empirically for the rate of evaporation holds
true only within limits of temperatures and air velocities studied. Extrapolation beyond
the experimental limits must be made with great care. Therefore, not all the equations
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can be used to estimated the evaporation rate in still air although all these expressions
are in a form which permits computation of evaporation at zero wind. Himus and
Hinchley [1924] used two different empirical equations to express the water evaporation
rates in still air and in currents of air, separately.

2.3. EVAPORATION AT MONOLAYER-COVERED SURFACE
Water evaporation suppression have been studies for decades. Most methods
employed consist of reducing the water surface exposed to the air, and they can be
categorized into three different groups --- altering the shape of the water reservoir to
minimize the water surface area, fully or partially covering the water surface by plastic
covers or floating rafts, and covering the surface with a film. Surface films appear to be
the most economical and offer the greatest potential for evaporation reduction,
especially, when there is no other alternative to reduce water evaporation.

Substantial work has been done to use oil films to reduce evaporation rate from

open surfaces such as lakes and reservoirs. Laboratory investigations of the effect of oil
films on reducing evaporation from water began in the early twentieth century [Devaux,
1913]. Oil films can be either monolayer or multilayer. Monolayer films or
monomolecular films are those with one molecular thickness and multilayer films are
those with more than one molecule in thickness. Heymann and Yoffe [1942] found that
films of 5 microns in thickness, consisting of paraffin oil, reduced the evaporation of
water to 15% of the original value.

In the 1940s, increased attention was given to the use of multilayer films of oil
mixture for natural evaporation control. Despite the high ability of multilayer films to
suppress evaporation rate, little work was observed to use multilayer films since then
because of their shortcomings. The films collapsed or were damaged easily by the action
of the wind, dust, and rain. The films did not reform after damaging. Moreover, the
film persisted for a short time [Frenkiel 1965]. Unlike multilayer films, monolayer films

have better resistance to field conditions [Mansfield 1953]. Even if the film is broken,
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it can reform itself. Also, monolayer films endure longer than multilayer films.

Insoluble monolayers have complex properties. Only certain types of molecules are
capable of forming monolayers, and the stability of a foreign monolayer at the water-air
interface under given conditions is dependent on a delicate balance among the
properties of the substances involved. The materials of monolayer studies, substance like
long chain fatty alcohols and acids, are those which have a molecular structure
composing of a nonpolar or hydrophobic chain terminated by a hydrophilic functional
group, such as -OH or -COOH. The hydrophilic radical actually becomes submerged
in the water while the carbon chain extends vertically above the surface. As background
to how and what kind of monolayers have been used to reduce the water evaporation
rate, some of the fundamental properties of monolayer films such as surface pressure
and evaporation resistance shall be interpreted first.

Surface tension is the force that tends to pull the molecules of a surface together in
order to minimize the surface area and is the primary quantity used in describing

the

behavior of liquid surface. Monolayers interact with the surface molecules to form a
new surface, which have a lower surface tension than the original surface. This lowering
of surface tension results from the insertion of monomolecules among the surface water
molecules, and the long chain monomolecules resist each other resulting in a force
whose direction is opposite to the surface tension. This force is called surface pressure.
Thus, surface pressure can be defined as the difference between the surface tension
without a monolayer and surface tension with a monolayer. It should be borne in mind
that the surface pressure has the dimensions of tensions (dyne/cm) and not of a
hydraulic pressure (dyne/cm').

Evaporation resistance was original defined by Langmuir and Langmuir [1927] as the
reciprocal of the measured evaporation rate of water. The total resistance includes the
gas phase resistance and interfacial resistance. This definition was later revised by
Langmuir and Schafer [1943]. The new definition of evaporation resistance, with units
of sec/cm, is the ratio of the driving force of evaporation, concentration difference, to
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the evaporation rate per unit area. This term has been used ever since by most
investigators.

It also can be illustrated as the specific resistance compared to
More in depth explanation of evaporation

evaporation resistance of clean water.
resistance will be given in section 2.4.3.

2.3.1. Monolayers Used in Water Evaporation Reduction:
To consider a monolayer as an evaporation retardant compound, it should have
several desirable properties such as:
(i) low melting point (approx. 50°C), so that it spreads rapidly on water surface
and its films can easily reform the damage,
(ii) large equilibrium film pressure,
(iii) good stability to field conditions [Deo et al 1960].
The first successful experiment using monolayers was done by Rideal [1925]. The
monolayers were fatty acids (C nil2n+1 C001-1) and 50% reduction in evaporation rate was
obtained. Further observations on the evaporation reduction effect by different types
of monolayers were made.

Among the monolayer compounds, fatty alcohols (R-OH), fatty acids (R-COOH),
and alkoxy ethanols (R-OEtOH) show promising results for use in evaporation reduction
process. Alcohols (R-OH) especially hexadecanol (C 16-0H) and octadecanol (C 18 -OH)
exhibit great evaporation resistance. Both compounds have been used in laboratory and
field scales. Mixture of these two alcohols may give better properties. Figure 2.5 shows
the evaporation resistance of hexadecanol and octadecanol [Barnes et a], 1962].

Fatty acids (R-COOH) with long chain such as C 1 7, C 1 8, C 19 , and C 20 are
characterized by evaporation resistance that is independent on the surface pressure over
a wide range. Moreover, the effectiveness of the film depends on the spreading
technique used, such as solvent or powder technique. Figure 2.6 shows the resistance
of different long chain fatty acids which is independent on film pressure [Archer and La
Mer, 1955].
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Alkoxy ethanols (R-OEtOH) have superior evaporation resistance over the same (R)
of alcohols. Also, they have better spreading rate over alcohols. These compounds can
be prepared by combining ethylene oxide (CH,CH 2 O) at the hydroxy end of the long
chain alcohol [Deo et al, 1960]. Unfortunately, these compounds do not appear to be
available commercially.

2.3.2 Evaporation Resistance of Monolayers
The evaporation resistance of a monolayer, which was defined as specific resistance
(sec/cm) compared to evaporation resistance of clean water at 20 6 C (0.002 sec/cm),
depends on many factors such as water temperature, film pressure, wind velocity, chain
length of monolayer and its purity. In this section, the influence of these factors will be
summarized.

Film Pressure

In general, the evaporation resistance of most monolayer films increases with the
surface pressure. Fatty acids as shown in Figure 2.6 have an exception such that the
resistance is independent of the surface pressure. Roughly speaking, the variation of the
resistance with surface pressure increases rapidly with the chain length. Figure 2.7 shows
this relationship in both alcohols and alkoxy ethanols. The resistance values are
generally higher in alcohols than in alkoxy ethanols for a wide range of surface pressure.
The situation is reversed at higher pressure, where alkoxy ethanols have higher resistance
than alcohols.

The trend of the resistance at low surface pressure presents a weak point in using
monolayer films in evaporation reduction applications. To overcome this problem,
Barnes et al [1962] used a mixture of two compounds or more and obtained better
results. No explanation of this phenomenon has been offered. Figure 2.8 shows the
evaporation resistance of the mixture of pure octadecanol and hexadecanol in different
concentrations. The best overall performance is exhibited by the 7:3 mixture.
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Temperature
It is well known that the higher the water temperature, the higher the evaporation
rate. The response to this trend differs from group to group and even in one group, and
it differs from one compound to another. But generally speaking, the temperature effect
decreases as the chain length increases. For example, there is no change in the
resistance of (C 22 -0Et0H) with temperature as shown in Figure 2.9 [Deo et al, 1960].
Alkoxy ethanols show superiority over alcohols in the range of 20° to 40°C. From this
figure, we can see that both (C 22-OH) and (C 22-OEtOH) behave in different fashions.
The resistance does not decrease with increasing temperature, which is contrary to the
performance of other long chain monolayers. This is due to the difficulty in spreading
their films. Upon the above discussion, the selection of monolayer for better water
evaporation suppression should take into account the ambient temperature.

Chain. Length
The chain length of the monolayer is one of the most important parameters that
affect the evaporation resistance and other properties. La Mer, et al [1964] studied the
effect of the chain length in alcohols. The evaporation resistance jumps dramatically
with the chain length as shown in Figure 2.10. They stated that the chain length of long
chain alcohols determines the following:
a. resistance to evaporation,
b. spreading rate,
c. "squeezing out" or rejection of one component of a monolayer by another which
leads to a kink in the resistance-pressure curve,
d. "squeezing out" of non volatile solvent impurities for monolayer spread with the
aid of a solvent,
e. resistance to wave and/or wind action,
g. solubility of the alcohol in water.

Purity of Monolayer
The effect of impurities in monolayer films especially at low surface pressure is
considerably high, such that the impurities suppress the evaporation resistance. For this
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reason, most of the commercial monolayers have low resistance at low surface pressure,
and the resistance increases rapidly at higher surface pressure, when the effect of the
impurities become small. Different techniques are used to purify long chain monolayer
such as column chromatography and urea clathration. Figure 2.11 shows the effect of
impurities on octadecanol samples before and after purification [Costin and Barnes,
1967].

Effect of Spreading Solvent
Spreading solvent is required to speed up the film spreading on vvater surface. The
solvent affects the resistance of monolayer such that the final resultant resistance is a
combination of the contribution of both materials. Moreover, some solvents show a kink
in resistance curve along surface pressure scale. Spreading hexadecanol and octadecanol
with kerosene solvent shows this type of kink due to squeezing out of non-volatile
constituents [La Mer et al, 1964]. In Figure 2.12, petroleum ether (n-hexane) exhibits
a superiority to other solvents such as benzene and kerosene. Other solvents such as
mineral turpentine, methylated spirits, chloroform, and ethanol have also been used.

Wind Velocity
Most of the applications in water evaporation reduction were concentrated on open
systems such as lakes and reservoirs, where wind speed should be considered. The
resistance increases with the wind speed. It was found that the effect of wind speed is
limited to some extent depending upon the atmospheric conditions. After that limit, the
resistance is independent on wind speed [Mansfield, 1958]. As in other factors, the chain
length plays a role on the degree of effectiveness of wind speed. Figure 2.13 indicates
that C„ has better evaporation reduction and lower wind effectiveness among other
alkoxy ethanol groups [Shukla et al, 1962].

2.3.3. Spreading properties
The evaporation resistance for any substance is not the only issue that determines
whether it can be chosen as an evaporation retardant. After a monolayer has been
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[1967].
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generated over water surface, it will suffer a continuous loss due to environmental
conditions such as rain and wind, and due to biological decompositions as well as losses
due to evaporation process. Monomolecules must be added to the water surface to
sustain the film layer. The spreading properties depend not only on chemical
composition but also on physical and structural characteristics of monolayers.

In this

section, the major factors that influence spreading properties will be reviewed.

Spreading Rates
The generation rate of a monolayer is called the spreading rate, and has a unit of
molecules/sec/cm. An alternative term is spreading coefficient which has units of
molecules/sec/dyne. Several spreading rates of measurement have been made with pure
cetyl alcohol (tlexadecanol) on water, giving different results as listed in Table 2.2.
[Frenkiel, 1965].
The spreading rate is affected by the temperature such that the temperature
coefficient was found to be quite large. Another factor that affects the spreading
coefficient is the surface pressure, which has no effect below 30 dyne/cm but for
pressure higher than this value, the spreading coefficient goes down rapidly [Mansfield,
1959]. In addition, the materials with low melting point have high spreading rate.

Equilibrium Spreading Pressure
The ability of the monolayer film to maintain under compression or expansion is an
important property that makes a material a good evaporation retardant. This property
is related to equilibrium spreading pressure which can be defined as the surface pressure
of a film in equilibrium with a surplus of the solid or liquid film-forming material.
Groups of the same number of carbon atoms with a higher equilibrium surface pressure
has better separating properties and lower melting point.

The effect of chain length on equilibrium surface pressure is more distinct in alcohol
than that of alkoxy ethanol. The equilibrium surface pressure decreases rapidly from
46.5 dyne/cm in C 14 to 27.6 dyne/cm in C22 in alcohol group. Whereas in alkoxy
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Table 2.2.

Spreading rates of measurement made with pure hexadecanol on water,
giving different results:

Authors

Spread rate Spread Coefficient Conditions

Mansfield

10.1)(10' 3

2.4x10 12

cylindrical casting of cetyl

alcohol floating upon a water
surface at a temperature 25°
C.
Roylance and Jones 0.2x10

5.1x10 1°

periphery of a single floating
crystal.

Stewarts

1.7-4.4x10'

faces of suspended crystal in
a vertical position at 24-25°
C.

Stewarts

0.11-0.21x10 12

periphery of a floating crystal
at 24-25° C.
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ethanols it remains unchanged as shown in Table 2.3. The superiority of alkoxy ethanols
as evaporation retardants could be attributed to their higher evaporation resistance,
higher equilibrium spreading pressure, and higher spreading rate [Doe et al, 1962].

Effect of Physical and Polymorphic Characteristics
Several studies have considered this aspect. The crystalline structure of alkanols
affects the spreading rate. Open crystals result from slow cooling while closed crystals
result from quenching. It was found that open crystals had a higher initial spreading
velocity [McArthur, 1960]. Also, the effect of bead size and surface structure on the
spreading of alcohol mixture was examined [McArthur & Durham, 1957].

The fine crystalline particles were shown to have good spreading properties. The
long chain alcohol with an even number of carbon atoms can be found in four solid
phases, depending on temperature and other conditions. These are alpha, sub-alpha,
beta, and alpha-prime with transition temperature points separating them. It was found
that the material with the higher transition point spreads faster than the sample with the
lower transition point.

Chain Length Effect
Again, the chain length plays a major role in the determinant of retardant
monolayer. It can be detected through Table 2.3 and through other works that the rate
of spreading decreases with an increase in the chain length.

2.3.4 Spreading Methods [Frenkiel, 1965]:
There are several spreading methods used in the laboratory and in the field trials
such as the solvent method, the powder method, and the emulsion method. The
advantages and disadvantages of these methods are reviewed in this section.

The solvent method is widely used in the laboratory. The solvents, which have been
used, included petroleum ether, benzene, kerosene, mineral turpentine, methylated
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Table 2.3.

Melting point (M.P., °C), spreading rate (dN/dt, number of
molecules/cm/sec),
and Equilibrium spreading pressure (E.S.P.,
dynes/cm).
n-alkoxy ethanols

n-fatty alcohol
M.P. (°C)

DN/Dt

E.S.P.

M.P. (°C)

DN/Dt

E.S.P.

C14

39.5

2.1x10 15

46.5

35.0

5.2x1e

48.6

C 16

49.5

2.8x10 13

39.6

43.5

2.3x10

50.4

C18

59.4

1.1x10 12

35.2

51.7

1.8x10 14

48.9

C20

64.5

7.6x10"

32.6

60.5

1.2x10 12

49.0

C22

71.0

6.0x10"

27.6

65.6

1.5x10 12

47.2
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spirits, chloroform, and ethanol. The solvent method was first used in the field at
Stephens Creek Reservoir in Australia, where cetyl alcohol (C 16H33 0H) was dissolved
in a petroleum fraction and ethyl alcohol. The solution was poured from a 40 gallon
drum through fine gauge piping which acted as dispensers. The flow rate was 0.007
gallon per acre per day, and was increased to 0.017 gallon per acre per day when it was
windy. An evaporation savings of 37 per cent was observed. The method was also
applied by the United States Bureau of Reclamation and then rejected due to its health
and fire hazard. Moreover, the method has other limitations such as the monolayer
suffering from contamination, and the spreading pressure of concentrated solution is half
that of solid cetyl alcohol.

The powder method was used first in the United States to spread cetyl alcohol and
success of this method was clear. At a wind speed (5-15 m.p.h.),it was found that 0.2-0.4
lb/acre/day was required to maintain significant coverage of the water surface.
Although the method was very efficient in spreading the film, it had some problems in
handling and dispensing. The powder had a great tendency to lump and cake. To avoid
this problem a fine spray of dried powder was produced in which the particles were
globular rather than flaky. In this form, the powder could be stored and transported
easily. Before using the powder, it should be sieved and cooled to 15"C such that a large
portion of the particles is in the sub-alpha phase which has better spreading rate. By
using the powder method, a 50 percent evaporation savings could be achieved.

Another alternative technique to overcome powder lumping is to use an inert
material to separate powder particles. Water was used as an inert material, and it was
found that water and alcohol phases began to separate, but wetted particles were found
to have a spreading rate lower than dry particles. The technique was used in field tests,
where 0.2-0.45 lb/acre/day was required, and 45 percent evaporation reduction was
obtained. Although the method is inferior in spreading ability compared to the powder
technique, it is useful for small sized reservoirs where powder applications are not
suitable.
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2.3.5. Experimental results
Much attention has been focussed on using monolayer films as evaporation
retardants, both in laboratory and field scales. In the lab scale, various long chain
alcohols, alkoxy ethanols, and acids have been used. As shown in Figure 2.9, Deo et al
[1960] found that alkoxy ethanols are superior to other monolayer groups such as
alcohols. Around 90 percent evaporation reduction was achieved by C 2,H45 0C2H40H
which was named OED-13. This product was found to be efficient for a temperature
above 20°C. In colder water it did not spread well. Mihara [1962] used a mixture of the
above compound with its lower homologue C I8H370C2H40H to improve the spreading
properties. The final product was named OED-70.

Fatty alcohols have been used as evaporation retardants in a wide scale, both in the
laboratory and in the field. Cammenga and Koenemann [1989] used monolayers of fatty
alcohols and perflourinated fatty alcohols (FPA) F(CF 2)„-H2CH2OH. Figures 2.14 and
2.15 show results of their work. The very steep increase in resistance when the surface
pressure exceeds a certain limit is clear. Vines [1962], used solid cetyl alcohol
monolayer in large water storage and obtained 20-50 percent in evaporation savings,
depending on weather conditions. Extensive experiments were initiated by the Bureau
of Reclamation in 1955 to study the evaporation reduction of hexadecanol and other
monolayers. In these tests, a 64 percent evaporation reduction was obtained over a four
week period after a single treatment with hexadecanol, at the rate of 60 pounds per acre
[Timblin, Moran, and Garstka, 1957]. Rosano et al [1956], studied the evaporation rate
of water through monolayers of esters, acids, and alcohols. The result of this work is
shown in Figure 2.16. Arachidic acid (C 22 -COOH) has a higher evaporation resistance
which is independent of surface pressure.

2.4. THEORETICAL ANALYSIS OF EVAPORATION RESISTANCE INDUCED
BY MONOLAYERS
As described in last section, quantitative data show the dependences of evaporation
resistance on temperature, surface pressure, chain length, and purity of the monolayer
49
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Figure 2.14. Logarithm of the evaporation resistance of various FA monolayers
H(CH2).0H as a function of surface pressure at 20+1 C. From
Cammenga and Koenemann [1988].
Figure 2.15. Evaporation resistance of various PFA monolayers F(CF 2)nC2H4OH as
a function of surface pressure at 21 +0.5 C. From Cammenga and
Koenemann [1988].
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C i5H31 COOC2H5
1. Ethyl palmitate
C 17H33 C00C2H5
3. Ethyl elaidate
CH3(CH2) 18COOH
5. Arachidic acid
CH3(CH2) 16 CH2OH
7. 1 -Oc tadecanol
alcohol
9. 1,1, 1 3-Trihydro-perflurotridecyl

2. Ethyl linoleate
4. Ethyl stearate
6. Atearic acid
8. Cetyl alcohol
H(CF2) 12CH201-1

C 17H31COOC2H5
C17H35COOC2H5

CH3(C1-1.2)16COOH
CH3 (CH2)14CH2 OH

Figure 2.16. Reduction in rate of evaporation of water through a monolayer by
substance listed in terms of the specific resistance to evaporation as a
function of the surface pressure. Note the very low resistance of the
ethers 1, 2, 3, and the high resistance of saturated fatty acids - stearic
and arachidic. From Rosano and La Mer [1956].
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compound. These findings suggested that certain relationships between the evaporation
resistance introduced by a monolayer film and these variables might exist. Various
theories, such as energy barrier theory, accessible area theory, and density fluctuation
theory, have been developed to explain the mechanism of evaporation resistance of
monolayer films. These theoretical models are described and their applicabilities are
discussed in this section. Before we address these models, it will be appropriate to
illustrate the fundamental equation of evaporation, the Hertz-Knudsen equation.

2.4.1. Hertz-Knudsen equation
A quantitative expression for the maximum evaporation rate was derived from the
kinetic theory of gases by Hertz [1882]. He concluded that the absolute rate of
evaporation equals the absolute rate of condensation when there is equilibrium between
a liquid and its vapor. An expression for the rate of collision of vapor molecules with
the surface was obtained. If all of the collisions result in condensation, the absolute rate
of condensation and hence the absolute evaporation rate, mass per unit time and unit
area
J = (M/27RT) mp" = (RT/27114)"ceq,

(5)

where
T

= the absolute temperature,

p'q

= the equilibrium pressure,

c eq

=

M

= the molecular weight of the liquid,

R

= the gas constant.

the equilibrium concentration in the vapor phase,

An evaporation coefficient, a, was later included in the equation as an empirical factor
by Knudsen [1915]. The actual condensation rate is given by a similar expression, using
the actual vapor pressure or concentration instead of the equilibrium value.
Incorporating the evaporation coefficient, the net rate of evaporation can be described
as
J = cr(M/271-RT) °.5 (p"-p) = a(RT/27M)"(ceq-c) = o/Q(ceq - c),
which is referred to as the Hertz-Knudsen equation.
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(6)

Hickman [1966] believed that the correct value of the evaporation coefficient of
water is unity and the lower values should be attributed to surface cooling and surface
contamination. Surface cooling is a commonly seen phenomenon during water
evaporation because the latent heat of vaporization is partially provided by the water
below the surface through heat conduction or convection. Surface cooling changes the
value of the vapor concentration in equilibrium with water at the surface, c s", which is
the driving force of the evaporation process, to a lower value than the concentration in
equilibrium with the bulk liquid, c beq. Hickman stated that the evaporation coefficient
of water is unity if the correct values of surface temperature and the corresponding c seq
are used to calculate the evaporation rate. His argument was supported by a series of
experiments by measuring the temperature of resting water surface. Surface
contamination has a dominant effect on water evaporation as well. If the contaminate
is insoluble and floating on top of a water surface, it can be treated as a partial cover
of the water surface. The effective water surface area for evaporation is therefore
decreased. This phenomenon is closely related to the water evaporation reduction by
spreading a monolayer film on the water surface.

2.4.2. Evaporation Resistance Induced by a Monolayer Film (r.)
The reduction in evaporation rate when a monolayer film is spread on the water
surface can be described in a number of ways. A useful measure is the fractional
reduction in evaporation rate, but a more fundamental characteristic of the monolayer
film is the evaporation resistance or permeation resistance. This concept was first
introduced to monolayer work by Langmuir and Schafer [1943]. The evaporation
resistance, r, was defined as the ratio of the driving force of evaporation, p or tic, to
the evaporation flux J. Based on Hertz-Knudsen equation and Fick's diffusion law, a
representation

of evaporation resistance of a monolayer film can be derived.

Barnes [1986] investigated the evaporation resistance induced by a monolayer film
under the experimental conditions of Langmuir and Schafer method. It was stated that
Ac and r comprise several levels as shown in Figure 2.17. During evaporation, the water
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molecules originate in phase a (water) and penetrate through the interface and the gas
phase 13 (air) to a point z B away from the water surface. Barnes assumed that transport
through phase 13 is by diffusion and that phase a is well stirred and uniform except for
a thin layer of thickness za resulting from surface cooling through which the transport
is also assumed to be by diffusion. The concentrations in phase a are related to those
in phase B through an assumed distribution coefficient, k d ; therefore, cis is equal to kdca
at equilibrium, where kd is assumed independent of concentration. If steady-state linear
flow is considered, the flux, J, will be constant from

e of phase a to zB of phase B. At

first, we have the flow through phase a by diffusion,
J = -Ir(dca/dz) = Me l," - cs")/z";

(7)

then for transport through the interface,
J = asQ(csa kd - csB);

(8)

and for diffusion through phase B,
J = DB (csB - cbB)/zB ,

(9)

where subscripts s and b refer to the interface and the bulk phase, respectively.
Therefore, the overall result is
J [kd (P/

) + (1/a s()) + (zB/ DB)]

= kd (ct,' - c s') + kd cs' - c sB + csB - c b13
kdCb" - Cbfl = Ace ('

(10)

The bracketed terms on the left hand side of the equation are identified as the
permeation resistances, while the right hand side is the concentration difference of the
bulk phases. The equation can therefore be rewritten as
J(r'-i-r°+rB) = Jr,, = Aceq

(11)

or
= e+r°+rB = Aceq/J,

(12)

where r,„ is the total resistance without a monolayer film on the water surface.

When a monolayer film is spread on the surface of water with the same value of
Ace'', an additional resistance is added, and the relation between the new flux, J f, and the
new total resistance will be
rt. = r°`-i-r°+r n,+? = Aceq/J f.

(13)

The resistance contributed by the monolayer film can be obtained as
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Figure 2.17. Schematic representation of the transport of a substance from phase
a through an interface and a second phase 0.
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(14)

rm = rf - r,, = ceq(1/4 - 1/J).

The evaporation resistance induced by a monolayer film was also investigated by
Kromoyan, Bohyan and Pashayan [1966]. Their argument is as follows. Based on Fuks
theory, a vapor pressure jump occurs at the interface during evaporation and the
magnitude is determined by the rate of evaporation and the condensation coefficient in
the Hertz-Knudsen equation. It was suggested that the vapor pressure drop at a water
surface is very small in the evaporation of water at a rate of 10 -5 q/cm2/s and below.
However, if the water surface is covered by a monolayer film, a pressure change of 10-20
mmHg as a result of the lowering of the condensation coefficient is expected. If the
total pressure

D e3 D air + Pwater vapor)

difference between the equilibrium and the steady state

pressure is Op f in the presence of monolayer, and Ap W with a clean surface at
evaporation rate J f, then evaporation resistance is given by
(15)

rm = (2M/RTJ f)( Ap r Apw )•

Their experimental results were in agreement with data obtained by the Langmuir and
Schafer method.

2.4.3. Theoretical models of evaporation resistance of monolayers
There are several theoretical models developed to explain the mechanism of
evaporation resistance of monolayer films such as energy barrier theory, accessible area
theory, and density fluctuation theory. Barnes and Hunter [1990] concluded that these
theories may not be mutually exclusive, and it is possible that a combined theory might
be more satisfactory than any one of them. They measured the surface pressure-area
isotherms and resistances to water evaporation on octadecanol monolayer films, and the
data were used to examine these three models for monolayer permeation. They
concluded that each model is in reasonable agreement with the experimental results;
therefore, there is no obvious favoring one theoretical model over another. These three
approaches will be reviewed separately.
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2.4.3.1. Energy barrier theory
It has long been suggested that simple diffusion through the monolayer has achieved
little success to illustrate permeation resistance. In contrast, the energy barrier theory
agrees with some of the experimental results, in particular explaining the temperature
and chain-length effect. The idea of an energy barrier to illustrate the permeation
resistance of a monolayer film was introduced by Langmuir and Schafer [1943] then later
verified by Archer and La Mar [1955]. The expression for the resistance of the energy
barrier theory is
rm = C expR A E,.* + (n,-2) A E, *)/RT]

(16a)

or
In rm = In C + (AE1* +(ri,-2)AE;)/RT,

(16b)

where
C

= a constant,

AE,.* = the residual activation energy,
(11,-2) = the number of (CH 2) groups,
A E; = the activation energy per (CH 2) group.
Values of DEC * can be obtained first from the plots of In r m vs. chain length, which is
based on experimental results, as shown in Figure 2.18. DE C * can then be determined.
The corresponding values are listed in Table 2.4 for long chain fatty alcohol. Barnes and
La Mar [1962] presented an extended version of the energy barrier theory in which the
activation free energy AG * was divided into internal energy U * , entropy S * , and area of
activation components A * :
rm = C' exp(AC/RT) = C' exp[(AU * +7AA* -TAS *)/RT].

(17)

The model involves the separation of monolayer molecules to form a hole such that
water molecules can pass through the hole. It was suggested that the hole occurs partly
from imperfections in the monolayer structure and partly due to the compression of the
neighbor molecules. They also showed that the energy of separation of monolayer
molecules is linearly related to chain length and thus provides explanation for observed
chain-length dependence of the evaporation resistance.
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Figure 2.18. Effect of chain length on the evaporation resistance of monolayers of
various n-alkyl derivatives. a: Calcium alknoate; 0, a alkanol; v:
alkanoic acid. From Barnes [1986].
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Table 2.4.

Function calculated by applying the energy barrier theory to
evaporation resistance data for alkanic acids and alkanols. From La
Mer, Healy, and Aylmore [1964].

Head group

-CH2OH

-COOH

Chain length used, nc

16,18,20,22

17 to 20

Temperature, T/°C

25

25

Surface State

solid

Liquid condensed

Range of r/mN m

15 to Ire

10 to

Reference n,

20

18

AE,* /KJ mo1 -1

27.0

39.9

AE; /KJ mo1 -1

1.15

1.24

C Is cm - '

1.9x10-8

7.88x10-11
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2.4.3.2. Accessible area theory
The idea of evaporation through gaps in the monolayer, which is called accessible
area theory, was developed by Barnes, Quickenden, and Saylor [1970]. It was proposed
that water molecules can only permeate the monolayer when they strike gaps of
sufficient size to permit their passing through. The accessible area was defined as the
total of such areas. They also assumed that evaporation through the accessible area has
the same rate as evaporation through clean water surface. Therefore, the net
evaporation rate from a monolayer-covered surface is
(18)

J f = (a/A)J,„,
where a is the accessible area, and A is the total area of the surface.
The monolayer resistance can then be obtained,
rn, = Ac"(1/4 - la w ) = ticeq[(A/a)-1]/J w = (1/aQ)[(A/a)-1].

(19)

Several models were developed to estimate the accessible area such as random hard-disk
model, cluster model, and hexagonal array of hard disk. These models are illustrated
as follows.

In the random hard disk model, the water molecules are represented by small hard
spheres while the monolayer molecules are illustrated by hard disks. Evaporation occurs
when the spheres pass through the hard disk, provided that the size of the gap is big
enough. Barnes, Quickenden and Saylor generated random arrays of disks by
photographing an agitated tray of metal spheres and then found the maximum number
of small circles that could be fitted into the gaps in the array, as shown in Figure 2.19.
The number of the small circles multiplied the area of the hexagon gives the accessible
area. Dickinson [1978], and Milliken, Zollweg and Bobalek [1980] estimated the
accessible area by generating random arrays through computer programs. Barnes [1986]
compared the evaporation resistance calculated from the random-hard-disk model with
experimental data for several fatty alcohols. The calculated resistance increases with the
increasing surface concentration as is also the tendency of the experimental results. The
results are summarized and shown in Figure 2.20.

The cluster model developed by Barnes, Quickenden and Saylor [1970] and Barnes,
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Figure 2.19. The random-hard-disk model of a monolayer. Large circles represent
monolayer molecules and small circles represent permeating water
molecules. From Barnes, Quickenden, and Saylor [1970].

61

U
Ln

4.4

4.6

4.8

5.0

5.2

SURFACE CONCENTRATION, F/molecule nm

5.4

-2

Figure 2.20. Comparison of evaporation resistance values calculated from the
randon-hard-disk model with experimental data for several alkanols.
Experimental data for docosanol (C 220H), eicosnal(C200H), octdecanol
(C i8OH), hexadecanol (C 160H) as shown. Theoretical curved of
Milliken, Zollweg, and Boblek:M.Z.B.; Dickinson: D; and Barnes,
Quickenden, and Saylor: B.Q.S., using a diameter ratio
permeantlmonolauer of 0.5. From Barnes [1986].
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Costin and Saylor [1972] considered that all the monolayer molecules were grouped into
close-packed clusters leaving the rest of the water surface free and accessible for
evaporation. Thus, the accessible area can be obtained by
(20)

a = A - Nam ,

where am is the area per monolayer molecule within the clusters and N is the
number of the molecules.
The monolayer permeation is therefore given as
rm = (1/aQ)[(A/a)-1] = (1/aQ)[(A/(A-Na m)-1].

(21)

As described earlier, the evaporation coefficient, a, is an empirical factor, and it is
possible that the value of a would be different for clean water and monolayer-covered
surfaces. This model has been applied to octadecanol monolayers by Barnes, Costin, and
Saylor [1972]. The results show the linear relationship required by the theory and are
illustrated in Figure 2.21. It may also be concluded that the cluster model correponds

best to a mixture of the dilute and condensed phases which monolayers can exhibit.

The hexagonal array of hard disk model was developed by Barnes and Quickenden
[1971]. The disks, which represent the monolayer molecules, were allowed to vibrate
independently about their mean positions. Using size parameters corresponding to long
chain alcohols and water, this model indicates there should be no permeable holes when
the film is compressed to a surface area to moloecule ratio less than 0.243 nm 2 per
molecule. In fact, evaporation still is observed when the film is this dense so this model
is not quite realistic.

2.4.3.3. Density fluctuation theory
Blank [1964] suggested that the free path required for the water molecules to
penetrate a monolayer surface results from three different sources:
(1). gaps in the monolayer structure, the free area
(2). local fluctuations in monolayer concentration
(3). the kinetic energy of a molecule forcing monolayer molecules apart.
The probability, P, of a molecule finding a suitable hole from sources (1) and (2) was

63

3

_• _

2
E

U

1

3
L.)

2
1
0

0

2

4 6

8 10

AREA, A/(A - a )
m
Figure 2.21. Test of cluster model using data for octadecanol (C 180H) monolayers
in the consdensed-to-gasous transition region. From Barnes [1978].
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assessed by Gershfeld and Pagano [1972] from the entropy of expansion of the
monolayer per unit area, AS', as
(22)

P = exp(- Sek/k B),
where aw is the size of the water molecule.

If only the transport step across the air/water interface was considered, the probability,
P, is the factor by which the monolayer reduces the rate of evaporation. Therefore,
off

(23)

P.T„„

and
rn, = Ace9 (1/J f - 1/J w) = (1/aQ)[(1/P)-1].

(24)

The result obtained by Bockman [1969] was favorably compared with the experimental
value for eicosanol.

2.4.4. Discussion

Although the mechanism of evaporation reduction by monolayers has been
investigated for decades, detailed understanding of the phenomena is far from complete.
Experimental data indicate dependence of the evaporation resistance on the temperature
and on the chain length of the monolayer molecules, and data for alcohols and acids are
in agreement with an energy barrier theory of evaporation resistance. However, a
quantitative approach to predicting the evaporation resistance for other monolayers has
not yet been developed. The accessible area theory gives satisfactory predictions of the
surface pressure dependence of certain monolayers, but this theory does not illustrate
the chain length and temperature dependences as the energy barrier theory. The density
fluctuation theory does not show any explicit dependence on material or condition
although the model was favorably compared with the experimental value for eicosanol
by Bockman [1969]. No present theory provides a explanation for the sensitivity of the
evaporation resistance of certain monolayers to impurities.

Although there is no theory available to explain all the phenomena of the
evaporation resistance of monolayer films, possibly a combination of the accessible area
model and energy barrier approach will lead to a satisfactory explanation. It may also
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be necessary to comprehend the effects arising from heat and mass transfer in the air
region above the monolayer film.

2.5. SUMMARY
In the light of the results of the experiments reviewed in the present study, there is
no doubt that it is practical to reduce water evaporation by covering the water surface
with a thin film which acts as an effective evaporation retardant. The effectiveness of
those films studied in the pat depends on the experimental conditions such as the
temperatures of the air and the water, air conditions above the water surface, surface
film selected, spreading methods, spreading rate, and maintenance of the film. Among
all the surface films, monolayer films have been most thoroughly studied and
implemented to suppress water evaporation in the laboratory and the field.

For some laboratory studies, the evaporimeter and the Langmuir trough developed
by Langmuir and Schafer [1943] were used as standard apparatus to measure the rate
of water evaporation. A movable barrier, which was implemented inside the trough, was
used to compress the monolayer film in order to obtain a maximum surface pressure.
The evaporation from a water surface with or without a monolayer film was measured
by the amount of water absorbed by a desiccant placed a few millimeters above the
water surface. Because the desiccant can only absorb a small amount of water, duration
of the laboratory experiments can not be more than a few minutes. Spreading the
monolayer with highly volatile solvent such as petroleum ether worked effectively,
primarily because the water surface area of the trough is very limited so spreading the
monolayer before the solvent evaporated was never a difficult task. Langmuir and
Schafer found that the rate of evaporation was decreased by an astonishing factor of 10 -4
byacompresdnlfiohexadc.A90%vportineducwas
observed by using alkoxy ethanols as evaporation retardants [Deo et al, 1960]. These
laboratory results are useful for elucidating the fundamental properties of various
monolayers, but it should be borne in mind that the experimental conditions such as film
conditions, measurement time, and ambient conditions, were optimally controlled. In
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consequence, the results are likely to be optimistic.
Unlike laboratory experiments, results of field tests are dependent on numerous
factors such as rain, wind, dust, ambient temperature, film pressure, film evaporation,
spreading method, spreading rate, large water surface area, coverage of the surface film,
purity of the monolayer and others. Due to the influence of these factors, the
evaporation reduction of a monolayer film can only represent the effectiveness of the
film under those specific experimental conditions. In fact, some of the experiments did
not show any evaporation reduction after a monolayer film was spread on the water
surface. Generally speaking, long chain fatty alcohols, which are commercially available
and widely used in field tests, show promising results in water evaporation reduction.
Amongst them, hexadecanol and octadecanol have been successfully used on large water
storages, reducing water losses to 50-70% [Laycock, 1956].

Although practical applications on water evaporation reduction so far have been
mostly carried out in reservoirs, the effectiveness of the monolayers is evident.
Enhanced water evaporation reduction in a well-controlled experimental conditions is
expected. Proper methods of spreading the monolayer film, and maintaining the film
could be crucial to the results. Several techniques for spreading monolayers to the water
surface have been developed. The suitability of these techniques under different
conditions has yet to be firmly established.

It is also vital to maintain a compressed and

effective monolayer film on the water surface for extended periods of time because the
molecules of the monolayer film evaporate slowly to the air after spreading on the water
surface. It is therefore essential to supply the molecules of the retardant to the water
surface continuously in order to maintain the equilibrium surface pressure. Also, due
to the fact that evaporation resistance induced by the monolayer film is extremely
sensitive to impurities which could be introduced during the spreading, it will be
desirable to minimize the possibility of introducing impurities to the water surface such
as by selecting a compatible solvent.

Theoretical models developed previously to explain the evaporation phenomena with
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a surface monolayer film are only partially successful because none of these models can
predict water evaporation rate if some of the experimental conditions are changed.
Empirical correlation may be an alternative to characterize the effectiveness of
evaporation reduction of a given monolayer film. It is conceivable that a semi-empirical
model could be developed to estimate the reduction of water evaporation under
controlled experimental conditions, however, it may not be realistic to do so for field
applications because numerous uncertain factors, such as wind and dust, may significantly
influence the transport of the water molecules.
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3.1 INTRODUCTION
3.1.1 Overview and goals.
The experimental apparatus described below was designed to investigate the
effectiveness of monolayer films in reducing water evaporation under a variety of
controlled conditions. No specific goals for how much the evaporation rate should be
reduced was imposed upon this research, rather the objective was to review the literature
to determine which monolayer films might be the most effective and then conduct a
series of experiments to measure their actual performance for large scale applications.

3.1.1.1 Fresh and treated water.
The efforts of this initial study compared evaporation rates of fresh water with that
which had a monolayer film applied to the surface. Fresh water studies under various
operating conditions were conducted to establish a baseline evaporation rate which was
compared with evaporation rates from treated water at identical operating conditions.
The literature reveals that fatty alcohols are the most commonly used evaporation
suppressants. Small scale experiments were conducted to determine the most likely
candidates among the alcohols to conduct large scale experiments. Initial large scale
experiments showed that octadecanol C I7H35 -CH,-OH dissolved in ethanol was the most
promising evaporation retardant.

3.1.1.2 Range of conditions.
Because evaporation rates vary with water temperature and air temperature and
relative humidity the range of normally encountered conditions were investigated. The
air temperature was held around 20°C for each trial. The influence of humidity

was

investigated by running one set of trials at 50% and the other at 70% RH for the four
water temperatures. The water temperature was set to 25°, 30°, 40°, and 50°C. An
extra data set with a relative humidity of 40% was run with the 30°C water to investigate
effects at low humidity conditions. In all, there were 18 data sets, 9 for fresh water and
9 for treated water.
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3.1.2 General principle of experiment.
Much of the literature on evaporation reduction describes experiments conducted
on either a very large scale or on a small scale. The very large scale experiments usually
covered ponds or small lakes of the size generally found in municipal water systems.
The small scale experiments appeared to be done with anything from a beaker, to a Petri
dish up to one foot in diameter. This experiment differs from both of these approaches
by providing a large scale evaporation pan (1.2 m diameter) with controlled environment
conditions. The evaporation rate is measured by means of an electronic scale connected
to the evaporation tank. The scale is read by a personal computer every fifteen minutes,
from which the evaporation rate can be determined. The personal computer is also used
to control the environment and record environmental conditions. Because the
environment can be accurately controlled, a data set for fresh water evaporation can be
closely matched with a data set for treated water.

3.1.3 Overview of results.
The results of this program indicate that an octadecanol film can reduce evaporation
rates of fresh water by over 40% when the water temperature is about 5°C warmer than
the air temperature. As the temperature difference between the water and air increases
to about 30°C the evaporation rate reduction over a 24 hour period falls to about 25%.
It was noticed that the alcohol films degrade over time. At higher water temperatures,
the film degrades much more quickly than at lower water temperatures. It appears that
the films may remain effective for more than 24 hours when the water temperature is
around 25°C. But for a 50°C water temperature, the film degrades after about 10-12
hours. We also noticed that there appears to be some difficulty in restoring an existing
film to its original effectiveness by applying more alcohol to the surface. This is an area
of concern and warrants further investigation.
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3.2 EXPERIMENTAL APPARATUS AND PROCEDURE
3.2.1 Evaporation pan
3.2.1.1 Construction
The evaporation tank (or pan) was patterned after the specifications for a Class-A
evaporation pan commonly used in meteorology. A Class-A pan measures 47 inches
inside diameter and 10 inches deep. The water evaporation tank was constructed from
high-density polyethylene sheet (1/4 inch thick). Polyethylene was chosen for its
resistance to corrosion and because it is non-conducting (thermally and electrically). Use
of this material for the tank resulted in a nearly inert container for evaporation studies.
The polyethylene tank measures approximately 1.181 meters (46.5 inches) inside
diameter and 0.30 meters (12 inches) deep. The diameter of the as-built tank is not as
large as a standard Class-A pan because the side walls were cut to 1 foot by 4 foot
sections from a 4 X 8 foot polyethylene sheet. Thus the circumference was not quite
long enough to meet Class-A specifications. Nevertheless, the design provides a surface
area for evaporation in excess of one square meter.

To construct the tank, the side wall was built from three pieces of the 1 by 4 foot
sections which were rolled and butt welded together to form a cylinder. Then the side
wall of the tank was fillet welded to the square base which was cut to 4 feet on each
side. All seams were then sealed with a generous bead of silicon adhesive/sealant.
Finally, leak testing was performed to determine whether the seams were indeed
leak-proof.

The evaporation tank sits within a box frame that is lined with a 5-mil reinforced
polyethylene sheet which would retain water in the event of leakage from the tank. The
base and side of the tank were insulated to reduce heat loss. Under the base, 10 cm
(4 inches) of Styrofoam insulation was used while around the side, 15 cm ( 6 inches) of
polyethylene bubble packing material was used for insulation. Figure 3.1 shows the
layout of equipment installed within the enclosure for the experiment station. Figure 3.2
shows the layout of equipment installed on the outside of the experiment station
enclosure.
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3.2.1.2 Immersion heater design.
To elevate the water temperature to the desired conditions, two immersion heaters
are installed near the bottom of the tank. These were designed with a low heat flux to
provide safe and uniform heating throughout the tank up to 2000 watts. The immersion
heaters consisted of two 16-gage nichrome wires, each about 13 meters in length,
connected in parallel to a Variac variable voltage transformer. Each of these are
connected to the main power source through a ground-fault-circuit interrupter switch
reduce the potential electric shock hazard. Figure 3.3 shows the electrical schematic for
controlling the water temperature. The nichrome heater wires are encased within
14-gage Teflon spaghetti tubing that contained vacuum pump oil which serves as a heat
transfer medium between the nichrome wire and the Teflon tube. Vacuum oil was
chosen because of its low vapor pressure and concomitant high boiling point. The ends
of the heater wires are connected to 14-gage stranded copper wire and are sealed with
silicon adhesive/sealant. As a final protective measure, the connections were wrapped
with heat-shrinkable tubing.

The heater wires were coiled into a spiral near the bottom of the tank. A
polyethylene frame was built to retain and support the heater wires at a depth of
approximately 5 cm from the bottom of the tank. The spiral heater pattern allows the
water to be evenly heated throughout the volume.

3.2.1.2.1 Safety considerations.
The power density level of the heater was designed to be very low to insure that the
heater casing would not degrade or melt. The design also kept in mind the unlikely
possibility that someone may accidently touch the heater wires. To prevent burns from
a hot heater casing, the low power density also insures that the casing temperature was
within 10° to 20°C of the water temperature. Further safety considerations included
placing the heaters on a ground-fault-interrupter circuit to prevent electric shock hazard
since the heaters were immersed in water.
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3.2.1.3 Immersion heater control.
3.2.1.3.1 Electronic PID controller.
The immersion heaters are controlled with an Omega CN9000 proportional plus
integral plus derivative (PID) temperature controller. The output signal of the controller
is connected to a solid-state-relay device that switched power on or off to the immersion
heaters as shown in Figure 3.3. The PID controller was operated at the factory set
configuration for proportional, integral and derivative timing. Adjustments for the
experimental set-up included setting the thermocouple input to T-type which could
operate over a temperature span of 0° to 200°C. The proportional band was set to 0.5%
of span, and the display was set to high-resolution mode to show 0.1°C resolution.

Six thermocouples were tied together in parallel to provide an average water
temperature reading for the controller. These thermocouples were evenly spaced across

the diameter of the tank at a depth of 5 to 8 cm below the water surface.

3.2.1.4 Coordination with evaporation rate monitoring.
The evaporation rate from the tank was determined by monitoring the weight of
water in a small glass pan that rested on an electronic scale. The small pan was

connected to the evaporation tank via a siphon tube. Thus the mass transfer from the
evaporation tank was represented by a proportional decrease in weight on the scale.
The ratio of water evaporated from the large tank to the change in the scale reading was
determined experimentally to be approximately 41.5:1.

3.2.2 Controlled environment enclosure
3.2.2.1 Construction
In order to control the environment in which evaporation would take place, it was
necessary to construct an enclosure around the water tank. A small cubic room
measuring 2.44 m (8 ft.) on a side was built around the evaporation tank. This room was
framed with Unistrut channels and panelled with Plexiglass and low density polyethylene
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sheets. The Plexiglass panels were used on walls that faced the "front"of the room while
the "back" walls were panelled with the white polyethylene. The polyethylene sheets
were placed on the back walls as a cost saving measure. This arrangement allows the
experiment to be viewed from the front without entering the enclosure and allows
sufficient light for working within the experiment station.

3.2.2.2 Cooling and dehumidification.
Since the evaporation of the water at elevated temperatures humidified and heated
the air within the enclosure it was necessary to remove the excess moisture and heat with
two small room air-conditioners. The two air-conditioners were White-Westinghouse
models rated at 5000 Btu and 7500 Btu. Initially, only the 5000 Btu air-conditioner was
available to control the environment, but it was discovered that this unit was unable to
provide sufficient dehumidification when the water bath was at 40° and 50°C. Thus a
larger unit was added to provide greater dehumidification capability. After both units
were installed, the 5000 Btu unit was used primarily for maintaining the humidity within
about +5% of the humidity set-point. When the humidity was between 5 and 10%
above the set-point, the 7500 Btu unit was used. And if the humidity rose more than
about 10% above the set-point both units were enabled to reduce the humidity.

3.2.2.3 Radiant heating.
During the dehumidification process the latent cooling load constituted

a major

portion (e.g. 50-80%) of the total cooling load. Consequently, over-cooling of the space
could result from moisture removal. To prevent over-cooling, radiant heat lamps were
used to provide space heat when the air temperature dropped below 20°C (68°F). Four
lamps, each rated at 250 watts, were used to provide the necessary reheat. These lamps
were operated together as a single unit with on/off control; no staging was used as in
the air-conditioning control strategy. The radiant heat lamps were placed in the air
stream of the air-conditioner discharges to provide an even heating of the enclosure
environment.
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3.2.2.4 Control strategy.
The original control strategy utilized two Penn bulb thermostats to regulate the space
temperature and a Honeywell dehumidistat to regulate the humidity. The location of
the thermostat bulbs was over the center of the water bath at an elevation of about 25
cm above the water surface. The dehumidistat was located on the enclosure wall about

60 cm from the edge of the water bath and was at an elevation of about 35 cm above
the water surface. (Approximate figures are given because the elevation of the

water

surface varied as evaporation occurred.)

Initially, the 5000 Btu air-conditioner compressor was connected to one of the
thermostats and the dehumidistat. These two control devices were connected in parallel
with each other to provide the following control sequence: If the space temperature rose
above the dead-band of its set-point the thermostat contacts would close and engage the
air-conditioner compressor to cool the space. The minimum dead-band of the
thermostats was ±3°F. Similarly, if the humidity rose above the dead-band of its
set-point, the dehumidistat contacts would close and enable the air-conditioner
compressor to cool and consequently dehumidify the space. The dead-band of the
dehumidistat appeared to be roughly +10 percent relative humidity.

The other thermostat was used to regulate the infrared heat lamps. When the air

temperature fell below the dead-band of the set-point, the lamps would be turned on
and would remain on until the temperature rose above

the top of the set-point

dead-band.

When the second air-conditioner was added to the system the control strategy was
changed so that tighter control of set-points and dead-bands could be accomplished. The
commercial thermostats and dehumidistat were abandoned in favor of using the
computer data acquisition system to monitor the space conditions and send appropriate
output signals to control relays which would operate the heat lamps and air-conditioners.
The commercial dehumidistat had a set-point adjustment dial which perhaps provides
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adequate humidity control for normal space conditioning but we found its imprecision
to be unacceptable. For example, if the dehumidistat set-point was set to say 50% RH
the actual average RH would be within about ±5 % of set-point but the dead-band
would allow the humidity within the enclosure to vary about +10% around the average
RH. Further details on the control strategy using the computer data acquisition system
are given in section 3.2.4 "Control of Environmental Conditions."

3.2.3 Data acquisition system
3.2.3.1 Overview and general description
The core of the data acquisition system includes two Metrabyte DAS-8s. Originally,
only one DAS-8 was used to collect water and air temperature, relative humidity and
duty cycle for the water heaters. After several weeks of collecting and analyzing
experimental data, it was determined that greater cooling/dehumidifica.tion capacity was
needed and that greater control of the space conditions was desired. When a second,
and larger, air-conditioner was added to the system, the environmental control scheme
was placed under control of the data acquisition system.

In order to send output signals to control relays which would engage the heat lamps
and/or air-conditioner compressors, it was necessary to install a second DAS-8 to do
this. All the output channels of the first DAS-8 were used to collect data from its
EXP-16 multiplexer expansion board.

Each of the DAS-8s required its own address and memory allocation within the
GWBASIC program. The first DAS-8 was given the hex address of I-1300 and memory
allocation of H3000. The second DAS-8 was given the hex address of H330 and memory
allocation of H3000 + 4096/16.

The multiplexer expansion board, EXP-16, provided up to 16 terminal inputs for
thermocouples or other compatible input devices. Channel 0 of the EXP-16 was
connected to the Vaisala humidity transmitter. Channels 1 through 6 were connected
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to T-type thermocouples immersed in the water. Channel 7 was connected to a T-type
thermocouple that measured the air temperature above the water surface. Figure 3.4
shows a schematic of the EXP-16 and the above input connections.

3.2.3.2 Evaporation rate
The evaporation rate from the water tank was determined by measuring the change
in weight of a small glass pan that was connected to the large tank via a siphon tube.
As the water evaporated from the tank, its free surface level would decrease. This
would cause a proportional decrease of the water level in the weighing pan. Thus the
evaporation rate from the water tank could be determined by a correlation with the
weight change on the electronic balance over a given period of time.

The evaporation rate was reported in units of g/m 2/hr; this required determining the
surface area of the evaporation tank. Although every effort was made to make the tank
as cylindrical as possible, it was found to be somewhat ellipsoidal with the major
diameter being about 2 to 3 cm longer than the minor diameter. The surface area of
the tank was estimated by using an average diameter of 1.181 meters, this resulted in a
surface area of 1.096 square meters. As a check, the surface area of the glass weighing
pan was measured and multiplied by the correlation ratio determined during the
calibration procedure. The weighing pan had an inside diameter of 0.185 meters
(surface area of 268.8 cm 2 ). Multiplying this area by the correlation ratio of 41.51
resulted in an estimated evaporation tank surface area of 1.116 square meters. These
estimates are within 2 percent of each other. Thus, the tank surface area was taken to
be the average of these two estimates: 1.106 square meters.

3.2.3.2.1 Electronic balance.
3.2.3.2.1.1 Principle of operation.
The weighing pan rested on an electronic balance that had a 3000 gram capacity with
1 gram resolution. The balance also had an RS-232 serial port adapter for digital
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output. The digital output was connected to the COM1 port of the PC. At fifteen
minute intervals the data acquisition program would open the COM1 port and read the
8-bit data stream from the electronic balance. The data stream would contain
information on whether or not the scale reading was stable or unstable, the actual scale
reading, and the unit of measurement (either grams or ounces).

3.2.3.2.1.2 Calibration.
Calibration of the scale was required to establish the correlation coefficient between
the water tank evaporation rate and the balance readings. This was accomplished by
adding or removing known weights of water to or from the evaporation tank and
recording the change in the balance readings. This was done at three different water
levels in the tank to verify that the tank walls were essentially perpendicular and that the
tank surface area did not change with water elevation. Thirty-seven observations were

made and a statistical analysis showed that an average of 41.5 grams of water removed
from or added to the evaporation tank caused a 1 gram change on the balance. The
standard deviation of this ratio was 0.65 grams or 1.6%.

3.2.3.2.2 Micromanometer.
3.2.3.2.2.1 Principle of operation.
A liquid level indicator was installed on the outside of the experiment station as
shown in Figure 3.2. This indicator was designed to be operated like a micromanometer
and provide a manual verification of the water evaporation rate. A set of positioning
blocks provided a one inch adjustment range for determining the water level in the
evaporation tank. Slotted holes on the base plate provided an additional 11/2 inches of
adjustment range.

Figure 3.5 details the construction of the manometer. A glass tube inclined at a
shallow slope was attached to the positioning blocks. In theory, the water level in the
glass tube would recede down the tube as water evaporated from the tank. The
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positioning blocks would be used to adjust the water level in the tube until it aligned
with the cross-hairs in the scale lupe. The dial indicator would then provide the change
in elevation of the water level. This would have to be performed often enough so as not
to exceed the range of the dial indicator between measurements.

To measure the evaporation rate would require an initial reading of the manometer's
dial indicator as a reference point. A second reading could then be taken at any later
time deemed appropriate for good measurement. The difference in the two indicator
readings over the time interval between the readings would be used to calculate the
evaporation rate as follows:

J = (R1-R2) .Atank "p water/(t2-t1)
where R1 is the first dial indicator reading and R2 is the second reading and tl and t2
are the times when the readings occurred.

3.2.3.2.2.2 Calibration.
For this portion of the experiment, the micromanometer was not calibrated or used
as there was some difficulty encountered in getting repeatable results. Further work is
required to size the glass tube so that capillary forces do not interfere with the liquid
level.

3.2.3.3 Temperatures
3.2.3.3.1 Average and individual water temperatures.
The six water immersed thermocouples wired to the EXP-16 were paired together
with the six thermocouples that were connected to the Omega CN9000 temperature
controller. All thermocouple junctions were coated with black liquid tape as a
waterproofing measure. These thermocouples were evenly spaced across the diameter
of the tank at a depth of 5 to 8 cm below the water surface. This arrangement provided
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an average water temperature reading for the Omega CN9000 temperature

controller

which regulated the water heaters. And it provided individual water temperature
measurements to the data acquisition system. The data acquisition program collected
the six individual water temperature readings on 15 minute intervals and wrote the
values to a data file.

3.2.3.3.2 Ambient Temperature.
The thermocouple that measured the air temperature was located over the center
of the tank at an elevation of about 25 cm above the water surface. Ambient
temperature conditions were monitored at 60 second intervals by the data acquisition
program.

3.2.3.4 Relative humidity
3.2.3.4.1 Principle of measurement.
Relative humidity was measured by a Vaisala two-wire humidity transmitter model
HMW 20U. The transmitter used a thin-film capacitive sensor to measure humidity.
This unit provided a 4 to 20 mA output signal over a 0 to 100% relative humidity range.
Its rated accuracy (including calibration inaccuracy, linearity, and repeatability) was ±2%
RH over the range 0 to 90% RH and ±3% RH over the range 90 to 100% RH. It had
a one point adjustment for calibration but no zero adjustment.

3.2.3.4.2 interface circuit.
The humidity transmitter was connected to channel 0 of the first DAS-8 as shown
in Figure 3.4. A 12-volt power supply from the EXP-16 board powered the humidity
transmitter. Because the DAS-8 reads an analog input voltage, the 4-20 mA signal of
the transmitter had to be converted to the proper input voltage - this was done by
placing a 4.7 (=5) ohm resister across the high and low terminals of the input channel

0. With the input gain set to 50, the voltage on channel 0 would vary from 0.02 to 0.10
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volts for humidity ranging from 0 to 100%. This would provide the DAS-8 with input
voltages ranging from 1 to 5 volts as required for digital conversion.

3.2.3.4.3 Field calibration.
3.2.3.4.3.1 Comparison with accurate field measurement.
The easiest method of calibrating the humidity measurements by the DAS-8 and the
Vaisala humidity transmitter was by comparing local humidity readings with another
calibrated instrument. An Omega RH-101 digital hygrometer was used as a comparison
standard for the Vaisala transmitter. The Omega hygrometer had a published accuracy
of ±2% over the range of 0 to 97% RH and measured humidity by the same method
as the Vaisala transmitter (i.e. the thin-film capacitive sensor). The Omega hygrometer
was calibrated in an atmosphere in equilibrium with either of two different saturated salt
solutions. One salt solution was NaC1 which would provide a relative humidity of 75%
at 20°C and the other was MgNO 3 which would provide a relative humidity of 54% at
20°C. Either one of these could be used to calibrate the Omega hygrometer, the other
could be used as a check on instrument linearity. The Omega hygrometer had a zero
humidity adjustment potentiometer, and the sensor was placed in a closed atmosphere
in contact with dry molecular sieves to calibrate the zero point.

Once the Omega hygrometer was calibrated it was placed in close proximity to the
Vaisala transmitter. The humidity within the enclosure was held as stable as possible
by continually running the air-conditioner compressor. This would stabilize at roughly
35% RH. The Vaisala transmitter output was then adjusted via its one point calibration
potentiometer to the reading displayed by the Omega hygrometer. Then the humidity
within the enclosure was varied to check how well the Vaisala transmitter tracked the
Omega hygrometer. Satisfactory performance indicated the two instruments generally
read within +5% of each other throughout humidity ranging from 35 to 85%.
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3.2.3.4.4 Absolute calibration.
3.2.3.4.4.1 Exposure to vapor pressure above saturated salt solutions.

A direct method of calibrating the Vaisala humidity transmitter consisted of
constructing a sealed chamber that enclosed the humidity transmitter within an
atmosphere in equilibrium with a saturated salt solution. A Styrofoam box was built
large enough to contain the humidity transmitter, a 400-m1 beaker holding the saturated
salt solution, and a small aquarium air pump. Air from the pump was bubbled through
the salt solution to provide a constant relative humidity within the sealed chamber. The
chamber was constructed of insulating material to stabilize the temperature inside the
chamber atmosphere which would also help stabilize the humidity level.

Three different saturated salt solutions were used in the attempt to calibrate the
Vaisala humidity transmitter. The strategy was to correlate the digital output of DAS-8
from the humidity transmitter to the known relative humidity in the calibration chamber.
The humidity in the chamber could be taken as the value published in ASHRAE
standard 41.6-1982, "Measurement of Moist Air Properties." As a check, the Omega
RH-101 hygrometer was inserted into the calibration chamber to measure the humidity
level which was compared to the published standards. The Omega hygrometer was
calibrated as stated above prior to using the instrument to check humidity levels within
the calibration chamber.

The three salt solutions used in the calibration chamber were Sodium Chloride,
Potassium Carbonate and Lithium Chloride. Table 3.1 shows the results of the
calibration.

These results indicate that the chamber was not adequately sealed since the humidity
inside the chamber appears to be influenced by the humidity outside the chamber. The
humidity of the room was about 40-50% during the calibration testing. These results
also indicate that the test chamber may have been too large for the saturated salt
solution to maintain equilibrium with the atmosphere inside the chamber.
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Table 3.1 Humidity Transmitter Calibration Results
Salt

Indicated

Standard

Solution

Humidity Level

Humidity Level

Potassium Carbonate

42% @ 30°C

43% @ 30°C

Lithium Chloride

24% @ 31°C

11% @ 30°C

Sodium Chloride

70% I@ 30°C

75% @ 30°C

Since we were not able to attain published humidity standards in our calibration
chamber we did not perform a regression on the data to provide an empirical
relationship between the DAS-8 digital output signal and the measured humidity levels.
In place of an empirical relationship, the theoretical relationship between relative
humidity and the DAS-8 digital output was used. This theoretical relationship
incorporates converting the 0 to 2048 digital output from the 0 to 5 volt input which
came from the 4 to 20 mA signal of the humidity transmitter where 4 mA corresponds
to 0% humidity and 20 mA corresponds to 100% humidity. The aggregate of these
required conversions was developed as follows:
Output voltage on channel 0:

V(0) = (D%(0) 5 volts)/(2048 • 50 (gain))

where D%(0) was the digital output between 0 and 2048 that represented the analog
voltage input between 0 and 5 volts.
Output current of humidity transmitter:
A(0) = (V(0) volts • 1000 milliamps)/(5 ohm • 1 amp)
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Relative Humidity
%RH = [(A(0) - 4 mA)/(20 mA - 4 mA)] • 100%

These three equations were combined and simplified to
RH = ((D%(0)/2.048/50)-4)/0.16
to convert the digital DAS-8 signal to a relative humidity reading within the BASIC
program code.
3.2.3.5 Heating power
3.2.3.5.1 Principle of measurement.

Heating power was monitored while the computer was waiting for its next executable
command such as calling for temperature and humidity data. During these waiting
intervals the EVP6.BAS program called for the DAS-8 to read channel 8. This DAS-8
call was done in a continuous loop that could determine whether or not the heaters were
on or off about every one-half second; the loop was broken when it was time to get
other data. Two counters were used in the program to determine the duty cycle. Duty
cycle was defined as the percent time the heaters were on during any given time interval.
When the heaters were off during a call to the DAS-8 the program added one count to
the "off"counter. Likewise, when the heaters were on during a call to the DAS-8, the
program added one count to the "on" counter. The duty cycle was tallied every fifteen
minutes when the temperature and scale readings were taken. The duty cycle was
determined by taking the number of counts found in the "on"counter and dividing it by
the total count found in both counters.
With the electrical circuit used to monitor the power as shown in Figure 3.4, the
digital value of the input voltage across the channel 8 terminals usually read about
600-700 when the solid state relay was engaged. When the relay was not engaged, the
heaters were off and the digital value at channel 8 was usually less than 10. The
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program determined whether or not the heaters were on by comparing the digital value
to some intermediate value which was chosen to be 200.
The power level drawn by the heaters had to be input manually. This variable was
written into the data file along with the other experimental data automatically because
it was a stored input into the program. Whenever the power level was changed the
value was changed within the program so it would include the proper power level with
the data set. The power level of the heaters was monitored by a Weston wattmeter.
3.2.3.5.2 Interface circuit.
To measure heating power input to the water tank channel 8 on the DAS-8 was set
up to monitor the duty cycle of the Omega CN 9000 PID controller. The PID controller
generated a 5 volt output to drive a solid state relay device. This solid state relay drive
was wired in parallel to the relay and channel 8 of the DAS-8. To minimize current

draw away from the relay, a 1000 ohm resistor was placed in line with the DAS-8
connection. A 10 ohm resistor was placed across the high and low inputs of channel 8
to provide a voltage readable by the DAS-8 set with a gain of 50. We found it was
necessary to stabilize the low input terminal by connecting it to a low level ground.

3.2.3.5.3 Accuracy and calibration data.
The duty cycle of the heaters was not measured for approximately two minutes out

of every hour. These two minutes were taken up by the time the program inquired of
air temperature and humidity data for environmental control purposes and the time
required to inquire of water and air temperatures, relative humidity and scale readings
for data collection. The environmental control information was collected every 60
seconds and required about one-half second to complete. The data collection of the
other experimental parameters was taken every fifteen minutes and required about 22
seconds to complete. Thus the accuracy of the duty cycle was known within a 97%
confidence level.
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3.2.3.6 DAS control program
3.2.3.6.1 General description.

The DAS control program was written in BASIC and the name of the program was
EVP6.BAS, where EVP was a truncation of evaporation - the key word for this
experiment. The 6 referred to the number of major revisions or additions. Program
listing for EVP6.BAS is given in Appendix D. The program was responsible for
controlling two DAS-8s, one was used for data collection and the other was used for
providing control signals to the air-conditioners and air reheat lamps.
The program was set up to allow five control parameters to be changed at any time
during execution of the experiment. These parameters were:
(1) Time interval for collecting experimental data.
(2)

Number of thermocouple scans for data collection.

(3) The wattmeter reading for the heaters.
(4) The relative humidity set-point.
(5) The staging limits of the air-conditioners.
The time interval for collecting data was always set to 15 minutes for the
experiments conducted for this report. The number of thermocouple scans was always
set to 50. And the other parameters were changed for each experiment as required.
After any of these parameters were changed the program wrote the values of these
inputs to a data file. This data file was read by the program upon start-up. Thus in the
event of a momentary power failure to the computer an autoexec.bat file would
automatically restart the program and continue the experiment with the latest input
parameters.
After the data was collected from the DAS-8 it was appended to a file identified by
a data file name encoded with the date of the data collection. For example, data
collected on March 7 would be written into a file called D0307.PRN. Each line of data
written into the file included the instantaneous temperatures of the water and air
thermocouple readings, the time of the data collection, the current scale reading, the
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calculated evaporation rate in g/hr over the previous 15 minutes, the duty cycle over the
previous 15 minutes, the latest wattmeter entry, and the average relative humidity
measured over the previous 15 minutes.

3.2.3.6.2 Flow chart.
The flow diagram for EVP6.BAS is shown in Chart 3.1. The major features of the
control program are the continuous loop that monitors the duty cycle, the control of the
environment conditions and the collecting and recording of data.
3.2.4 Control of environmental conditions
3.2.4.1 Relative humidity control
3.2.4.1.1 Control strategy.

When the second air-conditioner was added to the environmental control system the
control strategy was changed from the use of commercial thermostats and a dehumidistat
to the use of the computer's data acquisition system (DAS-8) for more precise and
accurate control of temperature and humidity set-points and dead-bands. The Vaisala
humidity transmitter was connected to the EXP-16 board at channel 0. The Basic
control program (called EVP6.BAS) monitored the space temperature and humidity
every sixty seconds and determined whether or not the air-conditioners and the reheat
lamps should be off or on.

The DAS control program allowed for variable input of the relative humidity
set-point and dead-band. For this experiment the set-point was set to either 50 or 70%

RH. The dead-band was set up to provide three stages of dehumidification. The first
stage turned on the 5000 Btu AC when the humidity was within about +5% of the
set-point. The second stage turned off the 5000 Btu unit if the humidity rose between
5 and 10% above the set-point and turned on the 7500 Btu unit. The third stage turned
on both air-conditioning units if the humidity was more than about 10% above the
set-point. These staging limits could be changed at anytime while the program was
running to improve humidity control or compressor duty cycling.
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Chart 3.1 Flow Chart for EVP6.BAS Program
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Send Output Signals to
HVAC Relays

3.2.4.1.2 Interface circuit.
To control the air-conditioners and the reheat lamps it was necessary to install a
second DAS-8 board in the PC. Since the first DAS-8 operated an analog input
multiplexer board (the EXP-16), all of its output channels were used to drive this device.
The second DAS-8 required its own address and memory allocation for proper calling
by the control program. It was connected to a terminal connection board (the STA-08)
where the output channels of this DAS-8 were connected to the control relay devices.
This DAS-8 sent an output signal through the STA-08 and drove a set of solid state
relays which in turn drove a set of power relays to control the air-conditioner
compressors and the reheat lamps. The circuit diagram for these controls is shown in
Figure 3.6.
In reference to Figure 3.6, when the output voltage of any channel was low (0.21

volts), the channel acted as a sink for the +5 volt source and a low potential of 1.17
volts was sent through the solid state relay. At this voltage, the load side of the relay
was not engaged. When the output channel was turned on, the output voltage was high

(3.29 volts) and the current from the +5 volt source was blocked from the sink by the
diode and a high potential of 3.27 volts was sent through the solid state relay.

At this

voltage, the relay engaged the load side. With the load side engaged, the power relay
was engaged which turned on one of the compressors or the heat lamps. Output channel

1 drove the compressor for the 5000 Btu air-conditioner, channel 2 drove the compressor
for the 7500 Btu unit and channel 3 operated the heat lamps.

3.2.4.2 Temperature control.
3.2.4.2.1 Control strategy.
It was attempted to maintain the air temperature within the enclosure between 20°

and 23°C; however, the use of commercial thermostats made this goal difficult to attain.
Because the commercial thermostats used a dial to set the set-point and a lever to set
the dead-band it was not possible to establish precise control over the heat lamps and
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air-conditioners. The markings on the dial or lever provide only approximations to true
set-point values.
To improve the temperature control, the heat lamps were removed from thermostatic
control and placed under the control of the data acquisition system. Space temperature
was read along with relative humidity every sixty seconds. If the temperature was below
20°C, the heat lamps were turned on by an output signal at channel 3 on the second
DAS-8. If the temperature was above 20°C,the heat lamps were turned off. If the air
temperature rose above 23°C and the humidity requirements were satisfied, the program
would engage the 5000 Btu air-conditioner to lower the room temperature.

3.2.4.2.2 Interface circuit.
The interface circuit for temperature control was very similar to that for controlling
humidity. Space temperature was read using a T-type thermocouple connected to
channel 7 of the first DAS-8. Output control through the second DAS-8 to a
solid-state-relay and then to a power relay was the same as that used for controlling the
air-conditioning compressors described above under humidity control.
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4.1 INTRODUCTION
The design of the experiment station continued to be refined and developed as
problems which developed during the testing program were discovered and corrected.
As the various improvements enabled the experiment station to be operated with
satisfactory reliability, accuracy and precision there were still some uncertainties
regarding which film ought to be used as a monolayer and how it should be applied and
how it should be removed. A series of small scale experiments was conducted to
become familiar with some of the characteristics of the fatty alcohols that appeared to
be the most promising evaporation retardants found in the literature. After we tested
some of these alcohols in the small scale experiments we were able to plan out a series
of trials for the large scale experiment to determine which alcohol would yield the best
overall performance.

4.2 SMALL SCALE EXPERIMENTS
4.2.1 Small scale experiments and selection of suppressant
The technical and scientific literature is hardly conclusive about the best evaporation
suppressant and especially about the best practical combination of suppressant and
solvent and about the most effective procedure for application of the solution in the
field. To answer these questions, a series of small scale experiments was conducted early
in the program. It was expected that these tests would give helpful insight about the
effectiveness of the alternative candidates. The experience to be gained about methods
of application and the effectiveness with which the various compounds are able to spread
were also expected to be valuable. In fact, an acceptable solvent and a good method of

application were found from these tests.
Of these suppressants mentioned in the literature, only the long chain fatty alcohols
have been found to be readily available commercially. The fatty alcohols with carbon
number from around 16 to 22 seem to be applicable. Shorter chains do not provide an
effective barrier and longer chains are hard to disperse. To span a reasonable range,
the 16 carbon (1-hexadecanol or cetyl alcohol) and the 22 carbon (1-docosanol or
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behenyl alcohol) fatty alcohols were selected for the preliminary tests.
Two sets of small scale experiments were conducted. One set of tests was
quantitative and compared various combinations of candidate solvents and candidate
suppressants for their performance in reducing the evaporation from small containers.
These tests had the side benefit of comparing two application methods that have been
mentioned in the literature: injection of a solution and dispersion of a powder. In the
injection procedure, suppressant is dissolved in a suitable solvent and injected onto the
interface with a glass syringe. For powder dispersion, the suppressant is ground in a
mortar until the particle size is reduced as much as possible, and the powder is dispersed
over the surface.
The small scale quantitative experiments were begun using injection application with
chloroform (CHC 13 ) as the solvent. Literature reports tended to favor both this

application technique and this solvent. However, problems were found with a
chloroform based solution because of its density (i.e. S. G. = 1.48). Since this solution,
which is predominantly chloroform, is much heavier than water, any droplets injected at
the surface promptly sank without forming an effective monolayer. To circumvent this
problem, the method of applying the suppressant dissolved in solvent from a cotton swab
was attempted and found to be highly effective and convenient. We did not attempt
aerosol application which is another method mentioned in the literature. Aerosol
dispersion has been tentatively eliminated as a candidate method because of apparent
safety and industrial hygiene problems. All the proposed solvents are either toxic, such
as chloroform, or flammable, such as petroleum ether or alcohols. The fatty alcohols
themselves may be irritants so exposure or inhalation probably should be avoided.
These problems would appear to eliminate aerosol application in an enclosed and poorly
ventilated space.
Using the cotton swab application, the first tests were with the 16 carbon fatty
alcohol, hexadecanol (C 15H31 -CH2-OH) and the 22 carbon fatty alcohol docosanol
(C, I H43-CH2-0H) with chloroform as the solvent. The procedure was to place about 150
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ml of tap water in a 400 ml beaker. The beaker was weighed and a suppressant film
placed in all beakers except one control beaker which was kept clean. Powdered talc
was sprinkled on the surface to use as an indicator, and the film was spread from a
cotton swab soaked with a saturated solution of suppressant in chloroform. In all cases
the film was observed to spread rapidly once the swab was dipped into the water as the
talc was quickly swept to the side of the beaker. Table 4.1 shows the results using
chloroform. Three mass measurements were made - one after 1 hour in a 30°C oven,
one after a day in a cabinet at room conditions (ca. 20°C),and another after a week at
room conditions. The hexadecanol sample performed best initially, but in the more
conclusive week-long exposure the docosanol sample was clearly better, achieving around
50% reduction in mass lost due to evaporation. The hexadecanol was ineffective over
the week-long exposure. This test confirmed the general trend reported in the literature
of increasing suppression with increasing chain length. However, it also showed that
experimental results might be equivocal since the initial test at 30°Cstrongly favored the
hexadecanol sample and the one day test showed much less suppression by the docosanol
than ultimately achieved. This test indicates that variabilities are to be expected,
possibly due to unobserved failure to achieve and maintain a good monolayer, from
changing environmental conditions, or because of weathering, dissolution, or other
breakdown of the film.
The next set of tests were run using a similar procedure but using petroleum ether
as the solvent. Petroleum ether is the petroleum fraction distilled between 40°C and
70°Cand is primarily pentanes and hexanes. This set of tests was run for two weeks with
four separate mass measurements. As seen in Table 4.2, the hexadecanol and the
docosanol samples performed well over the entire period with the hexadecanol achieving
about 30% reduction and the docosanol achieving 36% to 41% reduction over the longer
periods in the test. As in the first tests, the films seemed to spread rapidly as observed
by how fast the talc was swept aside. It is, however, possible that films with the
petroleum ether solvent spread quicker than films spread with chloroform.
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Table 4.1
Small Scale Evaporation Suppression Experiments
Suppressants Dissolved in Chloroform

A. C(16)-OH with Chloroform
B. C(22)-OH with Chloroform

Date
Jan
27
27

Jan
28

Feb
1

Time
17:51
18:41

Mass of Sample
A
B
349.8
348.0

348.0
345.3

Mass of
Fresh Water
336.7
332.8

mass lost =

1.8

2.7

3.9

mass loss rate =
(mg/hr)
% reduction =

2160.0

3240.0

4680.0

53.8

30.8

0.0

08:34
mass lost =
mass loss rate =
(mg/hr)
% reduction =

344.2
3.8
273.7

341.4
3.9
280.9

328.4
4.4
316.9

13.6

11.4

0.0

08:51
mass lost =
mass loss rate =
(mg/hr)
% reduction =

317.0
27.2
282.5

327.4
14.0
145.4

301
27.4
284.6

0.7

48.9

0.0
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30 C in oven

c. 20C
in cabinet

c. 20C
in cabinet

Table 4.2
Small Scale Evaporation Suppression Experiments
Suppressants Dissolved in Petroleum Ether

C. C(16)-OH with Petroleum Ether
D. C(22)-OH with Petroleum Ether

Date
Feb
7
8

Feb
11

Feb
18

Feb
22

Time

Mass of Sample
C
D

Mass of
Fresh Water

18:39
16:30
mass lost =
mass loss rate =
(mg/hr)
% reduction =

278.9
276.1
2.8
128.1

286.3
284.6
1.7
77.8

284.8
280.5
4.3
196.8

34.9

60.5

0.0

09:20
mass lost =
mass loss rate =
(mg/hr)
% reduction =

265.2
10.9
168.1

277.3
7.3
112.6

264.3
16.2
249.9

32.7

54.9

0.0

09:40
mass lost =
mass loss rate =
(mg/hr)
% reduction =

243.4
21.8
129.5

255.8
21.5
127.7

230.6
33.7
200.2

35.3

36.2

0.0

08:50
mass lost =
mass loss rate =
(mg/hr)
% reduction =

225.5
17.9
188.1

240.6
15.2
159.7

204.7
25.9
272.2

30.9

41.3

0.0
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c. 20C
in cabinet

C. 20C
in cabinet

c. 20C
in cabinet

c. 20C
in cabinet

The third set of tests was run with ethanol as the solvent in two cases and a third
test beaker in which the hexadecanol was spread as a powder. While petroleum ether
or other hydrocarbons and chloroform are mentioned more in the literature than are the
short chain alcohols as candidate solvents, we considered it wise to test a solvent that
might have less health or safety concerns. While no measurements were made, the fatty
alcohols appear to me more soluble in ethanol than in the alternative solvents. With
ethanol we noted a reversal of form which Table 4.3 quantifies. The hexadecanol
sample performed better 40% to 48% reduction compared with 35% reduction

with

docosanol. Powder was tried in the third test beaker. Hexadecanol powder was selected
because it is expected that the shorter chain would spread better without the aid of a
solvent. The hexadecanol was powdered by mashing it in a mortar. It was found that
at room temperature particles could reduced only to about 1 mm diameter at which size
particles agglomerate as much as they are reduced with continued grinding. The
particles were spread over a clean surface (i.e. no talc). A 20% to 27% reduction was
achieved with the powder. While most of the solutions did better, this result could be
important if solvents must be eliminated because of health, safety, or chemical
compatibility concerns. It should also be possible to prepare a much finer solvent by
grinding or shattering the fatty alcohol at liquid nitrogen temperatures.

The first set of small sample tests ended with the indication that both hexadecanol
and docosanol are effective suppressants with docosanol better, as expected, achieving
up to 55 % reduction in a multiple day test. Hexadecanol is also effective, achieving 48%
reduction in one multiple day test. The solvents appeared to rank with petroleum ether
being the best, achieving 55 % reduction with docosanol in one test; chloroform next,
49% in one test; and ethanol last, 36% in one test. Consequently, the combination of
docosanol and petroleum ether was selected for the first test in the 1.2 m tank.

The first attempt in the 1.2 m tank used a saturated solution of docosanol in
petroleum ether injected onto the surface. As indicated by the sprinkling of talc, the
film did not grow quickly. Repeated injection of a substantial amount of solution was
necessary to achieve reasonable coverage. The film which did grow was cloudy and not
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Table 4.3
Small Scale Evaporation Suppression Experiments
Suppressants Dissolved in Ethanol

E. C(16)-OH with Ethanol
F. C(22)-OH with Ethanol
P. C(16)-OH applied as powder
Mass of Sample
Date
Feb
11
18

Feb
18
24

Time

E

F

P

Mass of
Fresh Water

09:20
09:50
mass lost =
mass loss rate =
(mg/hr)
% reduction =

243.2
222.8
20.4
121.1

282.7
260.8
21.9
130.0

254.5
227.5
27.0
160.2

264.3
230.6
33.7
200.0

39.5

35.0

19.9

0. 0

11:00
09:22
mass lost =
mass loss rate =
(mg/hr)
% reduction =

222.8
209.3
13.5
94.8

260.8
244.3
16.5
115.9

227.2
208.6
18.6
130.6

230.4
204.7
25.7
180.5

47.5

35.8

27.6

0.0

All samples maintained near 20 C in cabinet.
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nearly so transparent as the monolayer films which subsequently were successfully grown
by other techniques. Apparently massive injection resulted in a multilayer film.
Monitoring the mass inventory of the tank showed little or no suppression. This negative
result indicates that the, much thicker,- multilayer films are not effective barriers
probably because the monolayer film is well organized at the molecular level and
presents a continuous barrier. Since droplet injection failed in the large tank, it was
decided to conduct a series of spreading tests in a 16 inch diameter shallow pan that can
be quickly and effectively cleaned between tests. Table 4.4 gives the results of these
tests.
The tests in the 16 inch pan revealed that a stable monolayer forms readily when
spread from the cotton swab soaked in docosanol dissolved in petroleum ether but not
when spread from a single droplet injected from a syringe. No conclusive reason for this
failure can be proved or demonstrated, but it appears that the droplet evaporated

so fast

that the film had little time to spread. The fibers of the swab appeared to stabilize the
solution and provide a source of material until the film was formed.
As a result of the tests in the 16 inch pan, the 1.2 meter pan was drained and
cleaned carefully with strong detergent and water, and an attempt was made to grow a
monolayer film from a cotton swab soaked with docosanol in petroleum ether. When
the swab was first immersed in the pan, the film spread to cover about half the tank.
It was necessary to make repeated applications to push much of the talc to the edges of
the tank. Again, monitoring the mass inventory showed little positive effect.
While the tests in the 16 inch tank showed the petroleum ether to be effective at
least when spread from a swab, the failure to spread docosanol in petroleum ether from
a droplet indicates that this solvent may be too volatile to be effective. It appears that
the petroleum ether vaporized too quickly to allow good growth of the film. Apparently
as the solvent evaporated, the surface viscosity increased rapidly and inhibited spreading.
Ultimately, the film became too viscous to spread, or perhaps it actually formed a
condensed phase which cannot spread. Once the film stops growing, it is nearly
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Table 4.4 Spreading Tests in 16 Inch Diameter Pan

Sequence
Number

Solution and Method / Results

1. C22-OH and petroleum ether, by syringe, 20 Feb 91
Spreads slowly to 12 inch diameter after repeated application.
Film is cloudy, apparently a multilayer.
2. C22-OH and petroleum ether, by cotton swab, 20 Feb 91
Spreads quickly as indicated by talc but no visible film.
Invisible film is apparently a monolayer.
3. Petroleum Ether alone, by cotton swab, 20 Feb 91
Spreads to around 4 inch diameter film which collapses.
Apparently petroleum ether does not form a lasting film.
Previously observed film was a true fatty alcohol monolayer.
4. C22-OH and petroleum ether, one swab followed by another, 20 Feb 91
First application spreads to edge of pan quickly.
Second application spreads leaving a visible inner film.
Apparently one application is sufficient.
5. C22-OH from 2 mm particle, 20 Feb 91
No spreading apparent.
6. C 16-OH from 1 mm powder, 20 Feb 91
Spreads reasonably well but not nearly as fast as solutions.
7. C22-OH and petroleum ether, by cotton swab, 22 Feb 91
Initial application successful.
Second application failed.
8. C16-0H and ethanol, by cotton swab, 24 Feb 91
Very rapid and complete spreading.
9. C22-OH and ethanol, by cotton swab, 24 Feb 91
Rapid spread but less rapid than the C16-OH solution.
10. C22-OH and propanol, by cotton swab, 26 Feb 91
Spreads about as fast as with ethanol.
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impossible to induce the film to spread further even if additional fresh solution is added.
Possibly the existing viscous or condensed film is a barrier to further spreading. This
spreading problem is exacerbated since docosanol was used and the powder test showed
that docosanol has little ability to spread itself in the solid phase.

Further tests were conducted in the 16 inch pan to determine if another solvent
could be effective. One other solvent that is mentioned in the literature, ethanol, is
readily available. Both hexadecanol and docosanol with ethanol appear to spread well
from cotton swabs in the 16 inch pan. The petroleum ether samples also spread over
nearly all of the 16 inch pan, but the ethanol solutions seemed to spread faster and
forced the indicator talc firmly against the sides of the pan.

Based on the favorable 16 inch pan tests, we returned to the large scale experiments.
The preceding experiments have shown that the 16 inch pan was actually near the limit

for spreading the petroleum ether based solutions. In contrast when hexadecanol in
ethanol was tried in the 1.2 m pan it appeared to spread quite well. The large scale
experiments then successfully continued using ethanol solutions dispensed from cotton
swabs.

4.3 LARGE SCALE EXPERIMENTS
The large scale experiments were conducted in the temperature controlled 1.2 m
diameter tank. While the small scale experimentation was ongoing the large tank was
used to collect data for fresh water (i.e. without films.) The results of the fresh water
evaporation agree with previously published data. After all the data were collected for
fresh water evaporation, the results of the initial small scale testing were used determine
which alcohol film and solvent combination should be tried first in the large scale
experiment.

For the initial attempt of applying a thin film, docosanol (C, 21-145-0H) was dissolved
in petroleum ether and applied to the surface with a hypodermic needle. The film that
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was formed in this method was cloudy and mottled near the application points. As this
film appeared different than films seen in small scale experiments, it was feared that it
would be ineffective in retarding evaporation. Indeed, the results confirmed that the
film was a collapsed multilayer membrane and did not suppress evaporation.
A better method of applying the alcohol film was found by soaking a cotton swab in
the alcohol solution and immersing it in the large tank to spread the film. Before this
method was tried the tank was thoroughly cleaned and refilled to eliminate as much as
possible any contamination from the previous attempt at applying the docosanol film.
When the water surface was ready for a new film, talc was sprinkled over the surface as
an indicator of film location. Initially the film spread quite readily to a diameter of
about 15 inches from one cotton swab. Nine more swabs, saturated with docosanol
dissolved in petroleum ether, were applied to the surface but considerable resistance to
film spreading (as indicated by movement of the talc) was encountered. We suspected

that there may have been a sparse film already present on the surface from previous
attempts despite our cleaning efforts. We believe this to be, in part, the reason
resistance to spreading occurred after the first swab was applied to the surface.
Therefore, continued applications of swabs might compress the monolayer as long as a
cloudy film does not develop. Unfortunately, the results from this round of tests were
not very promising. We did not observe any difference in the evaporation rate with the
docosanol film.
Having experienced these failures in reducing evaporation, we changed from
docosanol to hexadecanol (C 16H33-0H) as the film substrate. We also changed solvents
from petroleum ether to ethanol. The surface of the large tank was prepared for the
new alcohol film with another thorough cleaning. Application of the hexadecanol was
much easier and quicker than with docosanol. The film readily to the edges of the 1.2
m diameter tank - pushing the talc to the walls. The film was clear and apparently
uniform. The test results of this trial were encouraging. The evaporation rate dropped
from 285 to 251 g/(hr -m 2) for test conditions of 30°C water bath and 50% relative
humidity.
111

We sought to improve the evaporation reduction by going to a longer chain alcohol.
After removing the C 16-OH film a new film with octadecanol C 17H35 -CH2-OH was
applied. The evaporation rate dropped down to 173 g/(hr -m 2) - a 40% reduction. The
results of these initial successful trials are shown in Figure 4.1. Having found that
increasing the alcohol chain length noticeably decreases the evaporation rate we tried
using the docosanol again but with ethanol as a solvent. We believed that perhaps the
petroleum ether was too volatile and evaporated before the docosanol could spread
across the surface. The results of this trial did not prove to be as effective as those with
the C 18-alcohol. Therefore, we concluded that the C 18-alcohol held the greatest promise
for evaporation reduction. We would have liked to have tried using a C 20-alcohol but
unfortunately none could be secured at a reasonable price at the time.
From these preliminary tests we concluded that the C 18-alcohol dissolved in ethanol
should be used for completing the evaporation reduction testing program. The general
procedure involved sprinkling talc over the water surface as an indicator then dipping
a cotton swab soaked in the alcohol solution into the water surface. The application of
the film occurred only after the environmental conditions had stabilized (e.g. bath
temperature and room humidity.)
The evaporation results from the large scale experiment are shown in Figure 4.2.
The results are given in terms of the mass transfer coefficient as a function of the vapor
pressure driving potential. This method of presentation reduces the combined effects
of temperature and humidity variation to one variable: the vapor pressure driving
potential. The vapor pressure driving potential is derived from the difference between
the vapor pressure of water in the atmosphere (which varies with temperature and
relative humidity) and the vapor pressure of the water in the tank (which varies with
temperature.) Mathematically, Figure 4.2 represents a plot of an equation similar to the
heat conduction equation:
J = U(13,-P c.)
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Fig. 4.1 Evaporation Reduction Results
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where J is the mass flux or evaporation rate in g/(sec -m2); U is the mass transfer
coefficient in sec/meter and is generally of the order of magnitude around 10 -8 ; Ps is the
saturation vapor pressure of water at the bath temperature and P.„ is the vapor pressure
of water at the room temperature and humidity in kilopascals.
A regression analysis of the data sets indicates the evaporation rate was suppressed
by about 23 % over the entire vapor pressure differential range. However, there are
three suspicious data points for evaporation with the film in place. If these three points
are removed, better results are observed and are shown in Figure 4.3. By disregarding
the dubious data points, the evaporation suppression over a 24 hour period appears to
be much more effective at lower water temperatures than at higher temperatures. A
regression on the modified data with the film indicates that the evaporation reduction
is in excess of 40% when the driving potential is less than 3 kPa (i.e. 25 to 30°C water
temperature and 20°Cair.) At higher driving potentials the evaporation suppression falls

to roughly 20%. Lines of constant evaporation reduction as a percentage of fresh water
data are plotted on the graph to facilitate interpretation of reduction data.
The three questionable data points may be justifiably ignored by examining the
probable causes of their uncharacteristic results. After reviewing the lab notes, it was
noticed that the three data points in question had one thing in common that separated
them from the other data points. Each of the acceptable data points had started its trial
with a fresh film. That is, before each trial was started, the surface of the water was
skimmed with a wet/dry shop vacuum to remove the film and talc. This was faithfully
done for all but the three questionable data points. For these three points, an attempt
to create a new film was done by simply refurbishing the existing film by adding a newly
soaked cotton swab to the surface. Usually, the existing talc powder spread out a few
inches, ostensibly indicating that the film was restored. These three data points
correspond to trials for the operating points of 25°Cwater and 50% RH, 30°C water and
70% RH, and 30°C water and 40% RH where the evaporation rates were generally low.
The low evaporation rates allowed the large tank to remain essentially full and therefore
did not require refilling between runs. For all of the other runs, the tank was refilled
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Fig. 4.3 Evaporation Reduction Results
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prior to start-up of a trial and skimming the surface simply became part of the refilling
process. When refilling was not needed (because of low evaporation losses from the
previous day) it did not seem necessary to remove the film and start over, since if the
water surface was skimmed enough water would be removed in the process to require
refilling the tank.
Although the practice of refurbishing old films could be used here to invalidate some
experimental results it leads to some disturbing conclusions. If restoring an old film to
its supposedly original condition by reapplying a swab to the surface gave poor results,
then this is an area that needs further investigation. It would be inconvenient to have
to remove a film every day and reapply it to continue its original effectiveness. The
question remains unanswered whether or not a film can be restored to its original
condition with the methods tried in this program.
The data presented in Figure 4.3 represent a summary of the data sets displayed
in Appendices A, B and C. Appendix A contains graphs of experimental conditions and
results for a]] 18 evaporation trials. These graphs include the measured air and water
temperatures, the relative humidity and the mass lost by the evaporation tank. The data
are taken from those recorded every fifteen minutes. The data sets for matching runs
with and without the film are paired together so that direct comparison can be easily
made between them. Appendix B contains evaporation rate data in terms of a unit
evaporation rate (g/sec/hr 2) versus time. The unit evaporation rate was averaged over
a two hour period and plotted on the graph. The average unit evaporation rate is
plotted at a solid line. The data with and without a film present are paired together for
easy comparison. Finally, Appendix C contains mass transfer coefficient data. The mass
transfer coefficient relates the evaporation rate to the water vapor pressure differential
between the water in the bath and that in the atmosphere. This allows us to directly
compare evaporation rates while accounting for differing air and bath temperatures and
relative humidities. The results of Figure 4.3 are taken from a compilation of the data
presented in Appendix C.
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A reduction in the evaporation rate also depresses the heat transfer rate from the

water. It was observed in all instances that less power was required to maintain bath
temperatures for experiments with films than those with fresh water under similar
conditions. This reduction is shown in Figure 4.4 and is more noticeable at the higher
bath temperatures than at the lower bath temperatures. By comparing projected power
requirements from the regression lines, we observe that the required input power is
reduced from approximately 7% for the 25°C bath to approximately 16% for the 50°C
bath.

4.3.1 Performance assessment.
A complete statistical analysis of the temperature and humidity data has not yet been
performed. However, the summary data sheet (Table 4.5) reveals that the average

humidity level was usually within ±3% of the set-point. In many cases, the average
humidity level was much closer to the set-point than the 3% limit. Table 4.5 also shows
that the average air and water temperatures were generally within +.1°Cof the set-point.
The desired set-points were 20°C for the air temperature, 25°,30°,40° and 50°C for the
water temperature, and 50% and 70% relative humidity. An extra run at 40% RH was
performed for the 30°C water series to examine effects at low humidity.
There are certain operating conditions that lend themselves to making it difficult to
achieve some of the desired set-points. For example, notice that the data for 21 Mar 91
has an average air temperature of 17.6°C which is considerably lower than the 20°C
set-point. This run was for a water temperature of 30°C and a humidity set-point of
40%. The low humidity requirements caused the air-conditioners to run virtually
non-stop and apparently room conditions in the lab were somewhat cool thus the heat
lamps were not able to provide enough reheat to elevate the environment temperature
nearer to 20°C.
When the program was begun, the control of the enclosure air temperature and
humidity was regulated by commercial thermostats and a dehumidistat. Since the results
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Table 4.5 Evaporation Experiment Data Summary
Run Date;
Test Variable:
Water Temp C:
Air Temp C:
Rel Hum %:
Input Power w:
Evap Rate:
g/m 2/hr

3/17/91 3/4/91 3/20/91 3/19/91 3/14/91
No Film No Film C(18)-OH C(18)-OH No Film
25.58
24.90
25.49
30.87
25.51
20.21
19.56
20.32
19.34
19.84
68.34
50.43
69.74
51.02
40.22
228.16
147.39
188.17
122.93
408.76
190.53
156.18
169.74
71.50
333.62

Run Date;
Test Variable:
Water Temp C:
Air Temp C:
Rel Hum %:
Input Power w:
Evap Rate:
g/m 2/hr

2/24/91 3/1/91 3/21/91 2/26/91 3/01/91
No Film No Film C(18)-OH C(18)-OH C(18)-OH
29.97
29.29
29.16
31.41
28.93
19.84
20.56
17.60
19.97
23.61
67.33
41.29
50.10
67.27
49.22
332.79
370.67
401.85
244.01
188.49
169.88
285.12
269.43
305.56
180.89

Run Date;
Test Variable:
Water Temp C:
Air Temp C:
Rel Hum %:
Input Power w:
Evap Rate:
g/m 2/hr

3/U91
2/2/91
3/10/91
3/22/91
No Film No Film C(18)-OH C(18)-OH
40.89
40.87
39.73
40.59
20.68
23.73
19.79
18.92
46.59
72.33
49.61
68.14
774.85
667.35
699.98
685.70
699.11
561.49
526.35
458.68

Run Date:
Test Variable:
Water Temp C:
Air Temp C:
Rel Hum %:
Input Power w:
Evap Rate:
g/m 2/hr

3/7/91
3/12/91
3/8/91
3/9/91
No Film No Film C(18)-OH C(18)-OH
50.14
50.58
50.77
50.57
19.52
20.62
19.04
21.53
70.46
71.16
50.00
53.18
1541.97 1589.52 1374.39
1281.84
1428.57 1413.92 1178.74
1143.49

Film Treatment: C(18)-OH w/ Ethanol Solvent
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of this control scheme proved undesirable these parameters were placed under control
by the computer and the DAS-8. The result of this change brought about significant
improvements in controlling environment temperature and humidity. Figure 4.5
demonstrates the improvement in temperature and humidity control. This figure was
developed from two data sets corresponding to the same operating conditions. One data
set was completed early in the program prior to computerized environment control and
the other was completed after the changeover was in effect.
The commercial dehumidistat allowed the humidity to vary from 84% to 55% but
yielded an average humidity of 72% To achieve this result required the dial on the
dehumidistat to be set to about 80%. This was clearly an undesirable means of
controlling the humidity since it involved considerable guess-work. When the
air-conditioners were placed under computer control the humidity varied much less (i.e.
66-70% range).

Temperature control by the thermostats was adequately stable but locating the
set-point also involved some guess-work. Figure 4.5 shows that the thermostat controlled
the temperature a few degrees above the desired set-point. It also allowed slightly more
variation in temperature than the computer control scheme.

4.4 VALIDATION OF RESULTS
Validation of the evaporation rate of fresh water can be performed by a comparison
with results attained by others available in the literature and by a comparison with
thermodynamic and heat transfer theory. Section 4.5 discusses the comparison with
literature data. To check the evaporation rate from thermodynamic theory the power
input to the tank is used to calculate the maximum expected evaporation rate from the
latent heat of vaporization of water. This maximum evaporation rate assumes there is
no temperature difference between the water and the air. The actual evaporation rate
includes sensible heat losses to the environment.
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4.4.1 Calculation of latent load fraction.
The energy required to evaporate water is calculated by the expression:
q = m -h rg
where q is the energy required to evaporate a quantity of water of mass m which has a
heat of vaporization h fs . This equation was used to calculate how much water would
evaporate if all the energy of water heaters went to vaporize the water. This would
produce the upper limit of the evaporation rate. The latent load fraction (LLF) of the
heater input power was calculated by dividing the actual evaporation rate (m meas) by the
theoretical maximum evaporation rate (m the.). Mathematically, this is written as:
LLF = m meas I M theo

The latent load fraction indicates how much of the heater input power was used to
evaporate the water while the remainder of the heat was lost through convection and
conduction. The latent load fractions for the data set are shown in Table 4.6. It is
interesting to observe that the latent load fraction of the data with the film is lower than
that for the fresh water data in six of the nine comparison trials. This trend ought to be

investigated more closely in the future to determine its significance.

4.4.2 Comparison with latent load estimated from calculated sensible load and
measured total load.
Some of the heat losses can be directly calculated as a sensible heat loss from the
water to the air. This will help reduce the maximum estimated evaporation rate by
allocating some portion of the heater input power to sensible heat losses to the
atmosphere. The sensible heat losses are calculated by the convection heat transfer
equation:
(hens = hA(T w-Ta)
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Table 4.6 Latent Load Fractions of Evaporation Data
Run Date:
Test Variable:
Water Temp:
deg. C
Air Temp:
deg. C
Rel Hum
percent
J meas.
g/mA2/hr
Power:
watts
J theo
g/mA2/hr
LLF %:

0.621

Run Date:
Test Variable:
Water Temp:
deg. C
Air Temp:
deg. C
Rel Hum
percent
meas.

Power:
J theo

g/mA2/hr

watts
q/mA2/hr

LLF %:

2/24/91
No Film
29.16
19.84
49.22
285.12
332.79
447.49
0.637

Run Date:
Test Variable:
Water Temp:
deg. C
Air Temp:
deg. C
Rel Hum
percent
J meas.
g/mA2/hr
Power:
watts
J theo
q/mA2/hr
LLF %:

3/6/91
No Film
39.73
18.92
46.59
699.11
774.85
1041.90

3/18/91
No Film
25.51
20.32
69.74
156.18
147.39
198.19
0.788

3/13/91
No Film
31.41
20.56
67.33

3/20/91
C(18)-OH
24.90
19.34
51.02
169.74
188.17
253.02

3/19/91
C(18)-OH
25.49
20.21
68.34
71.50
122.93
165.30

0.671

0.433

305.56

180.89

169.88

370.67
498.42

401.85
540.34

244.01
328.11

188.49
253.46

0.541

0.565

0.551

2/2/91 3/10/91 3/22/91
No Film C(18)-OH C(18)-OH
40.59
40.89
40.87
20.68
23.73
19.79
49.61
72.33
68.14
561.49
526.35
458.68
685.70
667.35
699.98
897.36
941.23
922.03
0.497

3/7/91
3/12/91
No Film No Film
50.58
50.14
19.52
20.62
53.18
71.16
1428.57
1413.92
1541.97
1589.52
2073.41 2137.35

3/8/91
C(18)-OH
50.57
19.04
50.00
1178.74
1374.39
1848.08

3/9/91
C(18)-OH
50.77
21.53
70.46
1143.49
1281.84
1723.63

0.638

0.663

0.662

Film Treatment: C(18)-OH w/ Ethanol Solvent
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0.607

269.43

0.559

0.689

3/14/91
No Film
30.87
19.84
40.22
333.62
408.76
549.64

3/21/91 2/26/91 3/01/91
C(18)-OH C(18)-OH C(18)-OH
29.97
29.29
28.93
17.60
19.97
23.61
41.29
50.10
67.27

0.626

0.671

Run Date:
Test Variable:
Water Temp:
deg. C
Air Temp:
deg. C
Rel Hum
percent
J meas.
g/mA2/hr
Power:
watts
J theo
q/mA2/hr
LLF %:

3/17/91
No Film
25.58
19.56
50.43
190.53
228.16
306.80

0.670

By subtracting qsens from the heater input power a new estimate of the latent heat

can be made which in turn can estimate a new theoretical maximum evaporation rate.
This new evaporation rate should be closer to the actual evaporation rate but never less,
otherwise some measurement or calculation error requires discovery and correction.

The convection heat transfer coefficient was calculated from equations modelling
natural convection from the top of a heated surface. For this arrangement, the average
Nusselt number is related to the Rayleigh number by:

Nu = 0.15Ra"

From the Nusselt number the convection heat transfer coefficient h can be determined.
This will then allow us to calculate an estimate for the sensible heat loss. Table 4.7

shows the results of the sensible heat loss calculations, the adjusted estimates of the
maximum theoretical evaporation rates and latent load fractions. The data are listed by
run date and correspond to the information given in Table 4.6. The convection heat
transfer coefficients appear to be somewhat lower than the actual conditions indicate.
The reason for this conservative estimate may be accounted for by the fact that some
forced convection could be created by the air-conditioners thus enhancing the actual heat
transfer coefficient.

The results of these latent and sensible load calculations validate our measured

evaporation rates from the stand point that our measurements have not violated the
second law of thermodynamics (i.e. we did not evaporate more water than possible with
the amount of heat input.) A more careful energy balance on the system could be
performed to account for all heat losses, but this cursory examination shows that our
measurement techniques are acceptable.
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Table 4.7

Sensible Heat Loss Calculations

Grashof #
Rayleigh #
Nusselt #
h w/m2 K
Qsensible
Qlatent
J theo

3/17/91 3/18/91 3/20/91 3/19/91 3/14/91
1.4E+08 2.93E+08
1.6E+08 1.38E+08 1.47E+08
1.13E+08 97393217 1.04E+08 98931340 2.07E+08
70.59
69.37
88.73
72.51
69.01
3.07
3.14
3.09
3.95
3.23
21.60
17.72
18.09
48.43
19.40
206.5
104.8
360.3
129.6
168.7
277.7
174.3
226.9
140.9
484.5

LLF %

0.685

0.895

0.747

0.507

0.688

2/24/91 3/13/91 3/21/91 2/26/91 3/01/91
Grashof # 2.47E+08 2.88E+08 3.28E+08 2.47E+08 1.41E+08
Rayleigh # 1.75E+08 2.04E+08 2.32E+08 1.75E+08 99900000
Nusselt #
88.23
83.88
83.88
92.18
69.59
3.9
3.73
3.10
4.10
h w/m2 K
3.73
Qsensible
38.68
38.67
47.35
56.42
18.32
Qlatent
294.1
345.4
205.3
170.1
323.3
J then
395.4
434.7
464.4
276.0
228.8
LLF %

0.720

0.619

0.657

0.655

3/6/91
2/2/91 3/10/91 3/22/91
Grashof # 5.52E+08 4.48E+08 5.6E+08 5.36E+08
Rayleigh #
3.9E+08 3.16E+08 3.96E+08 3.79E+08
Nusselt #
109.6
102.2
108.5
110.1
h w/m2 K
4.55
4.90
4.88
4.83
Qsensible
112.8
85.2
108.3
114.9
Qlatent
661.9
582.0
577.3
585.0
J theo
890.1
782.7
786.6
776.2

LLF %

0.785

0.717

0.669

0.590

3/7/91 3/12/91
3/9/91
3/8/91
Grashof # 8.13E+08 7.95E+08 8.37E+08 7.76E+08
Rayleigh # 5.75E+08 5.62E+08 5.92E+08 5.49E+08
124.7
123.8
Nusselt #
125.9
122.7
5.47
h w/m2 K
5.5
5.51
5.61
Qsensible
188.9
183.5
177.6
196.4
Qlatent
1352.9
1405.9
1104.2
1177.9
1484.7
1819.2
1890.5
J theo
1583.9
LLF %

0.785

0.747
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0.744

0.770

0.742

4.5 COMPARISON WITH LITERATURE DATA

A simple yet more rigorous validation of our evaporation rate measurement is
achieved by a comparison with literature data. Figure 4.6 shows a comparison between
our results and those predicted by Boelter and Hickox. The prediction by Boelter was
generated from
J (lb/ft2/hr) = 251(C,„ - C v .) 1.25
for 0.001

(Cvw - C y .)

0.025 (1b/ft3)

and the prediction by Hickox was generated from
J (1b/ft2/hr) = 65.88(C vw - Cy .) - 0.02124
for (C„„, - C v .)

4.2X10-4 (1b/ft3)

As seen from Figure 4.6, our fresh water evaporation rates are somewhat lower
than those predicted by Boelter and Hickox. This is to be expected because their
predictions are generalized from experiments with small pans (under 1 foot in diameter).
Hickox discusses the effect of pan diameter and shows that measured evaporation rate
decreases as the pan diameter increases.
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Un it Evapo ration Rate, lb/( hr ft^2)

Fig. 4.6 Comparison with Literature
Data for Fresh Water
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APPENDIX A.
PLOTS OF EXPERIMENTAL CONDITIONS AND RESULTS
Figure
A. la

Experimental conditions and reults (25°C,50% RH, no film)

A. 1 b

Experimental conditions and reults (25°C,50% RH, C 18-0H film)

A.2a

Experimental conditions and reults (25°C,70% RH, no film)

A.2b
A.3a

Experimental conditions and reults (25°C,70% RH, C18-OH film)
Experimental conditions and reults (30°C,40% RH, no film)

A.3b

Experimental conditions and reults (30°C, 40% RH, C 18-OH film)

A.4a

Experimental conditions and reults (30°C, 50% RH, no film)

A.4b

Experimental conditions and reults (30°C, 50% RH, C 18-OH film)

A.5a

Experimental conditions and reults (30°C,70% RH, no film)

A.5b

Experimental conditions and reults (30°C,70% RH, C 18-0H film)

A. 6a

Experimental conditions and reults (40°C,50% RH, no film)

A .6b

Experimental conditions and reults (40°C,50% RH, C 18-0H film)

A. 7a

Experimental conditions and reults (40 ° C, 70% RH, no film)

A . 7b

Experimental conditions and reults (40°C,70% RH, C 18-OH film)

A .8a

Experimental conditions and reults (50 ° C,50% RH, no film)

A .8b

Experimental conditions and reults (50°C,50% RH, C 18-OH film)

A .9a

Experimental conditions and reults (50 ° C, 70% RH, no film)

A.9b

Experimental conditions and reults (50°C,70% RH, C 18-OH film)
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Fig. A.la Exp. Conditions and Results
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APPENDIX B.
PLOTS OF EVAPORATION RATE DATA

Figure
B. la

Evaporation rate data (25°C,50% RH, no film)

B. lb

Evaporation rate data (25°C,50% RH, C18-OH film)
Evaporation rate data (25°C,70% RH, no film)

B.2a
B.2b
B.3a

Evaporation rate data (25°C,70% RH, C18-OH film)
Evaporation rate data (30°C,40% RH, no film)

B.3b

Evaporation rate data (30°C,40% RH, C 18-OH film)

B.4a

Evaporation rate data (30 ° C,50% RH, no film)

B.4b

Evaporation rate data (30°C, 50% RH, C18 -OH film)

B.5a

Evaporation rate data (30°C,70% RH, no film)

B.5b

Evaporation rate data (30°C,70% RH, C 18-OH film)

B.6a

Evaporation rate data (40°C,50% RH, no film)

B.6b

Evaporation rate data (40°C,50% RH, C 18-OH film)

B.7a

Evaporation rate data (40°C,70% RH, no film)

B.7b

Evaporation rate data (40°C,70% RH, C 18-OH film)

B.8a

Evaporation rate data (50°C,50% RH, no film)

B.8b

Evaporation rate data (50°C,50% RH, C18 -OH film)

B.9a

Evaporation rate data (50°C,70% RH, no film)

B.9b

Evaporation rate data (50°C,70% RH, C18 -OH film)
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APPENDIX C.
PLOTS OF MASS TRANSFER COEFFICIENTS
Figure
C. la

Mass transfer coefficients (25°C,50% RH, no film)

C. lb

Mass transfer coefficients (25°C,50% RH, C ig-OH film)

C.2a

Mass transfer coefficients (25°C,70% RH, no film)

C.2b

Mass transfer coefficients (25°C,70% RH, C 18-OH film)

C.3a

Mass transfer coefficients (30°C, 40 % RH, no film)

C.3b

Mass transfer coefficients (30°C,40% RH, C 18-OH film)

C.4a

Mass transfer coefficients (30°C,50% RH, no film)

C .4b

Mass transfer coefficients (30°C,50% RH, C 18-OH film)

C.5a

Mass transfer coefficients (30°C,70% RH, no film)

C .5b
C . 6a

Mass transfer coefficients (30°C,70% RH, C18 -OH film)
Mass transfer coefficients (40°C,50% RH, no film)

C.6b

Mass transfer coefficients (40°C, 50% RH, C 18 -OH film)

C.7a

Mass transfer coefficients (40°C, 70% RH, no film)

C .7b

Mass transfer coefficients (40°C,70% RH, C 18-OH film)

C . 8a

Mass transfer coefficients (50°C,50% RH, no film)

C.8b

Mass transfer coefficients (50°C,50% RH, C 18-0H film)

C.9a

Mass transfer coefficients (50°C,70% RH, no film)

C.9b

Mass transfer coefficients (50°C,70% RH, C 18-0H film)
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Fig. C.la Mass Transfer Coefficients
(25 C, 50% RH, No Film)
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Fig. C.5a Mass Transfer Coefficients
(30 C; 70 % RH, No Film)
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APPENDIX D
EVAPORATION EXPERIMENT CONTROL PROGRAM
10 ' PROGRAM EVP6.BAS
15'
20 ' channels 1 to 6: Bath Temperatures, Type T TCs
30 ' channel 0: Relative Humidity; Channel 7: Air Temp.
40 ' channel 8: Omega Controller Duty Cycle Monitor.
50 ' Output Channel 1 on DAS-8 addressed h816 is to 5000 Btu AC.
60 ' Output Channel 2 is to 7500 Btu AC.
70 ' Output Channel 3 is to Air reheat lamps.
110 .**********************************************************************
120 SCREEN 0, 0, 0: CLS : WIDTH 80
130 ON KEY(1) GOSUB 2020
140 ON KEY(10) GOSUB 6000
150 CLS
160 '
170 '
190 'Steps are:200
1 - Initialize DASH-8 and load thermocouple look up tables
210
2 - Dimension other arrays and provide set up information
220
3 - Measure temperature of connector block from CJC channel
230
(CJC = cold junction compensation)
240
4 - Measure output voltages of thermocouples on EXP-16
250
5 - Convert, correct and linearize thermocouple outputs to degrees
6 - Display output
260
270 'Note that thermocouple routines J.BAS, K.BAS etc. are in ASCII form and
280 'can be MERGE'd with any program and edited in.
290
300 For purposes of example the EXP-16 output channel should be connected to
310 'DASH-8 channel #0 and the CJC channel to DASH-8 channel #7.
320
330 '---- STEP 1: Contract BASIC workspace, load DASH8.BIN and initialize
340 '
350 'See LOADCALL.BAS for a fuller explanation of Step 1 and an alternative
360 'way of loading outside workspace.
380 COUNT = 0
390 CLEAR , 49152!
400 LOCATE 25, 1: COLOR 0,7: PRINT "-PLEASE WAIT-"; : COLOR 7,0: PRINT
186

"Loading DASH-8 I/O address and thermocouple lookup table data": LOCATE
1, 1
403 SG1 = &H3000
405 SG2 = SG1 + 4096/16
410 DEF SEG = SG1
420 BLOAD "DASH8.BIN", 0
430 BASADR% = &H300
440 DASH8 = 0
450 FLAG% = 0
460 MD% = 0
'Mode 0 = initialization
470 CALL DASH8(MD%, BASADR%, FLAG%)
480 IF FLAG % < >0 THEN PRINT "INSTALLATION ERROR ON H768"
482 DEF SEG = SG2
484 BLOAD "DASH8.BIN",0
486 DASH8 = 0
488 BASADR% = &H330
490 FLAG% = 0
492 CALL DASH82(MD%, BASADR%, FLAG%)
494 IF FLAG% < >0 THEN PRINT "INSTALLATION ERROR ON H816"
496 DEF SEG = SG1
500 'Load thermocouple linearizing look up data
510 GOSUB 2260
516 '
520 OPEN "B:evpinp.dat" FOR INPUT AS #1
530 INPUT #1, DELTT, NTS, WATTS, STPT, ST1, ST2
540 CLOSE #1
550 LOCATE 10: PRINT "PRESS Fl TO CHANGE SCAN INTERVAL, SCAN
COUNT, POWER INPUT LEVEL"
560 LOCATE 11: PRINT "OR REL. HUM. SET-POINT OR DEAD-BAND LEVELS
AT ANY TIME. "
565 LOCATE 13: PRINT "PRESS F10 TO END PROGRAM"
570 KEY(1) ON: KEY(10) ON
575 ON KEY(1) GOSUB 2020: ON KEY(10) GOSUB 6000
580 AV = 50
590 LOCATE 17: PRINT "This version of the program assumes the gain is 50"
600 '---- STEP 2: Initialize an integer array D%(15) to receive data
610 DIM D%(10) '16 elements, one for each EXP-16 channel
620 'Also initialize a corresponding real array to receive temperature data
630 DIM T(7)
640'
650 'SUBROUTINE FOR TIME-KEEPER
660 GOSUB 3200
661 'SUMMARIZE MONITORING OF CONTROLLER
662 DCYC = NON% / (NOFF% + NON%)
STEP 3: Get cold junction compensation temperature
665 '
670 'Output of CJC channel is scaled at 24.4mV/deg.C. This corresponds to
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680 '0.1deg.C./bit. Dividing output in bits by 10 yields degrees C.
690 '
700 'Lock DASH-8 to channel #7 (CJC channel selected) using mode 1
710 MD% = 1: LT%(0) = 7: LT%(1) = 7
720 CALL DASH8(MD%, LT%(0), FLAG%)
730 IF FLAG% < >0 THEN PRINT "ERROR IN SETTING CJC CHANNEL": END
740 'Next get CJC data from this channel using Mode 4
750 MD% = 4: CJ% =0
760 CALL DASH8(MD%, CJ%, FLAG%)
770 'Change output in bits to real temperature
780 CJC = CJ% / 10
790 '
800 '
STEP 4: Get the thermocouple data
810 CH% =0
820 GOSUB 1430
830 'This step is written as a subroutine so you can use it in your own
840 'programs by editing it out. Entry parameters are:850 ' CH% - specifies DASH-8 channel that EXP-16 is connected to (0-7).
860 ' D%(15) - integer data array to receive data from channels.
870 '
880 '
STEP 5: Convert data to volts and linearize
890 'AV = Gain setting on Dipswitch of EXP-16 (change to suit).
900 FOR I = 1 TO 7
910 V = (D%(I) * 5) / (AV * 2048)
920 GOSUB 2670 'perform look-up linearization
930 T(I) = TC
'= TF for degrees Fahrenheit
940 NEXT I
1100 '
1140 '
STEP 6: Display Experimental data
1150 CLS
1160 '
1180 LOCATE 1, 1
1190 FOR I = 1 TO 7
1200 PRINT USING "Channel ## temperature = #####.#
deg. C.";I; T(I)
1210 NEXT I
1230 PRINT
1240 PRINT USING "Cold junction temperature (CJC) = ###.# deg. C.";CJC
1300 PRINT "time =",ATM$, OLDATM$
1310 GOSUB 2900 'go get scale weight
1315 PRINT "SCALE WEIGHT = ",DT$, "GRAMS", OLDDT
1320 GOSUB 3400 'calculate evaporation rate
1330 PRINT "EVAP RATE IN GMS/HR = ",EVAP
1335 PRINT USING "RELATIVE HUMIDITY = ###.## %"; AVERH
1336 PRINT "CONTROLLER DUTY CYCLE = ",DCYC
1337 PRINT "INPUT POWER IN WATTS = ",WATTS
1340 DRIVES = "B:D"
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1350 LNME$ = DRIVE$ + MID$(ADT$, 1, 2) + MID$(ADT$, 4, 2) + ".PRN"
1360 OPEN LNME$ FOR APPEND AS #1
1370 FOR CTR = 1 TO 7
1380 PRINT #1, USING "###.##"; T(CTR);
1390 NEXT CTR
1400 PRINT #1, " "; ATM$; VAL(DT$); EVAP; DCYC; WATTS; AVERH
1410 CLOSE #1
1412 OLDDT = VAL(DT$)
1413 OLDATM$ = ATM$
1414 COUNT = COUNT + 1
1420 GOTO 660
1430 '***** Subroutine to convert EXP-16 channels to number of bits **********
1440 'First lock DASH-8 on the one channel that EXP-16 is connected to.
1450 LT%(0) = CH%: LT%(1) = CH%: MD% = 1
1460 CALL DASH8(MD%, LT%(0), FLAG%)
1470 IF FLAG % < >0 THEN PRINT "ERROR IN SETTING CHANNEL": END
1480 'Next select each EXP-16 channel in turn and convert it.
1490 'Digital outputs OP1-4 drive the EXP-16 sub-multiplexer address, so use
1500 'mode 14 to set up the sub-multiplexer channel.
1510 FOR SUB% = 1 TO 7 'note use of integer index SUB%
1520 MD% = 14
1530 CALL DASH8 (MD%, SUB%, FLAG%)
'address set
1540 IF FLAG% < >0 THEN PRINT "ERROR IN EXP-16 CHANNEL NUMBER'':
END
1550 'Now that channel is selected, perform A/D conversion using mode 4.
1560 'Transfer data to corresponding array element D%(SUB%)
1570 COUNTER = 0
1580 DTA = 0
1590 MD% = 4 'do 1 A/D conversion
1600 CALL DASH8 (MD%, D%(SUB%), FLAG%)
1610 COUNTER = COUNTER + 1
1620 DTA =DTA+D%(SUB%)
1630 IF FLAG% < > 0 THEN PRINT "ERROR IN PERFORMING A/D
CONVERSION"
1650 IF COUNTER < NTS THEN GOTO 1590
1660 D%(SUB%)=DTA/NTS
1700 'Now repeat sequence for all other EXP-16 channels
1710 NEXT SUB%
1720 'All done - return from subroutine
1730 RETURN
1740 '************** Subroutine to set writing interval ********************
2020 REM SUBROUTINE SET WRITE INTERVAL
2030 CLS : INPUT "ENTER THE DATA COLLECTION INTERVAL IN MINUTES:",
DEL'TT
2050 CLS : LOCATE 10: INPUT "ENTER NUMBER OF T-COUPLE SCANS FOR
AVE TEMP:", NTS
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TC = temperature in degrees Centigrade
2720 '
TF = temperature in degrees Fahrenheit
2730 '
2740 'Execution time on std. IBM P.C. = 46 milliseconds
2750 'Perform CJC compensation for T type
2760 VT = 1000 * V + .992 + (CJC - 25) * .040667'VT in mV
2770 'PRINT " TC millivolts = ", VT
2780 'Find look up element
2790 ET = INT((VT - SVT) / SIT)
2800 IF ET < 0 THEN TC = TT(0): PRINT "Low EMF": GOTO 2840'Out of bounds,
round to lower limit
2810 IF ET > NT - 2 THEN TC = TT(NT - 1): PRINT "High EMF": GOTO 2840'Out
of bounds,round to upper limit
2820 'Do interpolation
2830 TC = TT(ET) + (TT(ET + 1) - TT(ET)) * (VT - ET * SIT - SVT) /
SIT' Centigrade
2840 TF = TC * 9 / 5 + 32'Fahrenheit
2850 RETURN
2890 '***********SUBROUTINE TO GET SCALE WEIGHT**************
2900 T = 5: ON ERROR GOTO 2996
2910 OPEN "COM l :2400" FOR RANDOM AS #1
2920 LINE INPUT #1, A$
2930 INPUT #1, HD1$, HD2$, DT$
2940 IF HD1$ = "ST" THEN GOTO 2980
2950 IF HD1$ = "US" GOTO 2970
2960 DT$ = " " + LEFT$(DT$, 1) + "E"
2970 UT$ = " ": GOTO 2990
2980 IF HD2$ = "G" THEN UT$ = " grams" ELSE UT$ = " oz"
2990 CLOSE #1: GOTO 3000
2995 CLOSE #1: GOTO 3000
2996 RESUME
3000 T = T - 1: IF T < > 0 THEN GOTO 2910
3010 CLOSE #1
3020 RETURN
3190 '
3200 'TIME-KEEPER SUBROUTINE FOR DATA COLLECTION AT SPECIFIED
INTERVALS
3201 '*********SET UP TO MONITOR POWER **********************
3202 NOFF% = 0: NON% = 0
3210 COUNT = 0: HUM = 0
3230 ATM$ = TIME$: ADT$ = DATES
3235 LOCATE 20, 55: PRINT TIME$
3236 GOSUB 4000
3240 NHR = VAL(MID$(ATM$, 1, 2))
3250 NMIN = VAL(MID$(ATM$, 4, 2))
3255 NSEC = VAL(MID$(ATM$, 7, 2))
3258 IF NSEC < 1 THEN GOSUB 5000 'HUMIDITY CONTROL SUBROUTINE
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3261 COUNT = COUNT + 1
3264 HUM = HUM + RH
3267 AVERH = HUM / COUNT
3270 TMIN = (NHR * 60) + NMIN
3275 RATIO = TMIN / DELTT
3280 IF RATIO > 100 THEN GOTO 3290 ELSE GOTO 3300
3290 RATIO = RATIO - 99: GOTO 3280
3300 TRUNK = FIX(RATIO)
3310 DIFFER = RATIO - TRUNK
3320 IF DIFFER > .001 THEN GOTO 3230
3325 IF NSEC > 5 THEN GOTO 3230
3330 RETURN
3400 '
3410 '******** Subroutine to calculate evaporation rate ******************
3420 IF COUNT = 0 THEN EVAP = 0 ELSE GOTO 3440
3430 RETURN
3440 CTIME = NHR * 3600 + NMIN * 60 + VAL(MID$(ATM$, 7, 2))
3450 ONHR = VAL(MID$(OLDATM$, 1, 2))
3460 ONMIN = VAL(MID$(OLDATM$, 4, 2))
3470 ONSEC = VAL(MID$(OLDATM$, 7, 2))
3480 OTIME = ONHR * 3600 + ONMIN * 60
3490 ETIME = CTIME - OTIME
3500 IF ETIME < 0 THEN ETIME = ETIME + 86400!
3510 ETIME = ETIME / 3600!
3520 EVAP = (OLDDT - VAL(DT$)) * 41.5 / ETIME
3525 IF EVAP < 0 THEN EVAP = 0
3530 RETURN
4000 '******** Subroutine to monitor controller duty cycle *****************
4100 DEF SEG = SG1
4150 CH% =0
4440 'First lock DASH-8 on the one channel that EXP-16 is connected to.
4450 LT%(0) = CH%: LT%(1) = CH%: MD% = 1
4460 CALL DASH8(MD%, LT%(0), FLAG%)
4470 IF FLAG % < > 0 THEN PRINT "ERROR IN SETTING CHANNEL TO
MONITOR POWER": END
4500 'use mode 14 to set up the sub-multiplexer channel.
4510 SUB% = 8
4520 MD% = 14
4530 CALL DASH8 (MD%, SUB%, FLAG%) 'address set
4540 IF FLAG% < >0 THEN PRINT "ERROR IN EXP-16 CHANNEL NUMBER":
END
4550 'Now that channel is selected, perform A/D conversion using mode 4.
4560 'Transfer data to corresponding array element D%(SUB%)
4570 COUNTER = 0
4580 DTA = 0
4590 MD% = 4 'do 1 AID conversion
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4600 CALL DASH8(MD%, DPWR%, FLAG%)
4610 COUNTER = COUNTER + 1
4620 DTA = DTA + DPWR%
4630 IF FLAG % < > 0 THEN PRINT "ERROR IN PERFORMING A/D
CONVERSION"
4650 IF COUNTER < 5 THEN GOTO 4590
4660 DDAVE = DTA / 5
4670 IF DDAVE < 200 THEN NOFF% = NOFF% + 1
4680 IF DDAVE > 200 THEN NON% = NON% + 1
4700 PRINT "NOFF = ", NOFF %; "NON = ",NON%, "DDAVE = ",DDAVE
4720 'All done - return from subroutine
4730 RETURN
5000 '*****HUMIDITY AND TEMPERATURE CONTROL SUBROUTINE ******
5005 'Lock DASH-8 to channel #7 (CJC channel selected) using mode 1
5010 MD% = 1: LT%(0) = 7: LT%(1) = 7
5015 CALL DASH8(MD%, LT%(0), FLAG%)
5020 IF FLAG % < >0 THEN PRINT "ERROR IN SETTING CJC CHANNEL": END
5025 'Next get CJC data from this channel using Mode 4
5030 MD% = 4: CJ% =0
5035 CALL DASH8(MD%, CM, FLAG%)
5040 'Change output in bits to real temperature
5045 CJC = CJ% / 10
5100 '
convert EXP-16 channels to number of bits
5110 'First lock DASH-8 on the one channel that EXP-16 is connected to.
5120 LT%(0) = CH%: LT%(1) = CH%: MD% = 1
5130 CALL DASH8(MD%, LT%(0), FLAG%)
5140 IF FLAG% < >0 THEN PRINT "ERROR IN SETTING CHANNEL": END
5150 'Next select each EXP-16 channel in turn and convert it.
5160 'Digital outputs OP1-4 drive the EXP-16 sub-multiplexer address, so use
5170 'mode 14 to set up the sub-multiplexer channel.
5180 FOR SUB% = 0 TO 7 STEP 7 'note use of integer index SUB%
5190 MD% = 14
5200 CALL DASH8 (MD%, SUB%, FLAG%)
'address set
5210 IF FLAG% < >0 THEN PRINT "ERROR IN EXP-16 CHANNEL NUMBER":
END
5220 'Now that channel is selected, perform A/D conversion using mode 4.
5230 'Transfer data to corresponding array element D%(SUB%)
5240 COUNTER = 0
5250 DTA = 0
5260 MD% = 4 'do 1 A/D conversion
5270 CALL DASH8 (MD%, D%(SUB%), FLAG%)
5280 COUNTER = COUNTER + 1
5290 DTA =DTA +D % (SUB %)
5300 IF FLAG% < > 0 THEN PRINT "ERROR IN PERFORMING A/D
CONVERSION"
5310 IF COUNTER < 5 THEN GOTO 5260
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5320 D%(SUB%)=DTA/5
5330 NEXT SUB%
5360 RH = ((D%(0) / 2.048 / 50) - 4) / .16
5380 V = (D%(7) * 5) / (AV * 2048)
5390 GOSUB 2670 'perform look-up linearization
5400 TAIR = TC
'= TF for degrees Fahrenheit
5405 LOCATE 22,20: PRINT "T. AIR = ";TAIR:PRINT "RH = ";RH
5420 IF TAIR < 20 THEN GOTO 5500
5430 IF RH < STPT THEN OP% = 0
5440 IF RH > = STPT THEN OP% = 1
5450 IF RH > STPT + ST1 THEN OP% = 2
5460 IF RH > STPT + ST1 + ST2 THEN OP% = 3
5463 IF TAIR > 23 GOTO 5467 ELSE 5470
5467 IF OP% = 0 THEN OP% = 1
5470 GOTO 5600
5500 IF RH < STPT THEN OP% = 4
5510 IF RH > = STPT THEN OP% = 5
5520 IF RH > STPT + ST1 THEN OP% = 6
5530 IF RH > STPT + ST1 + ST2 THEN OP% = 7
5600 DEF SEG = SG2
5601 LOCATE 22, 5: PRINT "OP% = ";OP%
5610 MD% = 14
5620 CALL DASH82(MD%,OP%,FLAG%) 'SET THE OUTPUT CHANNEL
5630 DEF SEG = SG1
5980 'All done - return from subroutine
5990 RETURN
6000 1 ******* SUBROUTINE TO TERMINATE PROGRAM **********
6010 DEF SEG = SG2
6020 MD% = 14
6030 OP% = 0
6040 CALL DASH82(MD%, OP%, FLAG%)
6050 PRINT "PROGRAM TERMINATED"
6060 STOP
6070 END
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