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ABSTRACT
Across the world, freshwater is valued as the most critically important natural
resource, as it is required to sustain the cycle of life. Evaporation is one of the primary
environmental processes that can reduce the amount of quality water available for use
in industrial, agricultural and household applications. The effect of evaporation
becomes intensified especially during conditions of drought, particularly in
traditionally arid and semi-arid regions, such as those seen in a number of countries
over the past 10 years. In order to safeguard against the influence of droughts and to
save water from being lost to the evaporative process, numerous water saving
mechanisms have been developed and tested over the past century. Two of the most
successful and widely used mechanisms have included floating hard covers and
chemical film monolayers. This paper describes a laboratory based project developed
for senior high school and first year university classes, which has been designed to
introduce students to the concepts of evaporation, evaporation modelling and water
loss mitigation. Specifically, these ideas are delivered by simulating the large-scale
deployment of both monolayers and floating hard covers on a small water tank under
numerous user defined atmospheric and hydrodynamic conditions, including varying
surface wind speeds and underwater bubble plumes set to changing flow rates.
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INTRODUCTION
Evaporation is the process of a substance changing from a liquid to a vapour phase at
the liquid surface at a temperature below its boiling point [1]. The rate of evaporation
occurring across the surface of any given water body is affected by various factors,
which include: relative humidity (atmospheric water vapour loading), wind velocity
and fetch, solar radiation input, air temperature, water surface area, surrounding land
uses and also the apparent influence of wide scale climatological events influenced by
changes in the global climate [2]. Existing evaporation mitigation techniques are
continually being designed, developed and implemented to better protect water from
evaporation processes in order to ensure that one of our most valuable natural
resources is saved for the benefit of future generations. Three such evaporation
mitigation techniques that have recently been re-evaluated and tested for real-world
deployment are bubble plume systems, chemical film monolayers and floating hard
covers.
Bubble Plumes: The dynamics of bubble plumes and the implications of their use
have been investigated in both controlled and natural environments [3]. Stratification
is the thermal and physical formation of layers in a water column. Stratification tends
to occur in the warmer months of the year, and results in a warmer surface layer that
leads to higher evaporation rates [4]. Destratification (by bubble plume systems) can
be used as a method for enhancing water quality by reversing the effects of thermal
stratification in lakes and reservoirs and as such may be utilised to reduce
evaporation. Specifically, destratification breaks up the stable layers by mechanical
mixing, resulting in increased water quality, and reduced surface water temperatures,
ultimately leading to lower evaporative rates [5].
Floating Hard Covers: Floating covers provide a highly effective means of
evaporation mitigation [6]. Floating covers are usually modular in structure allowing
them to merge together across a water surface to provide near complete coverage.
Evaporation is suppressed by the physical barrier between the water surface and the
atmosphere. Specifically, studies have shown that evaporative reductions ranging
from 70 to 75% can be delivered by floating modular covers over an extended time
period [7].
Chemical Film Monolayers: Monomolecular chemical compounds (most commonly
referred to as monolayers) can be used as an effective method to reduce evaporation
from water storages. Monolayer compounds work by forming a single rapidly
spreading molecular layer across a water surface forming a diffusion barrier on the
water surface, suppressing evaporation and wave action [8]. This molecular layer is
generally no more than 2 nm thick. However, some evaporation reducing chemical
films (technically not monolayers) have been developed that spread out in a layer
much thicker than this. Figure 1 displays a series of pictures of three of the most
commonly used evaporation suppressing films on a water surface. The films shown
are the commercially available WaterSavr (www.phoslock.com.au/watersavr.php) and
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Aquatain (www.aquatain.com.au) products and also octadecanol (stearyl alcohol)
suspension.
FIGURE 1
Following on from the experiment series detailed by Schouten et al [9], the following
manuscript details a laboratory project designed for senior high school Physics,
general science classes and first year university environmental Physics courses, which
has been developed to introduce students to the concepts of evaporation, evaporation
modelling, atmospheric monitoring and water loss mitigation. Specifically, these ideas
are delivered by performing a series of simple and inexpensive experiments
simulating the large-scale deployment of both chemical films/monolayers and floating
hard covers on a small water tank under user defined atmospheric and hydrodynamic
conditions, including varying surface wind speeds and underwater bubble plumes set
to changing flow rates. Following experimentation, the results can be compared to a
widely used evaporation model and an evaluation of which evaporation mitigation
mechanism will provide the best overall performance in a real-world water reserve
can be detailed.
METHOD AND IMPLEMENTATION
Equipment
Access to a temperature and humidity controlled room or enclosure is required in
order to keep the surrounding atmosphere consistent between each experiment, which
will allow for results from each trial to be readily compared. Specifically, any
sufficiently sized room with an air conditioning system coupled with a dehumidifier
will be ideal. Alternatively a laboratory fume cabinet could be used as a small scale
controlled atmosphere environment.
A small water tank filled with clean tap water will be needed to test the evaporation
mitigation mechanisms. For this, any tank with dimensions greater then 300 mm x
200 mm x 200 mm will be required. A deeper tank may be necessary if the effect of
stratification/destratification is to be studied in greater detail, as the effect of water
column mixing may not be as apparent at smaller depths. In order to induce mixing
within the water inside the tank, a simple water aeration/bubble plume system may be
used. If a water aeration/bubble plume system is not available, a simple water pump
device can be used as an alternative to recirculate the water instead. These systems are
readily available from aquarium stores and are inexpensive. If the flow rate delivered
by the water aeration/bubble plume system is not given by the manufacturer, an
experiment to calculate it is defined in the ‘Measurement of Flow Rate from the
Water Aeration System’ section.
A fan capable of delivering at least three wind speeds will need to be positioned to the
side of the water tank extending across the longest fetch. Make sure that the air flow
provided by the fan is not blocked or restricted by the edge of the tank, as a consistent
air flow is required to be directed parallel to the water surface throughout each
experiment. Wind speed can be measured using a cheap anemometer. If an
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anemometer is not readily available a simple wind speed experiment can be carried
out which is further detailed in the ‘Measurement of Wind Velocity’ section. Water
vapour (humidity) can be measured with an inexpensive hygrometer and local
ambient and water surface temperatures can be monitored using a bulb thermometer.
Water surface temperature measurements can be approximated by placing the end of
the thermometer approximately 1 to 2 mm beneath the waterline. Evaporation can be
monitored by measuring the water level change in the tank at the start and at the end
of each experiment with a digital Vernier scale. Figure 2 displays an example
experimental configuration with a dual output water aeration/bubble plume system
attached to a small water tank, with a fan positioned just above the water surface.
FIGURE 2
One or more evaporation suppressing monolayers/chemical films will be required to
test their performance properties and also to investigate how they perform when used
in conjunction with the water aeration/bubbler system. In the experiments detailed in
this manuscript, the authors employed the WaterSavr and Aquatain chemical films.
These films can be replaced by other suitable evaporation suppressing chemicals such
as hexadecanol or octadecanol that can be purchased from Sigma Aldrich
(www.sigmaaldrich.com). To simulate the deployment of floating hard covers on the
water surface, ping pong balls can be used. Figure 3 shows an example of how a set of
ping pong balls can be positioned across the water surface during an experiment.
Notice how the ping pong balls are tightly packed (with some slack) allowing for
minimal surface water to be exposed to the atmosphere, similar to how floating covers
would be positioned across a real-world water reserve.
FIGURE 3
The outlets from the water aeration/bubbler system should be attached to the tank so
that they extend down to the lowest depth possible. Air flow from the outlet should be
directed upwards perpendicular to the tank base so that adequate mixing can take
place throughout the water column. Ensure that the bubbles produced do not create
too much spray at the water surface, as this can inadvertently increase water loss
throughout an experiment. Also, as shown in Figure 4, the outlet bubblers may create
a capillary wave pattern on top of the water surface, not dissimilar to a point source
flow regime.
FIGURE 4
Modelling
Accurately measuring and monitoring evaporation is not a simple task. Important
atmospheric parameters such as incoming solar radiation, which is a large influencing
factor in determining evaporation rates, are not present in indoor environments. As
such, indoor evaporation models are less complicated as they generally only require
the input of wind speed, temperature and water vapour pressure data in order to obtain
accurate evaporative estimates. Robust indoor/controlled environment evaporation
models can be employed and their output/s can be compared to the measured data if
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desired. One such model that can be employed is provided by Smith et al [10]:

E

30.6  32.1 U PW

 PA 

H

(1)

where E is the evaporation rate in kilograms per metre squared per hour, U is the wind
speed propagating over the water surface in metres per second, PW is the saturation
vapour pressure at the current water temperature in units of mm Hg, PA is the
saturation vapour pressure at the air dew point temperature in units of mm Hg and H
is the latent heat of water at the water temperature in the tank in units of kJ per kg.
To calculate the saturation vapour pressure values required in (1) the following
formula can be used [11]:
P  6.112e17.62T / 243.12T 
(2)
where P is pressure in units of hPa and T is the air temperature in units of degrees
Celsius. To evaluate the air dew point temperature (TD) as required by equation (1),
the following approximation can be employed:

TD 

237.7
17.271  

(3)

where  is given by:

 

17.271T
 RH 
 ln 

237.7  T
 100 

(4)

with T being the air temperature in degrees Celsius and RH is the relative humidity.
Measurement of Evaporation
1. Apply the fastest wind speed to the water tank. Record the exact water level at the
start of the experiment;
2. Measure the evaporation after a 24 to 48 hour interval. If necessary, this time
interval can be reduced to 5 to 10 hours (the duration of a working day). Note that
evaporative losses occurring over this short time interval will only be detectable if
the localised air temperature is relatively high;
3. After the fastest wind speed experiment, measure the evaporation occurring over
the same time interval for the remainder of the speed settings on the fan;
4. Perform a final trial with no wind applied to the water tank in order to obtain a
baseline evaporation value;
5. Begin another series of experiments by separately deploying the
monolayers/chemical films and the ping pong balls to the surface of the water in
the tank;
6. Continue measuring evaporation occurring over the necessary time interval for
each of the different fan wind speed settings. Also run a baseline trial with no
wind applied to the water tank so an evaporation value can be obtained for the
monolayers/chemical films and the ping pong balls;
7. Repeat the experiment series detailed in steps 1 to 6 with the water
aeration/bubbler system in operation. If time permits, experiments can be repeated
5

with the water aeration/bubbler system set to a number of different flow rates. The
authors of this manuscript ran experiments with the outlet flow rate fixed to its
absolute highest and lowest settings (referred to as max. bubble and min. bubble
respectively in Figure 5 and Figure 6);
8. Ensure that at the beginning and at the end of each experiment a value for air
temperature, water surface temperature and relative humidity is measured and
recorded.
Measurement of Wind Velocity
If an anemometer is not available for use the students can perform a simple laboratory
based activity to evaluate the approximate wind velocities generated by each fan
setting. The methodology for this activity is as follows:
1. Place the fan in an area where it is unobstructed by any surrounding objects;
2. Use a metre ruler and a permanent pen to mark out a distance extending from the
base of the fan to a point exactly 1 metre away from the fan;
3. Drop the fan down to its lowest possible position;
4. Switch the fan on to its maximum setting;
5. Place a very light item with a relatively small surface area such as a feather or a
small square of paper as close as possible to the fan propellers;
6. Release the light item;
7. As soon as the light item is released using a stop watch or a watch timer measure
the time taken for the light item to travel from the fan propellers to the end of the
1 metre point away from the fan;
8. After the propagation time of the lightweight item has been measured the wind
velocity generated by the fan can be calculated by using the well known equation
for velocity:

Velocity 

Displacement
Time

(5)

9. After the wind velocity has been calculated for the maximum fan setting, continue
this measurement process until velocities have been evaluated for all of the
remaining fan settings.
Measurement of Mass Flow Rate from the Water Aeration System
If the mass flow rate from the water aeration/bubbler system has not been provided by
the manufacturer, it will need to be calculated. This can be done by completing the
following steps:
1. Use an anemometer to measure the air velocity just outside the opening of the
output tube;
2. If an anemometer is not available, a similar modified methodology to that
described in the ‘Measurement of Wind Velocity’ section can be employed to
measure the air velocity at the outlet tube opening. To do this simply set a ruler
parallel to the direction of airflow propagating from the outlet. Cut out a small
square of paper and press it against the end of the outlet tubing. Turn on the
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3.

water aeration/bubbler system and release the small square of paper. Measure
the distance travelled by the paper and record its time of travel with a stop
watch. From these measurements equation (5) can be used to provide an
estimate of outlet velocity;
After measuring the outlet velocity, the following equation can be used to
estimate the mass flow rate delivered by the water aeration/bubbler system:


.

m  vA

(6)



where m is the mass flow rate in units of kg/hr,  is the density of air at the
current room temperature given in kg/m3 and A is the cross-sectional area of the
tube from which the air exits in units of m2. The density of air at a given
temperature can be obtained from lookup tables found in the majority of senior
school and first year Physics and Chemistry text books.
This method can be replaced by another if needed. Students could be asked to develop
their own mass flow rate measurement technique. If a water pump is being used, one
such alternative could be to measure the time it takes to half fill an empty polythene
bag with the water exiting from the water pump. Following this the bag can be placed
in a tub of water of known volume, from which a volume displacement estimate can
be made. As a result the volumetric flow rate can be readily calculated and converted
to mass flow rate if required.
Data Analysis
Students can complete the graphing and modelling work required for this exercise on
paper or by using Microsoft Excel. The data analysis phase may be completed in the
following order:
1.
Average air, relative humidity and water temperature values for each
experiment can be plotted on separate graphs if desired;
2.
Complete a series of regression line graphs displaying the evaporation
measurements obtained in the tank after the application of different wind
speeds and mass flow rates for each evaporation mitigation mechanism for
each separate trial (y axis = evaporation rate; x axis = wind speed). Figure 5
(A), Figure 5 (B) and Figure 5 (C) each displays a series of evaporation
profiles with each evaporation measurement made corresponding to each
particular wind speed. Calculate the R2 value for each regression line in order
to determine the correlation between wind velocity and evaporation;
3.
Employ one or more of the models to calculate synthetic evaporation values
for each of the wind speeds measured in the experiments. Include these
modelled evaporation profiles in the graph/s produced in step 2. To make
calculations easier, students can average out the measured temperature and
humidity data and in turn the calculated saturation vapour pressure and air dew
point temperature over the entire experimental time interval before insertion
into the model/s;
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4.

The students can discuss reasons why their measured evaporation data differed
from or corroborated with the modelled evaporation data by obtaining the
original journal articles describing the evaporation models. From this the
student will be able to gain an increased understanding behind the
development of each particular model and as a result will be able to better
detail why they may or may not have predicted the levels of evaporation. A
discussion should also be performed detailing reasons why one chemical
film/monolayer performed better than the other and why the water
bubbler/aeration system did or did not inhibit the evaporative process;
5.
Plot the calculated evaporation percentage savings for each of the evaporation
mitigation systems under each particular wind speed on the same graph (y axis
= evaporation percentage saving; x axis = wind speed). An example of this
type of graph is shown in Figure 6 (A);
6.
As shown in Figure 6 (B), students can analyse the data in further detail by
plotting another bar graph of the averaged evaporation percentage savings for
each of the evaporation mitigation systems in relation to each of the water
aeration/bubbler system settings analysed throughout the experiment series (y
axis = evaporation percentage saving; x axis = type of evaporation mitigation
mechanism). From this analysis the most successful evaporation mitigation
mechanism will be readily deduced.
FIGURE 5
FIGURE 6
SUMMARY
From the results obtained from the experiments it is clear to see that under almost all
conditions the floating hard covers (modelled by the ping pong balls) provide on
average the most substantial evaporative savings in comparison to the two chemical
films tested. Out of the two chemical films, Aquatain generally performed better than
WaterSavr, due to its increased coverage thickness. Also, it was found that the
synergistic use of the evaporation reduction mechanisms and the water
aeration/bubbler system did not reduce evaporation rates, and may have had the
reverse effect by gradually enhancing water loss. Students should obtain results
similar to these. However, the effect of the water aeration/bubbler system on
evaporation patterns may be dependent upon the flow rate produced and also the
depth of the water tank. The dependency of evaporation on water depth can be further
investigated in extended experiments.
The article has provided both Physics and general science educators an exercise from
which they can teach students the basic principles behind concepts such as the process
of evaporation, evaporation reduction techniques, water column mixing and
destratification along with enabling students to further strengthen their mathematical
skill set by performing calculations with physical equations and carrying out data
analysis techniques. If demonstrators can not get access to temperature and humidity
controlled room, the exercise can be performed in an atmospherically uncontrolled
environment. However, for this local wind speed, air temperature, water temperature
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and humidity must be measured on a consistent basis throughout each experiment in
order to ensure that these parameters, after averaging, are as accurate as possible
when they are input into the evaporation model.
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Figure 1: A) WaterSavr chemical film unevenly spread out over a water surface. B)
Aquatain chemical film randomly distributed over a water surface. C) Octadecanol
monolayer spread on top of a water surface.

Figure 2: An example experimental setup with the fan positioned close to the surface
of the small water tank and the water aeration/bubbler system, with its two air outlets
attached at opposite ends of the small tank wall.
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Figure 3: Ping pong balls in formation across the small water tank used in the
experiments.

Figure 4: Outlet bubblers from the water bubbler in operation. The even outwards
circular
spread
of
the
capillary
waves
can
be
clearly
seen.
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Figure 5: Evaporation profiles measured for the following scenarios - A) Baseline
trials with no air flow supplied underneath the water (the water bubbler turned off). B)
Trials performed with air flow delivered into the water column from the water bubbler
set to its lowest setting (1.27 x 10-2 kg/hour). C) Trials performed with air flow
delivered into the water column from the water bubbler set to its highest setting (1.69
x 10-2 kg/hour). The modelled data shown in A) is from the equation for evaporation
in indoor swimming pools given by [10] detailed in equation (1). It appears in this
case that the model has overestimated the evaporation occurring in the tank.
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Figure 6: A) Percentage evaporative savings measured in each particular experiment
provided by each of the evaporation reduction systems. B) Evaporative savings given
by each of the evaporation reduction systems averaged for each of the three
hydrodynamic settings (water bubbler turned off, water bubbler set to minimum
setting, water bubbler set to maximum setting).
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