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Chapter 4. Absorption and radiation of Electromagnetic radiations by 
surface active films  

Crude oil slicks, and silicone oil films used in evaporating reducing films, have an amorphous 
structure which allows the formation of a surface film of any thickness. For example, the 
commercially available product; “Aquatain”, with a recommended thickness of around 1 µm 
(2008), is relatively easy to detect by optical methods, having a thickness comparable to the 
wavelength of visible light. In contrast, self-assembling monolayers exist in layers the thickness of 
one molecule, at around 2-3 nm, three orders of magnitude smaller than the thickness of silicone 
oils and much smaller than the wavelength of visible light. While the evaporation resistance 
depends on the thickness for silicone oils, it depends on surface pressure (reduction in surface 
tension) for monolayers (see Section 1.8.2). Despite the considerable differences between the 
thicknesses of surface films such as Aquatain and monolayers, there remains the possibility of 
employing sensors that rely on the emission or scattering electromagnetic radiation. Consequently a 
brief discussion of relevant electromagnetic interaction properties of both surface active films and 
monolayers will follow. Where possible, with the discussion will be informed by relevant 
experimental data produced. 

 

Nomenclature 

Reflectivity (R) - The fraction of intensity of reflected radiation, compared with incident radiation 
for a particular wavelength or region of wavelengths for thick objects where the thickness will not 
affect the reflectivity. Relative or percentage reflectivity is then the ratio of reflected radiation 
intensity compared to incident radiation.  

Reflectance - Similar to reflectivity, however the International Commission of Illumination (2010) 
restrict the application of reflectance to thin objects, where internal reflections may cause the 
reflectance to vary with thickness. This term would certainly be useful in describing reflection 
intensity from a surface active layer, however not a clear water surface.  

 

To avoid calling reflection ratios from the water reflectivity and from monolayers reflectance, only 
the term reflectivity will be used and it will be assumed it is known that it may vary with the 
thickness of the surface active layer.  
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4.1.1 Wavelength dependent surface emission characteristics 

The amount of blackbody radiation radiated by a surface is dependent on the temperature and the 
emissivity according to the relationship:  

 4TσP ε=  (4.1) 

where P is the radiant energy Wm-2, σ is the Stefan-Boltzmann constant = 5.67032 × 10-8 Wm-2 T4
, 

T is the temperature in K, ε is the emissivity.  

In the IR region, the absorption of radiation α by a film is related to reflection R and transmission T 
by the following: 

 TR−−= 1α  (4.2) 

as incoming radiation must be either transmitted, radiated or absorbed. If the surface is at thermal 
equilibrium Kirchhoff’s second law holds (Pigeat, Rouxel, & Weber 1998) stating the radiant 
energy is equal to that absorbed. Therefore: 

 αε =        so:        TR−−= 1ε   (4.3) 

However, if just the top surface in contact with air is considered, the water body (with or without 
film) can be considered opaque and totally absorbing  and this relationship reduces to (Konda et al. 
1994; Shih & Andrews 2008): 

 R−= 1ε  (4.4) 

showing the emissivity can be calculated by measuring the reflectance under thermal equilibrium 
conditions.  This relationship however is limited in its practical use as the water surface is rarely at 
thermal equilibrium with the surrounding air.  

 

 

Figure 4.1 Emissivity ε of water in the infrared region. Source; Zhang (1999). 

The emissivity of distilled water is shown in Figure 4.1, as determined under laboratory conditions 
by Zhang (1999), showing values in the IR region (4-14 µm) are between 0.970-0.993. This is the 
wavelength region where the water emissivity is highest, creating maximum contrast between water 
and the oil slick (Andreev, Gurov, & Khundzhua 1976; Daniels & Hover 1994; Ivanov, He, & Fang 
2002); the latter possessing a slightly lower emissivity (Salisbury & D'Aria 1994).  
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An average value of 0.980 has been determined for distilled water by Robinson & Davies (1972) 
using an IR thermometer filter (8-14 µm) to find the value detected by an IR thermometer. They 
found virtually no difference in emissivity between distilled water, tap water and lake water (Lake 
Ontario).  Oil slicks showed a reduction however, with machine oil of thickness 1-3 mm showing an 
emissivity of 0.960. Crude oil showed a value lower still, at 0.954.  

The net radiation flux between the water surface and atmosphere into the water is given by:  

 )( 44
skyws TTQ −= εσ  (4.5) 

where TWS is the water surface temperature and Tsky is the effective sky temperature. The sky 
temperature is lower than the ambient air temperature, ranging from 10 ºC below ambient 
temperature for hot humid conditions, to 30 ºC below for dry cool conditions ((Smith 1994) quoting 
(Bliss 1961)).  

Substituting a water surface at 293K into this equation reveals that for a 1 °C temperature rise to 
294 K the radiated energy increases by 1.37% for the water surface term. If the sky is assumed to be 
an average of 20 ºC below the water temperature the increase in radiance would be 3.1% for a 
single degree rise in surface temperature.  

The wavelength-dependent emission is described by the Stefan-Boltzmann Law, with a peak 
emission wavelength determined by temperature according to Wien’s Displacement Law: 

 bTm =λ  (4.6) 

where λm is the peak emission wavelength, T is the temperature (K), and b is the constant of 
proportionality = 2.8978 × 10-3 m K. Substituting water at 20 °C produces a maximum radiation of: 

  mµλ 89.9
293

108978.2 3

=×=
−

  (4.7) 

This is conveniently at the centre of the atmospheric window used by many IR radiometers, with 
ranges of 8-12 µm.  

With increasing temperature the intensity of the radiant energy increases peak of the wavelength 
moves towards the higher energy, smaller wavelength end of the spectrum. IR measurements for 
determination of temperature of water surfaces generally suffer from ambient conditions for the 
sensor being at a higher temperature than the cooler water surface. This is often overcome either by 
calibrating the instrument for ambient air temperature, or by cooling the receiver to minimize 
background noise (Viehmann & Eubanks 1972).  

 

4.2 Visual observations  
The effects of monolayers on the surface of water storages are often conspicuous due to wave 
damping characteristics (examined in Chapter 2). For detection there either needs to be absorption 
at specific wavelengths as part of a characteristic absorption spectra (Section 4.40) or a change to 
the reflectivity of the surface, either by reflection from the upper surface due to a change in 
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emissivity, or interference from reflections from both top and lower surfaces of the surface active 
layer. 

Highly reflective surface active layers would have the effect of lowering the water temperature by 
reflecting incident radiation. Gainer et al. (1969) measured the reflectivity on a large storage using 
solar radiation on monolayers, motor oils and silicone oils. They found the reflectivity to alter very 
little for monolayers, whereas thicker films such as aviation oil or silicone oils exhibit between 30% 
and 70% higher relative R, defined by: 

 
w

film

R

R
 R=Relative  (4.8) 

where Rfilm is the reflectivity of the surface layer and Rw is the reflectivity of water (Table 4.1). 

 

Table 4.1 Relative R of sample surface active layers. Source; Gainer et al. (1969) 

Film Relative R 

Hecadecanol 0.94 

Octanoic Acid 0.97 

Linolic Acid 1.00 

Aviation Oil #65 

 

Immediately     1.81 

Later              1.52 

Still Later    1.30 

Yellow silicone oil film 1.7 

The lower relative R of hexadecanol would probably be from another cause and not a change in 
reflectivity. The wide variation in aviation oil of the same sample shows some of the difficulties in 
assigning an emissivity value to oils. Not only are there many types of oils, but for a particular oil, 
the emissivity may change with time. Interestingly the commercial product, “yellow silicone oil” 
(whose complete composition was unknown), shows a very high reflectance, and would probably 
be quite useful in lowering water temperature. Aquatain may also possess a reflectivity high enough 
to reduce water temperature. Gainer et al. found that monolayers are unfortunately generally 
colourless, with only linoleic acid and 10-undecenoic acid exhibiting observable colour. 
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Figure 4.2 Relative R of hexadecanol monolayer when unpolarised monochromatic energy is incident at 20 °C. 
Adapted from Beard & Wiebelt (1966). 

Accurate laboratory measurements of wavelength dependant relative R from a hexadecanol 
monolayer (Figure 4.2) were carried out by Beard and Wiebelt (1966), using a selected wavelength 
from a monochromator, and measuring the reflected intensity using a gonioreflectometer at an angle 
of 20 º. The results show a -1% decrease to 4% increase in relative reflectivity depending on the 
incident wavelengths. Over the range 0.4-2.2 µm, there is an increase towards the smaller 
wavelength end of the spectrum. This is convenient in field use in evaporation reduction as the 
highest relative R, and therefore highest effect on cooling water is around the peak of the solar 
radiation, at 0.5 µm. Despite this clear difference under controlled conditions, they still came to the 
conclusion that there was no significant ‘observable’ changes in reflection under field conditions 
when hexadecanol monolayer is added to a smooth lake.  

 

4.2.1 Theoretical reflectivity R from top surface of surface active layer  

Reflectance is also dependent on the angle of incidence and the polarisation of light used and this 
may be usable in detecting monolayers.  

The polarisation-dependent surface reflectivity of water can be determined using the Fresnel 
reflection coefficients and refractive index of water: 
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where subscripts p and s denote vertical and horizontal planes of polarisation respectively, n1 is the 
refractive index of air, n2 is the refractive index of water and θ1 is the angle of incidence measured 

from perpendicular to the water surface. θ2 can be calculated using Snell’s law.  
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(a) 

 
(b) 

Figure 4.3(a) Theoretical Reflectivity R for horizontally ( s) and vertically (p) polarized reflection from water 
n=1.33; solid line and monolayer n= 1.4283 (Weast 1974) for hexadecanol; dashed line. The difference in R for 
normal angles can be seen in (b) with expanded y axis.  

The theoretical predictions for both s and p polarized reflections in Figure 4.3(a) shows a general 
higher reflection intensity for the s polarized radiation. There is a generally higher reflection for a 
monolayer. The vertically polarized radiation shows very little difference between clear water 
surface and monolayer, except for the crucial difference in Brewster angle, discussed later in this 
chapter. Figure 4.3(b) shows the same data with an expanded y axis so the increase of difference in 
reflectivity for the normal angle of incidence can be seen.  

At a normal angle of incidence (0º), both directions of polarization are reflected equally and the 
Fresnel reflection intensity calculated in Equations 4.9 and 4.10 can be simplified to:  
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For water surface, n1 = 1 and n2 = 1.33, so the reflection intensity is predicted to be: 

 0201.0
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=R  (4.12) 

Thus the reflection from a water surface would be close to 2.0% of the incident radiation. This 
compares fairly well with 2.53% for the sea surface and 2.51% for distilled water in the 2-5 µm 
range (Salisbury & D’Aria (1994).  

The refractive index of water decreases by 0.02 across the visible spectrum from 400-700 nm and 
decreases by 0.01 when the temperature increases from 20 – 40 ºC (Segelstein 1981). These 
changes to refractive index should be minimized by using consistent wavelength (laser) and stable 
laboratory temperature 17-20ºC.  Substituting the refractive index of hexadecanol produces a 
normal reflectivity of 0.0311. So an increase in reflectivity of 50% could be expected with the 
addition of hexadecanol, due to the higher refractive index at the surface. 

The reflectivity of vertically (p) polarized radiation vanishes at an angle of incidence called the 
Brewster angle. The Brewster angle of incidence corresponds to the angle where the sum of the 
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angles of incidence and refraction is 90º. Using Snell’s law for an air water interface where, n1 =1 
n2 =1.33 this angle can be found using:   
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The reflectivity for water, at angles around the Brewster angle is shown (red) in Figure 4.5 
substituting angles around the Brewster angle into the p-polarized surface reflectivity (Equation 
4.9). For comparison hexadecanol in this region is also plotted using a refractive index of 1.4283 
(Weast 1974). Substituting this into Equation 4.4 reveals the Brewster angle is 55.0°, creating a 
theoretical increase in the Brewster angle of 1.94°.  

 
Figure 4.5 Theoretical reflectivity from air to water (n = 1 to 1.33); red solid line, and air to hexadecanol n = 1 to 

1.4283, blue dashed line. The Brewster’s angle increases by 1.94°. 

This change in Brewster angle is measureable under controlled laboratory equipment using still 
samples and precise equipment; however it is not easy to detect these small angle changes in the 
field. Brewster angle detection for monolayers has been used by Somasundaran (2006), who also 
found the contrast between used a polarizing imaging system to observe the contrast between water 
and monolayer. O’Neil (1983) also found that the contrast can be improved by up to 100% using a 
crossed polariser  technique. A filter with band-pass below 450 nm can also be used to improve 
contrast according to Fingas (2007). These field techniques however, relied on natural sunlight 
which constrains observations to daylight hours, with the magnitude of the effect being dictated by 
the incident sun angle. Reflectivity R due to incident wave interference between reflections from 
upper and lower surfaces of monolayers 

The addition of film on the surface alters the reflectivity of the surface due to interference between 
the radiation reflected at the air-film and film-water interfaces. Heavens (1955:48) derived the 
reflection from multiple reflections as:  
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where R1 and R2 refer to the reflections from the film/air surface and film/water surface 
respectively, and δ is the phase change on traversing the film: 
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 φ
λ

πδ cos
2 1dn=  (4.14) 

where n1 is the refractive index of the film and φ is the incident angle of radiation. This can be 

simplified with conditions that the layer is transparent (to reduce the complex part of the refractive 
index) and the wavelength is much larger than the film thickness. Also if the incident radiation is  in 
the normal direction, then R = Rp = Rs. and the following relationship can be used to determine the 
relative reflection intensity R that occurs with the addition of monolayer (Marple & Vanderslice 
1960):  

 2
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 (4.15) 

Theory predicts that the relative R would be proportional to the number of carbon atoms in the 
monolayer squared, as can be seen on inspection of Equations 4.14 and 4.15, as suggested by 
Marple and Vanderslice (1960). The differences between the heads of the fatty acids and alcohols 
should make minimal difference to the reflectivity, and therefore it is considered that these results 
apply equally to alcohols.  

Even though Marple and Vanderslice performed experiments in the ultraviolet region (254 and 400 
nm), probably to maximise the chances of a detectable response, their results indicated the angle of 
incidence made no detectable difference to the change in reflection.  

Moreover, their results shown in Figure 4.6, taken with incident light at 400 nm (this small visible 
wavelength increases the ∆R% when substituted into Equation 4.14) showed that for monolayers the 
change in reflection intensity would be no more than ~ 1.2%.  

 

Figure 4.6 Reflectivity difference for carboxylic acid monolayers plotted against number of carbon atoms in 
chain squared at 400nm. Adapted from experimental data collected by Marple and Vanderslice (1960). 
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4.3 Experimental detection at visible wavelengths  
A check of the reflectivity at various angles (as in Figure 4.3) and a test to determine whether 
simple laboratory equipment and laser light is accurate enough to detect the small expected changes 
in emissivity was carried out. 

 

Figure 4.7 Arrangement for measurement of reflection intensity R. 

 

Materials and methods 

The reflectance values were measured from a 20 mW He-Ne laser (λ=632.9 nm, 1135P Spectra-
Physics, Oregon USA) laser orientated to provide incidence angles between 0° (normal to the water 
surface) to a maximum of 85° as depicted in Figure 4.7. The reflection intensity was measured with 
a power meter (Model 1815-C, Newport Corporation, USA). The detector head was screwed to a 
mounting which was adjustable in both lateral directions, so that the signal could be maximised to 
determine ideal position.  A polarizer with an extinction ratio ~0.001 was attached to the output of 
the laser so that directions of polarization could be observed separately. The trough was a stainless 
steel baking tray, which when filled to a standard ridge had a surface area; 28 � 50 cm and depth 
4.5 cm with ambient temperatures of 16-20 ºC during measurements. Trials of clear tap water with 
and without a full pressure hexadecanol monolayer were conducted, with the monolayer being 
added to the surface in the usual way by dropping several crystals onto the surface. The reflectivity 
intensity ratio was calculated by comparing the intensity of the reflected beam, with the incident 
beam, both measured using the power meter. 
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Figure 4.8 Experimentally determined reflectivity R for (a) s polarization and (b) p polarization for water (����) 
with error bars, and hexadecanol (����). Theoretical values for water (Solid black line). 

 

Results and Discussion 

Graphs of the reflectivity R are plotted as a function of angle of incidence for both directions of 
polarization; the s (horizontal) and p (vertical) polarization orientations in Figure 4.8. Within the 
experimental uncertainties indicated by the error bars, the results show no significant difference in 
the R between the clear water surface and hexadecanol surface. The error bars, show the estimation 
of uncertainty of 20% in intensity, and 3° due to positioning angle. The major cause of a lack of 
accuracy would undoubtedly be due to alignment accuracy, as both the laser and detector needed to 
be repositioned for each measurement.  

The intensity resolution needed for hexadecanol detection would need to be < 2%, according to 
Marple & Vanderslice (1960) and Beard & Wiebelt (1966). This was well below the estimated 
accuracy of this equipment. The use of a goniometer accurate to 0.1° could improve results, and 
perhaps make detection possible. This equipment however was not pursued as these measurements 
were considered impractical in the field, with a combination of the difficulty in providing a stable 
platform affecting the incident angle and water level problems affecting detector position.  
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4.3.1 Microwave radiometer measurements  

 

Figure 4.9 Reduction in brightness temperature in the L band (peaking at 1.43 GHz) when observing an oleyl 
alcohol slick. Source; (Hühnerfuss 2006). 

Aerial passive L band microwave detection has been successfully used by Hühnerfuss (2006) to 
detect oleyl alcohol by comparing the signal with that of backscatter of clean seas (Figure 4.9). 
Similar detection in the S band, however produced little reduction in signal strength. The intensity 
of the signal received, known as brightness temperature, showed a large decrease, with a peak 
reduction at 1.43 GHz noticed in six over flights over an ocean area which was covered.  

The cause of the reduction is thought to be a change in the complex dielectric constant in the skin of 
the ocean, perhaps by clathrate like structures that form near the surface leading to a significant 
increase in the relaxation time of the surface molecules by an order of magnitude (Hühnerfuss 
2006).  

This detection method uses a comparison with background water to determine monolayer presence, 
and this is not always available. The expense involved in investigating these results was considered 
out of the range of this work; however these results do show some justification for future monolayer 
detection work.  

 

4.4 IR observations 
From the 1970’s onwards, air and space-borne radiometers have been used extensively as a cost 
effective method of determining sea surface temperatures (for example (Smith et al. 1970)). The use 
of such tools has been motivated by the need to assess long term environmental changes (Gurney, 
Foster, & Parkinson 1993), as well as measuring the net heat flux radiated from the surface for use 
in predictions of weather, such as the El Niño effect (Rasmusson & Carpenter 1982). It has been 
determined that in order to calculate the net heat flux with a necessary precision of 10 Wm-2 to 
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monitor such effects,  the sea surface temperature has to be measured to within 0.2 °C (Fairall et al. 
1996).  

Radiometers average the radiation from the molecules at and near the surface, with the exact depth 
being sampled depending on the wavelength range. IR thermometers operate in a region (usually 8-
14 µm) where the effective optical depth is at a minimum, at around 10 µm (see Figure 4.26). 
Therefore the depth of interrogation of the sensor would be the top 25 µm (Saylor, Smith, & Flack 
2000) and in a wavelength region where an “atmospheric window”, exists to minimise absorption 
by water vapour (Robinson 1973:91). Thus IR radiometric sensors actually view through surface 
films such as Aquatain (thickness ~1 µm), and most certainly do so for monolayer (thickness ~ 2 
µm). However the interrogation depth of IR radiometers is well within the skin thickness of the 
water column itself, which is 0.1-1 mm (Chapter 3). In effect the skin temperature is being 
measured. This poses major challenges in measuring ocean temperatures using satellites when more 
stable subsurface temperatures are needed. Sea surface temperature algorithms combined with 
multichannel satellites have been developed to look through atmospheric water vapour and 
determine the true subsurface ocean temperature below the skin layer (Emery et al. 2001; Smith et 
al. 1970; Suarez, Emery, & Wick 1997).  

 

4.4.1 IR Imaging of the surface 

The surface of water is considered to be shear -free. However when monolayer is added, the surface 
changes to assume the property of being able to support shear forces, acting to increase the surface 
viscosity. The hydrodynamics of the subsurface is affected by this viscosity, which in turn changes 
the surface temperature field (Saylor, Smith, & Flack 2000), as discussed in Chapter 3.  

An imaging IR camera was used by Saylor et al (2000) to determine the temperature changes 
caused by the altered sub skin cold thermals, since temperature differences are in turn conducted 
through the skin layer, where they can be imaged. A nitrogen cooled Raytheon-Amber CCD camera 
with a 256 pixel square InSb array using 12 bit intensity resolution was used. The images, which 
covered an area of surface of around 16 cm on each side show a general decrease in the root mean 
squared value from the surface temperature with the addition of monolayer shown in Figure 4.10. 
This reduction in temperature variation for the full range of heat flux tested would tend to indicate 
an effective thickening of the skin layer and a slowing of the convection currents. 

Saylor’s images for low heat flux conditions are shown for clear surface in Figure 4.10(a) and 
hexadecanol surface in Figure 4.10(b). There are slight differences, mostly in enlarging the 
convection currents, due to increased viscosity. For higher heat fluxes, shown for clear surface in 
Figure 4.10(c) and oleyl alcohol surface in Figure 4.10(d) show a larger spatial temperature 
variation for both, however the covered surface has an elimination of small scale variations. This 
led the group to speculate that, “IR imagery can effectively determine the presence of a surfactant”.  
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 (a) 

 

 (b) 

 

 (c) 

 

 (d) 

 

 (e) 

Figure 4.10(a) Clean water at room temperature with a calculated heat flux of 38 Wm-2. (b) Addition of oleic 
alcohol  monolayer. (c) Clear heated water with a heat flux of 480 Wm-2.(d) Addition of oleic acid monolayer.(e) 
Intensity correlation for 1 °C for the above images. Source; Saylor et al (2000). 

 

4.4.2 Wavelength-dependent absorption characteristics  

The thickness of surface films will determine how easy they are to detect using reflected or 
scattered radiation.  
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Figure 4.11 Reflectivity of 5 different samples of crude oil, each 2-3 mm thick showing spikes corresponding to 
the C-H stretching bands occurring around 3.5 µm. Source; Salisbury & D’Aria (1994). 

The reflectance spectrum of oil slicks of thickness 2-3 mm in the 3-5 µm range measured by 
Salibury & D’Aria (1994) shown in Figure 4.11 show a reflectance of 4% compared to surrounding 
water at 2%. Two characteristic spikes also appear around the 3.5 µm wavelength corresponding to 
C-H bond stretching within the oil layer. Five different oils were tested with very different 
viscosities and compositions, displaying almost identical IR spectra dominated by the C-H 
stretching features. These data, represented by solid, dashed and dotted lines are largely 
superimposed over each other.  

Monolayers consist of much less material than an oil slick and therefore these spikes are much 
reduced in intensity, although they can be detected under laboratory conditions showing a reflection 
intensity difference of around 0.5% under ideal conditions (Mendelson, Brauner, & Gericke 1995). 

Absorption bands corresponding to CH2 stretching bands provide the strongest signal/noise ratio 
(Figure 4.12), and for this reason are the most studied (Sinnamon 1999). For hexadecanol and 
octadecanol they occur for the C-H symmetric stretching at 3.51µm and for the CH2 anti-symmetric 

stretching at 3.43µm. The CH3 bonds on the tail of the carbon chain are slightly different with an 
absorption wavelength of 3.47 µm for symmetric and 3.37 µm and 3.38 µm for asymmetric 
stretching (Sigma Aldrich 2008). The other significant absorption peak at 7 µm is caused by CH2 
‘scissoring’ .  
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(a) 

 

(b) 

Figure 4.12 FT-IR absorption spectra of (a) hexadecanol and (b) octadecanol. Source; Sigma Aldrich (2008). 

The very low thickness of the layer of these compounds makes it very difficult to detect these 
spectral features. Moreover, the presence of a monolayer on water surfaces can alter the phase and 
intensity of reflected IR radiation. Due to the refractive index of monolayers being higher than that 
of air, it would be expected that a 180° phase change would occur on the air/monolayer surface 
reflection, and this is true of horizontally polarized rays. The reflection of vertically polarized 
radiation undergoes no phase unless the angle of incidence is larger than the Brewster angle (Dluhy 
1998). The horizontal reflection intensity is, however larger than the vertical for angles larger than 
20˚ as shown in Figure 4.3. 

Mendelson et al (1995) carried out accurate measurements using infrared reflection absorption 
spectra (IRRAS) on the CH2 bands at incident angles of 30° and 60°for various surface pressures. 
The results, shown in Figure 4.13 show an increase in absorbance with increasing monolayer 
pressure, and a much higher signal/noise ratio at 30°. 
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(a) (b) 

Figure 4.13 IRRAS of methylene C-H stretching bands at (a) 30º and (b) 60°. Source; Mendelson et al. (1995).  

The appearance of a positive absorbance values (compared to the expected negative absorbance 
values) in the vertically polarized 60° angle of incidence (Figure 4.13b) can be explained by using 
Fresnel reflection coefficients, with typical monolayer complex refractive index parameters of  
n=1.5 + i0.1 substituted. A theoretical graph drawn by Dluhy (1998) (Figure 4.14) shows the 
asymmetric vibration (the largest absorption band) at 3.43 µm for incident radiation for the two 
directions of polarization. The horizontally polarized ray has a maximum reflection absorbance at 
normal incidence (0º) at 0.0045 and this approaches zero at 90º. The vertically polarized ray begins 
at a similar reflection absorbance at normal incidence and is discontinuous at the Brewster angle 
(Section 4.2.1):  

 







=Φ −
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n

n
B  = 54.73º   (4.17) 

where n3 is the refractive index of water and n1is the refractive index of air=1. It then decreases 
exponentially with increasing angles of incidence. The increase in magnitude of the vertical 
absorption around the Brewster angle is due to the use of the ratio of relative reflectivity, with the 
reflectivity of clear water approaching zero. The discontinuity in reflection absorption is due to a 
phase inversion, which occurs at the air water surface reflection at the Brewster angle and continues 
for larger angles.  
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Figure 4.14 Theoretical reflection absorption amplitude for the asymmetric CH2 peak at angles of incidence for 
both vertically and horizontally polarized IR radiation. Adapted from Dluhy (1998). 

The measured absorption values in the work of Mendelson et al. are nonetheless very low. At the 
peak of the absorption, using maximum surface pressure of monolayer at around 40 mN m-1, the 
absorbance is only a 0.45% difference in reflection magnitude. The experimental conditions also 
need to be controlled with any changes in water vapour or wind between sample measurements and 
background measurements affecting the signal adversely (Mendelson, Brauner, & Gericke 1995). 

 

4.5 Experimental Infrared detection results 

4.5.1 IR imaging  

Surface temperature measurements of hexadecanol and octadecanol covered water surface 
consistently show an increase of temperature due to the evaporation reducing effects. An increase of 
0.15 ºC was found using laboratory interferometer measurements by Barnes & Feher (1980) with 
octadecanol. An increase of ~0.3 0C was measured for a hexadecanol slick using an aircraft-borne 
IR thermometer by Grossman (1969) when compared to background clear water on a large storage. 

Infrared thermometer measurements can be useful in measuring this increase, as the effective 
optical depth of IR radiation in the region measured by IR thermometers (8-14µ) is 25 µm (Saylor, 
Smith, & Flack 2000) and therefore this is the depth that is averaged in determining surface 
temperature. Thus, infrared thermometers measure the temperature as close as possible to the 
surface. This reading depth is particularly important as there is often a temperature gradient across 
the skin which is much larger than any other part of the storage.  

 

Materials and Methods 

An IR Inframetrics Model 600 (FLIR, USA) imaging radiometer was used to compare images of the 
surface of a reference clear water trough and a sampling trough. It was not found to give accurate 
absolute temperature values, but was perfectly adequate for comparisons of small temperature 
differences of several degrees. 
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The samples were contained in clear polypropylene food containers of size 16 × 11 × 6 cm high. 
New containers were used for each measurement and were rinsed with tap water before use to 
prevent contamination from manufacturing residues.  
The radiometer has a specified temperature range of 20–40 °C with a peak sensitivity of 8-12 µm. 
Using Wien’s displacement law, the temperature range corresponds to a wavelength range of 
4.3-11.4 µm. Since the temperature of the water is towards the lower end of the temperature range, 
the peak sensitivity should correspond well with the peak of the radiation emitted.  

Images were recorded using a computer equipped with a PCI video capture card (Lifeview, 
Taiwan), which could show real time and frame grab bitmap images of around 1Mbyte. 

  

 

Figure 4.15 Setup for imaging radiometer. The camera was focussed on the two troughs, so that they filled the 
view. 

The radiometer was positioned at various angles above sample water surfaces. Figure 4.15 shows 
the initial vertical configuration, which was used so that a reference water surface and a film surface 
could be observed simultaneously, at a distance of 0.40 m. Both troughs were filled with tap water 
to the level of a ridge just below the top making the depth of water 5.0 cm. One trough was left as a 
reference while the other was covered with samples of surface active layers. The samples were 
prepared by dropping several crystals of hexadecanol and octadecanol or adding a single drop of 
Aquatain to the individual troughs. The samples of monolayers are the same as previously used, and 
the Aquatain was a sample from a 20 litre drum (Ultimate Products Australia Pty. Ltd) that was 
thoroughly shaken. Both the reference and sample troughs were allowed to thermally equilibrate for 
one day before images were taken. Typical laboratory conditions were 40% humidity and 
temperature 20-25 °C. 

 

Radiometer

Model 600 Digital 
Control Panel

Samples
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Figure 4.16(a) Image of clear water trough (left), and hexadecanol covered trough (right) with area of pixel 
averaging drawn(white rectangle) 1 day after the addition of monolayer to the surface. The coolness of both 
surfaces can be seen by comparing the intensity with the surrounding tabletop. 

 

Results and Discussion  
Unfortunately the resolution of the radiometer was too low to discern any spatial variation in 
surface temperature across each sample (Figure 4.16) as discerned in Saylor’s work (2000). 
However it still could be used to obtain a comparison of surface temperature between samples. This 
was carried out using the pixel averaging function of Adobe Photoshop in analysing sample images. 
The pixels can be chosen in a defined area to average all the residing pixels. An average number 
between 0 (black) and 255 (white) is given to represent the intensity, which can be related to 
temperature using the intensity bar along the bottom. 

The area chosen each time was just smaller than the size of the trough. This number was then 
compared to the 10 °C difference in the intensity bar positioned on the lower part of the image to 
convert intensity differences to temperature differences.  
The pixel averaging function was then used on the bottom bar to convert intensity to °C. The light 
end of the bar averaged 197 bits, while the pixels in the darkest part were 27 bits. These extremes 
correspond to a temperature difference of 10 °C so 1 bit on the intensity scale would correspond to 

0.0588 °C for this image. The uncertainty, calculated using standard deviation in all these 
measurements was σ = ± 4 bits. The number of pixels averaged for each of the surfaces was around 
15 000. Differences in temperature were recorded after 2 days using samples of hexadecanol, 
octadecanol and Aquatain (thickness 1.1 µm), with the results plotted in the table below. To remove 
any bias in the intensity measurements of the camera, the sample was placed both on the left of the 
reference water, and then on the right. Three measurements were averaged for each position, and 
the average is shown. 
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Table 4.2 Measured pixel intensity difference between reference water and (monolayer) film 

Film ∆T Surface 

Sample on Left 

∆T Surface 

Sample on Right 

Average pixel 
increase 

Temperature 
increase  °C 

Hexadecanol 4.1 7.9 6.0 0.35 

Octadecanol 6.7 4.5 5.6 0.33 

Aquatain @1.1 µm -0.7 3.8 1.6 0.094 

Addition of 
temperature 

changes 

10.1 16.2   

 

Conclusion 

A camera bias was found by adding the total pixel brightness for all three measurements. This is 
shown on the last row of Table 4.2. The test samples are brighter on the right hand side of the 
reference compared to the left, so both were averaged.  

The surface of hexadecanol was measured as being very similar to octadecanol after one day, with 
the surface of Aquatain being the coolest. This indicates the hexadecanol and octadecanol produced 
higher evaporation reduction, of a larger magnitude than Aquatain under these conditions. The 
evaporation reduction for octadecanol however should be higher than hexadecanol, since the 
evaporation resistance is higher (Chapter1). Geoff Barnes (Pers. Comm. 2009) suggested this is 
most probably due to impurities in the octadecanol. With a thickness of 1.1 µm, the Aquatain had 
the poorest evaporation reduction. This was surprising and suggests that further testing should be 
carried out to determine the thickness which would roughly equal hexadecanol, and also to check 
whether the emissivity of the various surfaces affects these results (Section 4.5.2).  

These results may replicate to some degree the temperature changes produced on water storages, 
measured with a radiometer, as both disperse the cooling effect of cold thermals, with little change 
to the bulk temperature. The water storage by its large size, and these troughs, by heat conduction 
through the thin polypropylene walls.  

 

4.5.2 IR thermometer with insulated trough 

Introduction 

The previous experiment showed detectable differences for surface active films by measuring the 
surface temperature. It also raised several questions that needed answering. These include the 
surprising low evaporation reduction of Aquatain when compared to hexadecanol and octadecanol. 
The use of single troughs meant that much of the evidence of evaporation reduction was lost by the 
low heat insulating qualities of the trough walls. The resulting heat flux through the walls acts to 
reduce surface temperature differences. This experiment uses a more practical IR thermometer and 
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reduces the wall heat flux using insulated troughs. The evaporative cooling differences may be 
cumulative and lead to a larger more easily detectable differences in surface temperature. 

 

Materials and Methods 

 
 

 

Figure 4.17 Fluke 474 IR thermometer, with display. 

Surface temperature measurements were taken with a Fluke 474 IR thermometer (Fluke 
corporation, WA USA) shown in Figure 4.17. It measures radiation in the 8-14 µm wavelength by 
averaging readings between the three He- Ne laser sighting beams. The resolution is 0.1 °C, with an 
accuracy of 1.0 °C in the temperature range used. The emissivity was adjustable in steps of 1%, and 
was set to 0.96.  

 

Initial measurements checking emissivity changes that may occur with addition of surface 
active layers  

Tests of immediate changes to emissivity for hexadecanol and octadecanol were carried out using 
the Fluke 474 IR thermometer attached to the computer graphing software. When several crystals 
were added to the edge of each trough no change was detected. Therefore no alteration of emissivity 
settings needs to be carried out in comparing the temperature of clear water compared to these 
monolayers.   

The same tests were carried out using Aquatain, and a change in emissivity was measureable. To a 
trough of clear water, 20 drops of Aquatain was added creating a surface active layer 22.6 µm thick. 
Since the effective optical depth in the region of the thermometer is around 12 µm (Figure 4.26) the 
radiation should be emitted only by the Aquatain.  
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Figure 4.18 Surface temperature measured using the IR thermometer with the addition of 20 drops (shaded 
area) of Aquatain to clear water showing a rise of 0.4 ºC. 

The Aquatain was cooled to 5 ºC below room temperature, so that any initial temperature changes 
due to the temperature difference of the dropper bottle and room temperature would act to lower 
surface temperature. The results shown in Figure 4.18 are representative of several runs, showing an 
initial cooling, followed by a rise of 0.4 ºC. This would indicate the emissivity of Aquatain is lower 
than water, and the reflectivity is higher. This was found to be true in experiments described in 
Section 4.7; determining silicone oils have reflectivity values higher than water. The use of 1, 2 or 5 
drops rather than 20 would tend to reduce this measured temperature increase. If there is a 
measurable increase in emissivity with the addition of Aquatain, then a comparison of the warming 
effects of monolayers and Aquatain compared to reference clear water would overestimate the 
evaporation-reducing effects of Aquatain. These changes to emissivity for Aquatain were kept in 
mind in subsequent experiments when comparing IR surface temperature with water.  

Five polypropylene food containers were positioned beside each other on a bench top and filled to 
an internal ridge with water. Another two containers were placed under the sample containers so 
that there were two insulating air spaces in the sample containers. This created a much better 
insulation than previously used. Other than this the same setup procedure was used, only an extra 
trough containing for a different thickness of Aquatain with 3 drops (3.4 µm) was also prepared. A 
bulk temperature measurement was also made by placing, a mercury thermometer on the floor of 
the troughs. The results are shown in Table 4.3. 

 Table 4.3 Difference of surface temperature between a water surface and covered surfaces averaged over 
several days. 

Film ∆T Surface °C ±0.2 ∆T Bulk measured near floor °C ±0.3 

Hexadecanol +0.9 +1.1 

Octadecanol +0.6 +1.3 

Aquatain 1.1 µm +0.3 +1.3 
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Aquatain  3.4 µm +1.1 +1.4 

 

 

Results and Discussion 

The IR surface temperatures compared to reference water (Table 4.3), generally increased over the 
results of using the uninsulated troughs. This is not surprising as the bulk water under the covered 
surfaces were allowed to assume a temperature fairly independent of the surroundings, with the 
surface possesses a temperature with respect to this temperature. The increase in bulk temperature is 
shown in the right hand column, measured with a mercury glass thermometer, with the bulb resting 
on the floor of the trough. 

 

Conclusion 

Using insulated troughs it would be expected that the temperature increase would be proportional to 
the evaporation reducing ability of the film. When the heat flux through the walls of the troughs is 
minimized, the surface temperature changes that occur with coverage are increased due to warming 
of the bulk water. The octadecanol again showed a lower ∆T Surface than hexadecanol, consistent 
with the previous experiment. However the bulk temperature difference would tend to indicate a 
higher evaporation reduction. Aquatain showing a thickness related effect for the two thicknesses 
tested. The website advertising Aquatain (www.aquatain.com.au 2009) advises a dosage of 0.2 µm 
every 10 days. According to these results the dosing rate should probably be higher. An evaporation 
reduction equivalent thickness of 2.8 µm is obtained by using a ratio to determine the thickness that 
would correspond to the ∆T Surface for hexadecanol. This estimated equivalent thickness does not 
however account for the increase in emissivity detected in initial preparations in this experiment.  

 

4.5.3 Influence of depth on Surface temperature   

Introduction:   

Experiments described in Sections 4.5.1 and 4.5.2 used shallow troughs of depth 5.0 cm. In the 
field, water storages will have a much greater average depth, and it is important to determine 
whether depth affects the natural lowering of surface temperature below air temperature, ∆TAS. 
While it is impractical to carry out the experiments on full size water storages due mainly to solar 
heating interference, a replica of the surface of water storages was made in the form of PVC tubes 
of various water depths. 

  

Materials and Methods 

100 mm diameter PVC tubes were chosen for this experiment as they are more sturdy than 
polypropylene food containers. PVC tubes also offer a much better thermal resistance than metals 
or a thin layer of polypropylene. PVC pipes provide an ideal way of obtaining a standard surface 
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area and are very convenient to work with as they are commonly available, have proven tolerance to 
wet environments and are economical to purchase. The size of 100 mm was chosen as larger pipes 
had much thicker walls, which made the cost and difficulty in cutting/gluing increase substantially. 
The lengths of pipe used were 2.0 cm, 10 cm, 20 cm and 30 cm, to which were glued end caps on 
the lower end (with no increase in internal depth). They were then positioned vertically beside each 
other on a shelf in an enclosed area. They were filled to the brim with water in laboratory conditions 
which averaged 35% humidity and a temperature of 22 °C for 1 day. The surface temperature of 
each was measured using a Fluke 574 IR thermometer. No direct wind was present, however there 
was a circulating fan positioned nearby. Measurements were taken several times over a period of 3 
hours with a measured variation of 6%. The average results are shown in Figure 4.19.  

 

Figure 4.19 TAS of troughs with varying height. Ta=22 0C and 35% relative humidity. 

 

Results and Discussion 

The results show convincingly that the surface temperature is affected quite strongly by the bulk 
temperature which is in turn affected by heat conduction through the walls. The 2.0 cm high trough 
surface decreased below air temperature by 6.4 °C, up to 4.6 °C below for the 30 cm trough as 
depicted in Figure 4.19. The four tubes would possess the same latent heat flux loss at the surface, 
reducing the surface temperature, and some diminishing of this value due to sensible heating at the 
surface. The difference occurs due to the restoring heat flux available through the walls and floor of 
the trough and this flux is reflected in the surface temperature.  

Based on these simple results it would seem impossible to calculate the surface temperature to a 
degree of accuracy needed to detect the presence of a monolayer, by the alteration in evaporative 
cooling. Surface temperature measurements of around ~0.3 °C (Chapter 3) difference would be 
difficult to detect in these tubes and impossible if the depth of the tube was unknown.  
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-4.6 0 
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30 
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If the results of this simple demonstration are extrapolated to the size of a large water storage, the 
difficulty in theoretically estimating the surface temperature in a large water storage can be 
appreciated. Even with identical surface conditions, subskin processes within the storage can alter 
the surface temperature. Add to this the hydrodynamic movements of convection cycles within the 
water storage, wind variations, sun and cloud radiant energy, and deposits and withdrawals of water 
and it becomes very complicated. Even a microprocessor with sensors floating on the surface linked 
to weather stations would not be able to discern if the surface temperature is different from the 
value for a clear water surface of ~0.3 °C indicating a monolayer.  The Centre for Water Research 
and the University of WA (The Centre For Water Research 2006 ) designed a program they called 
DYRESM which can determine the temperature profile taking into account many factors such as 
deposits, withdrawals, rainfall, solar radiation, wind speed, air temperature and humidity, shape and 
depth of storage. Monitoring all these factors within water storages would be inconvenient if not 
impossible on many storages. Detection methods must therefore rely on differences in temperature 
rather than absolute temperature.  

 

4.5.4 Relationship between TAW and % humidity  

The mass of water evaporation from an extended wet surface can be predicted using the Dalton 
equation (Equation 1.1) 

 ))(( eeUfm SWTe −=  (4.18) 

The wind speed function  f(U) is constant for a particular wind speed, and the mass of evaporated 
water is obviously proportional to the latent heat flux. If the surface temperature remains fairly 
constant then it might be expected that  

 )()( eeeSWT ∝−   (4.19) 

Then the lowering of surface temperature:  

 humidity%∝AST  (4.20) 

Where TAS is the temperature difference between air and the water surface and % humidity is the 
relative humidity of the air.  

An experiment was set up to test for differences in TAS values between clear water and hexadecanol 
surface at thermal equilibrium for constant (low) wind speed. Another goal of this experiment was 
to determine whether TAS is proportional to % humidity when measuring evaporative cooling of the 
surface below air temperature Ta.   

 

Materials and Methods  

A PVC end cap was used as a trough and filled to the top with water. It was placed in the climate 
chamber described in Section 3.4.3, where the temperature could be stabilized and humidity altered. 
The surface temperature was measured with the Fluke 474 IR thermometer for a range of humidity 
conditions, leaving at least 2 hours for the trough to achieve thermal equilibrium. The procedure 
was repeated for a hexadecanol monolayer covered surface. This was done to determine the natural 
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lowering of the surface below the air/chamber temperature of 23 °C at various values of humidity. 
No direct wind was present in the chamber, though a circulating fan was left running near the 
ceiling of the chamber. 

 

Figure 4.20 Surface temperature of water(����) and hexadecanol (����)cooling in relation to air temperature (����). 
Error bars are ±1 s.d. of measurements.  

 

Results and Discussion  

The values of TAS for hexadecanol were roughly half that for the clear water (Figure 4.20). The 
relationship between surface temperature and air humidity shows a linear trend as predicted by 
Equation 4.20.  

The graph also shows that the monolayer surface reaches air temperature at 100% humidity, 
whereas the water surface seems to be heading for 22 0C, a degree below air temperature. The 
setting of emissivity on the IR thermometer is an obvious cause; however this would have also 
affected the monolayer. 

One possible explanation is that water the humidity was not as high as read on the humidity sensor 
and some evaporation was still occurring at the value of 100%. This would tend to lower the water 
temperature data series more than the monolayer.  

 

4.5.5 Using underwater jet as a method of determining ∆∆∆∆TS with IR measurements  

One idea that has been suggested in literature (Ewing & McAlister 1960) and by John Saylor (Pers. 
Comm 2009) is to sample temperature at depth by pushing water to the surface using an underwater 
jet. Radiometers have the disadvantage that they can only measure the surface temperature, and 
cannot view to any depth. This can be remedied by using an underwater water jet to push water to 
the surface and measure the temperature of subsurface water pushed to the surface. When the jet is 
switched off, the radiometer will be measuring surface temperature. When the jet is started the 
radiometer will be measuring sub surface water temperature. The time it takes for the cold surface 
layer to be restored is about 5 seconds (Saylor, Smith, & Flack 2000) (see Section 3.2)so the jet 
needs to create a noticeable slightly raised area at the surface to ensure bulk temperatures are being 
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measured. This method was successfully employed by Ewing and McAlister (1960) using an 
underwater jet at a depth of 15 cm.  

 

(a) 

 

(b) 

Figure 4.21 (a) IR thermometer clamped on a retort stand aimed at the surface of the underwater jet. The PVC 
pipe on the right side of the trough was added to keep the surface clean. It had a siphon tube leading to a sink 
and had a water level below that of the trough. (b) Close up of plastic tubes of underwater jet running. The 

ripples can be seen moving away along the surface. 

 

 

 

Figure 4.22 Setup for measuring surface deviation temperature. 

 

Materials and Methods 

The Fluke 474 IR thermometer was clamped on a retort stand pointing at the surface of an 
underwater jet positioned in a 200 litre barrel cut in half vertically, as shown in Figure 4.22. The jet 
was powered by a 12 V diaphragm pump, with an inlet at the same depth as the jet, 5 cm. This 
depth for the inlet is well below the skin and subskin layers. The output of the jet was strong enough 
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to form a region of slightly higher than the surrounding water as shown in Figure 4.21(b). The 
output of the pump needed to achieve this was around 6 litres min-1. The jet timing was controlled a 
Picaxe, which could automatically switch the pump’s 240 V power supply providing the 12 V. 
power supply through a solid state relay CX240D5 (Crydom,USA). Switching the 240 V to the 
power supply may seem unusual, as it would seem easier to switch the 12 V output to the pump. 
However the 12 V DC output was insufficient to reliably power this particular solid state relay, 
which has specification of a working voltage of 12- 280 V.  

The Picaxe was programmed to control a repeated pump sequence of 2 minutes off, then 2 minutes 
on. Measurements were begun by initially filling the trough with hot water, around 30 °C, and 
turning the IR thermometer recording software on to log every 3 seconds, then leaving the trough to 
cool, usually overnight. A recording of the temperature of the surface of the trough, above the jet is 
shown in Figure 4.23. Generally the initial heating of the trough using hot tap water and gradual 
cooling of the trough can be observed. The pump switching on can be seen by the small rises in 
temperature as the bulk water is pushed to the surface, and when it is switched off, a quick cooling 
is seen as the surface temperature re-establishes.  

The difference in temperature between the pump on, and pump off, is the surface deviation 
temperature ∆TS.  TAW was also simultaneously logged using a thermocouple type K probe connected 
to the IR thermometer to determine air temperature.  

 

 

 

 

Results and Discussion 

 

Figure 4.23 Temperature of trough surface above jet as the pump is switched on and off. Initial heating was 
gained by adding hot water, and then a natural cooling. 

The temperature logged by the IR thermometer is shown in Figure 4.23. For several hours hot water 
was running into the trough and being drained to a sink. This heated the trough water to around 28 
ºC. The 2 minute cycling of the pump is particularly noticeable with the high water temperature, as 
the jet warms the surface when switched on. It reduces as the water temperature decreases over 
several hours.  
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Figure 4.24 Expansion sections of Figure 4.23. ∆TS can be determined by the difference in temperature difference 
that occurs between areas of pump on (light areas) and pump off (shaded areas). 

Figure 4.24 shows sections of 20 minutes, cut out of Figure 4.23 and positioned over each other 
with the height governed by the TAW value in. The lengths of Figure 4.23 which showed a high 
water temperature (negative TAW) are still high on Figure 4.24, due to the y axis being plotted in 
reverse order.  

The value of ∆TS can easily be found from these 20 minute intervals, as the fluctuations that occur 
in temperature as the pump is switched on or off. Each data series was a small part of the cooling 
curve of the trough water beginning with negative TAW values and moving to positive values. When 
the pump was on, the TAW was being measured, by subtracting the measured value from the air 
temperature simultaneously being measured by the IR thermometer.  

Once the trough had cooled the next day ice was added to to gain a larger positive TAW. However 
apart from a slight peak when the pump started, because of the warmer water in the pipes, the 

magnitude of ∆TS was too small to be measured. This is probably due to latent cooling being 
opposed to the warming sensible heating of the ambient air. This is in contrast to the negative TAW 
for warm water, when the heat fluxes for these three processes combined to cool the skin. 
Gladyshev (2002) cites Ewing and McAlister (1960)  who measured the ∆Ts in a similar way on a 
sea surface, with the jet much lower, at a depth of 30 cm. Their results are shown in Figure 4.25.  

 

Figure 4.25 Ewing and McAlister (1960) similar measurements using an underwater jet at a depth of 15 cm with 
an air temperature of 18.4°°°°, therefore a TAW = -2.1°°°° 

For these results TAW was around -3 °C when the measurements were taken. This is surprising as 
TAW is usually positive as the air is usually warmer than the water, and no mention of other values 
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was made. It seems that this method is capable of showing the subsurface temperature, and 
therefore determining ∆TS, however results show a more distinct change of temperature with 
negative TAW.  

An alternative approach to measuring the subsurface temperature would be to place a sufficiently 
large sheet of metal of known emissivity such as aluminium on the surface. It would assume water 
temperature, and since there is no evaporation under the metal, it would show subsurface 
temperatures remotely from above. Thus ∆TS could be determined by comparing water temperature 
to metal temperature. This method was attempted using aluminium foil that was shaped like a boat 
with a flat bottom. An obstacle encountered was setting the emissivity of the IR thermometer. The 
emissivity of water is around 0.96, while aluminium foil has a value of 0.05 at 5 µm (Kaye & Laby 
1973) and it was not possible to set the emissivity of the instrument to this value.  

Another possible method of determining ∆TS remotely makes use of the inherent variations in the 
absorption properties of water according to wavelength. The absorption of IR radiation in the 1-10 
µm region is shown in Figure 4.26. It can be seen that the penetration depth varies widely in this 
narrow region. The radiation from a shallow depth wavelength could be compared to the radiation 
from a deeper depth, to determine if the amount of radiation is different, indicating a higher or 
lower temperature deeper into the water. This may be possible with multiband measurements 
(Section 4.7).  

 

 

Figure 4.26 Close up of Figure 3.2 in the IR region showing the absorption coefficient α, and effective optical 
depth, in the wavelength region 1-20 µm. Adopted from Wieliczka, Weng, & Querry (1989). 
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4.5.6 IR surface measurements  

Wind causes an increase in the evaporation rate, as predicted by Dalton’s Equation. This increase 
would act to cool the surface, which may be measureable using an IR thermometer. A water surface 
should cool to a greater degree than hexadecanol as the evaporation rate would increase by a larger 
amount, as shown in (Section 3.4.1), and this difference may be useful as a detection method.  

 

 

 Materials and Methods  

A 100 mm diameter PVC Y tube Y tube with a 12 V 2.9 W (Sunon MD1208PTS1, Taiwan) fan of 
casing size 80 mm, in the lower arm was held in a larger trough so that an area of surface could be 
analyzed under various wind speeds.  
The 574 Fluke IR thermometer was clamped at a height of 40 cm above the water surface directly 
above the open top inlet arm, and directed downwards into the centre of the vertical arm of the Y 
tube, observing the water surface.  

By using an IR thermometer the surface temperature for each of these wind speeds can be 
measured. The fan was only run for short periods, since running times over 5 minutes produced 
unwanted cooling of the outside container. As the IR thermometer only measures surface 
temperature, when used in isolation it cannot determine ∆TS as the subsurface temperature is not 
known. However, since the value of ∆TS is affected by wind speed, and the subsurface temperature 
is fairly constant over short intervals of time, the temperature differences due to changes in wind 
speed may give a reasonable estimate of the changes in ∆TS, and show differences between water 
and monolayer.  

Three fan speeds were used as measured with the Lutron LM8000 anemometer at the inlet arm with 
the fan initially switched on after one minute, then alternatively off and on each two minutes. The 

2.9 W 12 V fan 

Water level 

Figure 4.27 Setup for measuring surface temperature for an 
enclosed surface. 
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initial voltage supplied to the fan was 5 V, then 10 V, then 15 V. The water run was performed first, 
so that a few hexadecanol crystals could be added immediately and the run repeated immediately 
with the monolayer under identical ambient temperature conditions.  
A computer interface program called “IRGraph v2.3.16”, supplied with the thermometer, was 
adjusted to measure temperature every five seconds.   

 

 

Figure 4.28 Remote IR measurement surface temperature under various wind speeds. Dark series; water 
surface. Light dashed series; hexadecanol. Conditions; air temp 24 ºC with 35% humidity.  

 

Results and Discussion  
The fan sequences for water and monolayer are shown in Figure 4.28. It is evident that the 
monolayer surface is warmer generally, as expected due to the lowering of evaporation. All 
conditions were the same since the monolayer data was obtained only 5-10 minutes after the water 
sample. A much smaller reduction of temperature was obtained with low and medium fan speeds 
for monolayer. This is important, as it shows the surface temperature of a monolayer is much less 
affected by an increase in wind speed, suggesting that evaporation reduction would increase with 
wind speed. The increase in temperature drop of water with increasing wind is similar to those 
obtained in Section 3.4.8. At wind speeds of 5.3 m s-1 an increase of temperature occurs as the 
turbulence of the surface is probably breaking down and mixing the cool skin with deeper water, 
leading to a measured higher temperature.  

Another unexpected feature are the larger temperature fluctuations for the water data, presumably 
arising as the surface is less viscous and alters changes temperature more quickly due to more active 
thermals (Saylor, Smith, & Flack 2001). In general the results show that for about 1 minute after the 
fan is switched on, the temperature of the water surface cools around 1º C, or more than twice the 
cooling of monolayer. After this time thermals act to warm the surface and the difference is less 
predictable.  
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4.5.7 Conclusion 

The detection of monolayers using IR measurement of evaporative cooling that occurs on an 
enclosed surface appears to show results and this will be further explored in Chapter 6. Wind does 
appear to be an important factor in creating a surface temperature difference between covered and 
uncovered surfaces. Efforts to enlarge these temperature differences are presented in Chapter 6,  

 

4.6 Multiband observations 
An extensive amount of work has gone into attempting to model and predict the temperature 
difference across the skin layer (Emery et al. 2001) so that the subsurface temperature may be 
determined remotely. There is a possibility of viewing through the skin using radiometers of larger 
wavelength, since larger wavelengths have a larger effective optical depth. This may be effective in 
determining the temperature gradients that occur at the surface, so that sub skin temperatures can be 
ascertained. For instance Donlon (2002) has used a microwave radiometer operating at a 
wavelength of  λ= 37 mm (6-10 GHz), which averages the surface thickness of 1 mm. 

The availability of low-cost spectroradiometers offers an opportunity to revisit the wavelength-
dependent measurement of reflectance from monolayers compared to that of clear water. A two 
channel broad band radiometer was first built and used by McAlister and McLeish (1970) in 1970 
measuring the wavelengths of 3.7 and 4.8 µm. They claimed some success with aerial results within 
10% of heat flux sub surface/surface values. The radiometer however lacked sensitivity and only 
two points were produced, on which to base the temperature gradient.  

McKeown et al (1995) used a 41 channel radiometer that operated in the region 2-5 µm. This 
particular region was chosen because wavelengths larger than 5 µm show little difference in 
effective optical depths, while wavelengths smaller than 2 µm penetrate too deeply to map the skin 
temperature gradient. A sharp variation in effective optical depth provided a temperature depth 
comparison with minimal changing parameters (such as emissivity and water vapour absorbance) 
caused by a change of wavelength. For this reason the two regions chosen were both sides of the 3 
µm absorption peak shown in Figure 4.26. The possible “sounding widows” were in the wavelength 
regions: 

- 2.2 to 2.74 µm with a minimum at 2.2 µm. This provided a window of effective optical depth of 
0.54 mm. A declining Planck radiance below 2.44 µm caused spectral noise to dominate the results 
which makes this minimum unusable.  

- 3.33 to 4.17 µm, with a minimum at 3.8 µm. This provided a window of effective optical depth of 
0.084 mm.  A radiance variation was measured depending on the skin temperature gradient. With a 
cool skin, it would be expected that the radiance spectrum would invert Figure 4.29 as the lower the 
absorption coefficient, the deeper the signal source, and the warmer the region. This was noticed 
and by measuring the radiance every 0.025 µm, a temperature gradient was obtained which 
correlated well with thermistor results.  
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Figure 4.29 Spectral change with decreasing radiance. Adapted from McKeown et al. (1995). 

This experiment however was performed under controlled conditions, with warm water, initially at 

57 °C to increase the radiation which improved the signal to noise ratio. The water was allowed to 
cool for 60 minutes while continuous measurements were being taken. The volume of the tank was 
2 litres and this was positioned out of the sun, so that glint would not interfere with results. The heat 
flux at 57 °C was 3500 Wm-2 and at room temperature 60 minutes layer; 100 Wm-2.  

The unobtainable condition used in this technique would be the use of warm water, which raises the 
signal to noise ratio for the detector. The proximity to the surface in these experiments were also 
important to minimize radiation from the atmosphere and at some wavelengths; absorption by CO2, 
ozone and water vapour. Results shown in Figure 4.29 show the variation in brightness at 3.8 µm, 
however also shows the large difference that warm water- hence large temperature gradient- plays 
in obtaining reasonable signal above noise. Therefore although it is a useful technique for 
laboratory conditions (McKeown et al. 1995), there is too many conditions for its successful use in 
field conditions.  

A possibility for applications in the field is to compare IR radiation level from the surface with 
microwave radiation at an averaging depth of 1 mm. Because of the large difference in wavelength, 
the calibration would need to be carried out individually for both wavelengths, it would be fairly 
expensive, and it would possibly be necessary to make measurements at night to eliminate gleam 
and the solar heating profile.  

 

4.7 Experimental detection using multiband wavelength methods  
Detection of hexadecanol, octadecanol and Aquatain were attempted with a wideband spectrometer 
using clear water to calibrate the instrument, and then taking measurements of the samples. Any 
differences would show as differences from unity. It would be expected that any increases would be 
increases based on the reflectivity R of water (~2%). 

 

Materials and methods (Vis-NIR reflectance) 
The relative reflectivity of hexadecanol, octadecanol and a film of Aquatain surfaces were 
measured, compared to water. A FieldSpec Pro spectroradiometer (ASD, USA), with a 0.35-2.5µm 
spectral range, 10 nm spectral resolution and a 25º field of view, was orientated to view the 
reflection of an incandescent desk lamp as depicted in Figure 4.30.  
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The spectroradiometer comprised a 512 element, low dark current NMOS photo diode array 
designed to operate at room temperature. This was combined with two IR spectrometers which use 
a single element InGaAs detector, thermoelectrically cooled to provide additional coverage for the 
wavelengths form 1.0-1.75 and 1.75-2.5µm ranges. The integral operating software contains a 
clibration procedure, where the output from the three internal spectrometers is matched to give a 
continuous spectral response curve. 

 

Figure 4.30 Experimental arrangement for comparing the clear water reflection with film reflection intensities 
over wavelengths 0.35-2.5 µm. 

The wavelength-dependent reflectivity of the monolayer relative to clean water, Relative R(λ) was 
calculated using: 
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where IM(λ) and IW(λ) were the intensities of the intercepted radiation measured by the sensor for 

the monolayer and clean water respectively and dc(λ) is the dark current as self-measured by the 
instrument during the standard instrument calibration protocol. The wavelength-dependent 
reflectitity was measured for angles of incident (and detection) set at 10º, 45º and 70º. Each set of 
measurement involved the collection and averaging of 5 spectra.  

The water containers used were polypropylene food containers of dimension that the sampling 
surface area measured 10.95 × 16.48 cm (180.5 cm2) with a water depth of 5.0 cm. New troughs 
were used for each sample, which were rinsed prior to use to prevent any cross contamination.  

By way of comparison, reflectance spectra were acquired for hexadecanol and octadecanol, each 
applied by dropping a few crystals onto the surface to produce a full pressure monolayer. The 
samples of both hexadecanol and octadecanol were obtained from university stores, and were 
originally purchased from The British Drug Houses Ltd (BDH). No statement of purity could be 
obtained.  

A set of reflectivity spectra for a film of Aquatain was also acquired. An eyedropper was used to 
add Aquatain to the water surface. The density of Aquatain was determined using a standard 
laboratory density bottle, and found to be 903.5 kgm-3. An accurate balance was used to measure 
the mass of 50 drops of Aquatain and from this the drop volume was found to be 49 ± 1.3 drops per 
ml, or 2.04 ×10-8 m3. Based on this calculation the thickness of surface film gained by adding one 
drop would therefore be 1.13 µm. In 2007 the Aquatain web site suggested application rate given 
was 6 litres/hectare of water surface area with subsequent top ups. This was later changed in 2008, 

Incandescent 
lamp 
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and reduced to 2 litres/hectare every 10 days (www.aquatain.com 2008). These figures correspond 
to a desired thickness of around 0.2-0.6 µm. For this work thicknesses based on simple drop-wise 
addition of monolayers, that is corresponding to 1 drop (1.13 µm), 2 drops (2.26 µm) 5 drops (5.65 
µm).  

With each application of monolayer or Aquatain to the surface of initially clean water, the surface 
was carefully observed to ensure the surface layer was uniformly spread, with no crystal or film 
residue evident within the field of view of the spectroradiometer.  

 

Results and Discussion (Vis-NIR reflectance)  

The reflected spectra for hexadecanol and octadecanol was measured for the angles of 10 °, 45° and 
70°. Two samples, a 10° and 70° reflectivity are shown in Figure 4.31. Each graph includes a 
baseline reflectance spectra of clear water taken after each monolayer spectra. This latter spectra 
should be a horizontal line of unity reflectance and it is evident that the measurements are close to 
the noise limit of the spectrometer given the apparent deviation in this baseline spectra from the 
expected unity value. With exception of the 1.8-2.5 µm region, the uncertainly appears close to 1%; 

in the 1.8-2.5 µm region this fluctuation appears to be considerably larger at around 5%. 

(a) 
(b) 

Figure 4.31 (a)Relative reflectivity spectra of hexadecanol(dark grey) octadecanol( light grey) and water baseline 
(black) (expected to be unity) for angles of incidence of 10º (a) and 70° (b).  

Whilst there were small deviations from unity reflectivity for the hexadecanol and octadecanol, 
there were no significant spectral reflectivity features that could be discerned when compared to the 
fluctuations in the baseline water spectra. It was noticed that while the average of spectra was being 
carried out, each spectra was flashed onto the computer screen. Each of these spectra varied by at 
least 5%, indicating these measurements are on the limit of resolution of the spectrometer. The fact 
that hexadecanol showed a low reflectivity in these two images is only a random fluctuation as it 
showed a higher reflectivity than the baseline water and hexadecanol for the 45° run, and also other 
spectra. So no absorption features, as shown in Figure 4.12 could be identified and also no thin film 
interference was observable.  
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These results are inconclusive insofar as identifying any expected spectral features associated with 
harmonics of the absorption features described in Section 4.4.2. Moreover no consistent change 
could be measured with the monolayers, using these methods. The differences from unity were 
generally less than 1%.  

The results for the much thicker layer of Aquatain, however showed unambiguous thin film 
interference patterns when tested using the same procedure, only this time testing three thicknesses 
of the silicone oil. The same angles were used as for monolayers, are 10º (Figure 4.32), 45º (Figure 
4.33) and 70º (Figure 4.34). 

Unlike any of the monolayer reflectance spectra, here the hallmarks of a thin film interference 
pattern show very clearly for the 1.13 µm film thickness at all three angles. The almost sinusoidal 
reflectance spectra, with peaks of increasing wavelength separation are indicative of harmonics 
associated with constructive and destructive interference. As the film thickness and therefore 
opacity increases to 5.65 µm, the reflection from the lower surface creating the interference is lost 
and reflectivity only occurs from the top surface, leaving a relatively constant value which increases 
with wavelength. The elevated reflectivity values spanning 1.5-2 compares well with the value  of 
1.7 measured for a silicone oil by Gainer (1969) when using incident sunlight. 

 

 

Figure 4.32: Reflectivity spectra of Aquatain films at 10º.  Thick black line= 1.13 µm thickness, Dashed line = 
2.26 µµµµm thickness; thick grey line = 5.65 µµµµm thickness. 
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Figure 4.33 Reflectance spectra of Aquatain films at 45º.  Thick black line= 1.13 µm thickness, Dashed line = 2.26 
µµµµm thickness; thick grey line = 5.65 µµµµm thickness. 

. 

 

 

Figure 4.34 Reflectance spectra of Aquatain films at 70º.  Thick black line= 1.13 µm thickness, Dashed line = 2.26 
µµµµm thickness; thick grey line = 5.65 µµµµm thickness. 

Similar behaviour occurs for all three angles, with a generally decreasing reflectivity value for 
increasing incident angles.  
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Figure 4.35 Refraction angle notation through the thin film. 

The thin film interference spectra produced by the film can be analysed to accurately verify the film 
thickness. Since there is a phase change as rays enter a material of higher refractive index, the 
reflection off the top of the silicone oil undergoes a phase change of 180° for the more highly 
reflected horizontal polarization. The interfering ray that reflects off the oil-water interface 
undergoes no phase change. Using the diagram shown in Figure 4.35 (Nave 2009):  
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where n is the refractive index of the film- measured to be 1.419 (Chapter1), d is the  thickness of 
the film, m is an integer (1,2,3,…) representing the number of wavelengths making up the path 
length on the reflection from the lower surface of the film, α is the initial angle of incidence, and β 
is the refracted angle of incidence on traversing the film. 

 

By way of example using the 1.13 µm series, for each angle the transmitted light reflected from the 
water surface will undergo refraction, which will change the length of the path travelled through the 
film slightly. Snell’s law can be used to calculate the refraction angle.  

Table 4.4 Incident and refracted angles 

Angle α Refracted angle β 

10  7.0 

45 29.9 

70 41.5 

By observing the 1.13 µm plot on the 450 graph, the maximum on the right side would then 
correspond to the order of 1.5, and they increase for each maxima moving to the left. The 0.5 order 
would be a wavelength around 4 times the thickness, as there is a π phase change on reflection at 
the surface, so the reflected wave would only need a distance of λ/2 for constructive interference. 
This would make the film about ¼ the wavelength for order of 0.5. To add weight to this choice of 



 181

maxima, a few choices were tried and the graph of 1/m against λ also shows a straight line, as it 
should, only for this choice.   

 

 

 

Figure 4.36 Determination of the thickness of the thin film using the interference pattern of Figure 4.33. Angle of 
incidence = 45o. 

The condition for constructive interference, shown in Equation 4.22 can be rearranged as shown:  

λ
θcos2

1

2

1
1

ndm
=

−
 (4.23) 

to show that a graph of 1/m plotted against λ will yield (2ndcosθ)-1 as the gradient, from which the 
thickness d can be calculated.  

On rearranging:  
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This is slightly below the thickness estimated using the earlier drip volume method (1.13 µm). 

In a similar way the thickness for the 10° angle was calculated to be 1.05 µm and 700, 1.12 µm. All 
these estimations are smaller than the physically calculated value. Marple & Vanderslice (1960) 
suggest that around 0.3 µm of the hydrophilic end may be immersed in water, reducing the 
thickness obtained by optical means, and this may explain the systematic difference.  

Whilst Aquatain has proven an interesting point of comparison for the use of optical reflectance 
measurements to calculate film properties such as thickness, it remains true that over the 
wavelength range 0.35-2.5 µm there is insufficient sensitivity to detect changes in reflection 
characteristics caused by monolayers.  
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4.8 Fluorescent observations  
A combination of monolayer and water-soluble fluorescent dye has been tested by Barger and 
Garrett (1976) to assist search and rescue efforts at sea using airborne remote sensing devices in 
addition to visual observation. They tested several water soluble fluorescent dyes, finding uranine to 
be the most suitable, as it spread out in association with the monolayer. Their aim was to develop a 
portable package that could be used in times of emergency.  

The fluorescent behaviour of various oil slicks was studied by Hengstermann & Reuter (1990) using 
fluorescent LIDAR (Light detection and ranging) techniques. A 10 MW excimer pulse laser was 
used, with pulses of 12 ns at a wavelength of 308 nm. This particular wavelength would allow depth 
penetration of a few metres (check Figure 3.2). At a flight height of 245 m the laser had a footprint 
of 2.5 m wide. The signal was received with a Perkin-Elmer model 650-40 spectrofluorometer 
telescope with detection wavelengths of 344-685 nm. The results (Figure 4.37(a) and (b)) show 
quite a large increase in fluorescence as shown by the clear water run (a) compared to crude oil, fish 
oil and olive oil. The olive oil is similar to hexadecanol and octadecanol as it contains over 50% 
oleic acid, a monounsaturated C18 acid.  

 (a) 

 

(b) 

Figure 4.37 (a) Emission spectrum of clear water taken from the German Bight, using an excitation wavelength 
of 308 nm. The peaks at 308 and 344 nm are due to elastic scattering and water Raman scattering, respectively. 
The broad band centred at 420 nm is due to dissolved organic matter, that centred at 685 nm is due to 
chlorophylla.(b) Fluorescence produced with the addition of oils. Adapted from Hengstermann & Reuter (1990). 

 

4.9 Experimental detection using Fluoroscopy 
Detection of monolayers may be possible using inherent fluorescent activity with short visible 
wavelengths or UV radiation, as displayed by oleic acid in Section 4.8 or by combining the 
monolayer material with a fluorophore.  

Material and Methods  

An ISS Chronos BH spectrofluorometer was used to examine samples containing hexadecanol and 
octadecanol by dissolving a small quantity of each into a concentrated solution using ethanol with 
an excitation wavelength of 379 nm. Also dispersions of Aquatain shaken in water with an 
excitation wavelength of 360 nm were tested. 
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These solutions should maximise the degree of fluorescence observable providing more material to 
observe, improved from the thin film situation, where there is a much lower density of possible 
fluorophores. This should provide a fluorescence signal several orders of magnitude larger than 
would be expected for films. 

 

Results and Discussion 

The fluorescent emission from hexadecanol and octadecanol excited at 379 nm were quite low as 
shown in Figure 4.38(a) and (b). The hexadecanol did fluoresce slightly at around 350 nm. The 
intensity magnitude on the y-axis corresponds to a photon count at these wavelengths and is taken 
under the same conditions so the absolute values can be compared. Below approximately 800,000, 
photons are striking the photo detector at a low enough frequency that there is essentially no chance 
of two photons striking at the same time, and hence the photon count is directly proportional to the 
amount of substance present. 

 

(a) 

 

(b) 

Figure 4.38 (a) Fluorescence signal of (a) hexadecanol and (b) octadecanol in ethanol. Excitation wavelength for 
both was 379 nm. 

By comparison, weaker fluorescence was observed for Aquatain excited at 360 nm as shown in 
Figure 4.39. The increasing emission intensity corresponds to an increase in concentration of 
Aquatain in water. It was noticed it formed an emulsion when shaken with water. 

The low fluorescence of Aquatain excited at 360 nm was improved with the addition of a lipid 
fluorescent probe called Prodan (Figure 4.39(b)). A fluorescent probe is a fluorophore designed to 
localize within a specific region of a specimen or to respond to a specific stimulus. Prodan is a 
phospholipid membrane surface dye which will fluoresce only within a hydrophobic environment.  
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(a) 

 

(b) 

Figure 4.39(a) Fluorescence signal of Aquatain dispersion in water using an excitation wavelength of 360 nm. 
The lowest line corresponds to pure water, followed by 1% 4%, 8%, 12%, 16% and 20% Aquatain v/v. 

(b) Fluorescence signal of Aquatain dispersion in water in the presence of Prodan. Excitation wavelength 360 
nm. The lowest line corresponds to a solution of Prodan in water, followed by 1% 4%, 8%, 12%, 16% and 20% 

Aquatain v/v. 

 

The emission wavelengths are much more intense with two peaks being evident at 420 nm and 
514 nm. Prodan in solution gives only the peak at 514 nm. As the concentration of Aquatain 
increases the left peak at 420 nm increases, with the 514 nm peak decreasing. Absolute values are 
difficult to use, however if a ratio of the intensity of the 420 nm peak is divided by the intensity of 
the 514 nm peak, a determination of concentration of Aquatain may be possible in the field. This 
ratio will then be independent of intensity of lighting conditions.  

The use of sunlight as a source of light in detection of fluorophores seems unlikely, as the following 
answer from a personal communication with Dr. Mathias Lösche (2008) explains, “… I am 
absolutely positive that fluorescent dyes are totally unsuited for observation in sunlight. The 
emission from a monomolecular layer simply cannot be seen by the naked eye, i.e. the difference 
between covered and uncovered surface will be much too low to follow. So, I wouldn't say it's 
doubtful - it's rather out of the question.” 

Taking this response into account an artificial light source would be needed and a point testing 
system would be used, rather than a remote imaging system covering the whole water storage.  

The amount of fluorescing amphiphile dye is less than 2% (Barnes & Gentle 2005), and this is 
could be mixed with the film material before application. The signal fluorescence could then be 
found by illuminating a portion of the surface and measuring the fluorescence.  

 

4.10 Conclusion 
It was found that emissivity changes due to monolayers are not large enough to be detectable under 
field conditions. Thicker films such as Aquatain, however do show measurable differences both 
under laboratory, and field conditions.   
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IR measurements of surface temperature show that the evaporation rate, and therefore evaporative 
cooling is indeed proportional to the humidity deficit (eSWT-e) as predicted by Dalton’s equation.  

An attempt to measure the subsurface water temperature using an underwater jet, only produced 
results when the air temperature was below the water temperature- so that sensible heat processes 
and latent heat processes both act to cool the surface and produce a noticeable difference between 
surface temperature and subsurface temperature. When they are acting in opposite directions, when 
TAW is positive and their effects on the surface cannot be separated to determine the evaporative 
cooling. 

Aerial IR measurements are not as successful at detecting monolayer as might be expected. This has 
been shown by (Jarvis 1962) to be due to the insulation of the surface caused by impairment of the 
convective heat flux operating to cool the surface, in opposition to the expected warming due to 
evaporation reduction.  

Fluorescent measurements showed that both hexadecanol and octadecanol produced very little 
fluorescent activity, unlike oleic acid which is responsible for the slightly luminous glow in olive 
oil. Addition of the fluorophore Prodan to Aquatain produced interesting results, however due to the 
cost and difficulties in eliminating solar radiation, as well as the effect of any added fluorophores 
creating holes in the monolayer cover made any further investigation inadvisable.  

The reduction in IR surface temperature measurement with the addition of wind created larger 
temperature differences between a clear surface and monolayer surface and these will be 
investigated further in the next chapter.  
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Chapter 5. The influence of external air flow on evaporation and its 
potential for detection of monolayers 

There is generally agreement between researchers experienced in monolayer field trials that 
combating the destructive effects of wind whilst harnessing the spreading ability of wind is key to 
effective deployment of monolayers (McArthur 1962; Tiblin, Florey, & Garstka 1962; Vines 1962). 
Thus, understanding the processes whereby wind interacts with monolayers should help in 
developing suitable management practices which can take advantage of the useful aspects of wind, 
while minimizing the deleterious effects. Wind affects monolayer surfaces and water surfaces 
differently. For instance the magnitude of the critical wind speed for wave production is higher for a 
monolayer surface. Also the wind generated wave amplitude is reduced by monolayers, as shown 
by the higher decay constant in Chapter 2. Some of these differences may lead to potentially useful 
detection methods, considering the relative ease in producing artificial wind over testing areas on 
water storages.  

Wind affects monolayers in three ways:  

o producing waves which increase surface area and disturb the packing of molecules 
in the monolayer 

o causing downwind surface drift affecting coverage 

o increasing the evaporation rate by reducing the thickness of the vapour diffusion 
layer 

These three effects will be examined in detail so that some potentially useful differences between a 
monolayer surface and clear water surface may be examined in the experimental section.  
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5.1 The production and maintenance of waves by wind 

Background theory 

 
(b) 

Figure 5.1 (a) Logarithmic profile proposed by Ruggles (1970).  (b) Graphing wind speed as a function of height is often 
used to determine the frictional velocity U* and roughness length z0 from experimental measurements. 

In routine meteorological observations, the horizontal wind speed (Uz) above the surface of a body 
of water at height z is measured at a single height of z = 10 m above the surface (Massel 1996:26). 
There is a reduction of wind speed near the surface due to friction, with the shape of the vertical 
wind speed profile just above the water surface given by a semi-empirical logarithmic relationship 
called the “Law of the Wall” initially suggested by Von Karman (1930). It is now commonly called 
a logarithmic wind profile, given by: 
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where: U(z) is the average wind speed at height z above the surface, κ is von Kármon’s constant = 

0.42 (Takeda 1963), z0 is the surface roughness length in metres and U* is the frictional velocity.  

The constants U* and z0 can be found by taking measurements of wind speed at various heights 
above the surface and using a rearrangement of Equation 5.1. 
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A line of best fit (Figure 5.1(b)) reveals the friction velocity U* from the gradient, and roughness 
length z0 from the y intercept (Ruggles 1970).  

The horizontal force wind applied to the surface, called wind stress is measured by the force applied 
to a square metre of surface. It unfortunately uses the same symbol as torque τ, so care needs to be 

taken not to confuse the two. The definition of wind stress τ is:  
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where η is the air viscosity. At the surface (Takeda 1963) 

 
2
*0 Uaρτ =  (5.4) 

where ρa is the air density. Thus the stress can be calculated from the frictional velocity. There are 
several techniques of calculating the wind stress, such as the “set-up”, wind profile and retraction 
methods. The set-up method measures the angle of alteration of the normally horizontal surface 
when reacting to the force of the wind on water in a wind tunnel. Using this method Fitzgerald 
(1963) found a lowering of wind stress with the addition of surfactant (Figure 5.2(a)). He found 
these correlated well with the wind profile method using U* (outlined in Section 5.1) (Figure 
5.2(b)). The retraction method is discussed in Figure 5.16. All of these methods show a reduction in 

τ as a result of the addition of surfactant. 

(a) 

 

 
(b) 

Figure 5.2 Fitzgerald’s results (1963) for surface stress using (a) Set-up and (b) Wind profile methods. Clear 
watersurface; ����, hexadecanol; ����.  

The frictional velocity and wind speed at a height can be related, and this is called the coefficient of 
drag Cdz, where Cd is the variable and subscript z is the height of wind speed that is being compared 
to the friction velocity. The wind drag is often given in terms of Cdz rather than using absolute units 
(e.g. (Wu 1982)). 

The coefficient of drag is a dimensionless ratio defined as 
2

2
*

z
dz U

U
C =  and can be found 

experimentally from the values determined using fitted wind profile (Deaken, Sheppard, & Webb 
1956). Cd10 varies in value from 0.3× 10-3 – 5 × 10-3.

 An approximation often used when relating U10 

or ∞U  to the friction velocity U* is that *20~ UU∞  (Gottifredi & Jameson (2006:391; Ruggles 

1970). 

The drag of small gravity waves may be the major, if not the only, cause of wind stress at sea 
according to Francis (1954). These small waves move at a lower wave velocity than the larger 
gravity waves (Section 2.3.6) increasing the difference in velocity between wind and wave speeds 
(U-v). They also have a steeper form and a more angular crest than large waves and there are more 
of them, particularly as the number increases with wind speed. Francis comments that earlier work 
completed by Van Dorn (1953) with larger waves showed a very similar drag coefficient to a 
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smaller scale experiment he was conducting, without the large waves, indicating that larger waves 
may have much less drag. Wu (1988) agrees that large dominant waves have no effect on stress in 
the field, however he also comments that dominant waves in laboratory wind tunnels do have a 
direct effect on wind stress.  

5.1.1 Effect of monolayers on the roughness length z0  

 

Figure 5.3 Roughness length at sea for clear surface and surface covered with octadecanol. Source; (Wu 1971). 

Experiments conducted by Barger and Garrett (1970) show conclusively that addition of a 
monolayer such as octadecanol affects the wind structure above large gravity waves at sea. They 
measured the wind speed at heights of 1, 2, 3, 5, 8, and 10 m and used a fitted wind profile as 
described in Section 5.1 for each wind speed. Wu’s (1971) interpretation of the data from Barger et 
al. (1970) is shown in Figure 5.3. The octadecanol monolayer data series shows a reduction in 
roughness length, for low wind speeds. Barger and Garrett (1970) also measured the instantaneous 
velocity above large gravity waves with interesting results. With a clear surface they found the 
maximum horizontal wind velocity is usually at the time of the trough in waves. However with the 
addition of monolayer it occurs at the peak of the waves. 

For the smaller wavelength gravity waves, they explain that the capillary wave induced wind field, 
which is strongly influenced by the water surface, “loses all knowledge of the motions of the sea” 
(Barger et al. 1970). This would tend to indicate a lowered wave- wind coupling, perhaps due to a 
decrease in the drag coefficient in addition to a changed wind structure. 

Figure 5.3 would also give an indication of the ideal wind speed for maximum contrast using 
backscatter of radar signals (Section 2.5.1). The backscatter is proportional to wave height, which in 
turn is related to roughness length. Maximum contrast would therefore be produced by a maximum 
difference in wave height between the data series in Figure 5.3, which occurs in the area of wind 
speed below 6 m s-1. The ideal wind speed range found by Alpers & Espedal (2004) (Section 2.5.1) 
was 3-6 m s-1.  
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5.1.2 Critical wind speed  

The minimum wind speed needed to produce waves is known as the critical wind speed. 
Theoretically the critical wind speed for water is 0.23 m s-1, since this is value for minimum wave 
speed, as explained in Section 2.3.6. Wind speeds equal or less than this value cannot produce or 
reinforce waves below this value since the wind needs to be moving faster than the wave (Lamb 
1906:569). Field evidence of the minimum wind speed needed to generate waves is usually higher 
than this as the waves need to be initiated by slight variations in surface stress, and maintained 
during a lull between air flow.  

 

Figure 5.4 Critical wind speed for production of waves for a water surface. Also the critical wind speed needed 
for production of waves measured away from the surface (U∞). Adapted from Gottifredi & Jameson (2006).  

The minimum value of U∞ of 1.01 m s-1 was measured by Jeffreys (1925:198). Similar results have 
been obtained for critical wind speed dependence on wavelength by Gottifredi & Jameson (2006), 
depicted as the curve labelled U∞ in Figure 5.4. Comparison of the two data series, the critical wind 
speed and wave velocity show that waves are initiated on the gravity side of the velocity minimum 
at a much lower wind speed than for capillary waves on the left. This is due to the force on the wave 
encouraging the wave to increase in size for gravity waves, while there is a conflict for capillary 
waves, as they need to reduce speed to become larger.  
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Figure 5.5 Critical wind speed for a range of  wavelengths and dilational elasticity values. Source (Gottifredi & 
Jameson 2006). 

The addition of a monolayer such as hexadecanol to the water surface increases the dilational 
elasticity ε of the surface (Pogorzelski & Kogut 2001) by a value of at least 10 mN m-1 (Gottifredi 
& Jameson 1968). With the addition of a surface film the critical wind speed for wave generation 
may be increased by a factor of 10 depending on the wave number k and surface dilational elasticity 
ε as shown by Gottifredi & Jameson (2006) in theoretical calculations of critical wind speeds shown 
in Figure 5.5. For the shorter wavelengths a very small value of ε ≈ 5 mN m-1 will double the 
critical wind speed.  

This plot also shows the critical wind speed for pure water (ε = 0 mN m-1) of around 0.2 m s-1. 
Converting this to actual wind speed (U∞) by multiplying by 20, produces a value of the critical 
wind speed as determined by Gade, et al.(1998) of 4 m s-1 in a wind tunnel. So this is around four 
times the critical wind speed for water.  

Once small waves have been initiated their behaviour depends on the wind speed. The effect of 
purely tangential force acting in the same direction as existing surface waves in a fluid is to act 
forwards on the crests of waves and backwards at the trough, changing sign at the nodes. (Lamb 
1906:508). This is similar to the circular orbits of the water particles at the surface discussed in 
Chapter 2 and therefore acts to reinforce their motion. Jeffrey’s “sheltering” model (1925) explains 
the growth of waves in terms of streamlines. He states that with an increasing wind speed, the flow 
changes from moving steadily throughout the troughs and over the crests to sliding over the crests 
and impinging on the next wave at some point between the trough and crest. 
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Figure 5.6 Jeffrey’s sheltering model. Source; Boss & Jumars (2003) The area of high pressure + on the 
windward side helps to lift the leading edge of the wave's crest, while the area of low pressure - on the leeward 
side works to deepen the trough. 

With both the wind and waves moving to the right in Figure 5.6, the waves are reinforced. The 
windward face of the wave experiences an increased air pressure, and the leeward sheltered face of 
the wave experiences a lowering. In the trough, eddies form reversing the wind direction and 
decreasing the pressure in front of each wave. The result of this behaviour is to deepen the trough 
and push the wave along.  

As the amplitude of the small gravity waves increases, the wind striking the back face of the wave 
is deflected upwards to a greater extent (Jeffreys 1925), creating increased turbulence. The addition 
of monolayer would tend to act against the initial formation and also the process of wave growth 
described, strongly damping small waves.  

 

5.1.3 Maximum wind velocity endured by monolayers on large storages 

Wave damping can be used as an indication of coverage for a range of windy conditions on large 
storages, when background water can be seen for comparison. McArthur (1962) noticed the 
damping is visible for hexadecanol for wind speeds (U0.457) above 4 m s-1 up to 7.4 m s-1. Only poor 
coverage is possible with U∞= 7 m s-1 according to Tiblin et al. (1962:184), who goes on to say that 
for wind speed increases to U∞= 9 m s-1 the film would suddenly disappear. They felt that this was 
probably due to interference of monolayer structure by wave formation and mixing of the 
hexadecanol in the water by wave action and white capping.  

Wave damping can be caused by much lower surface pressure (Section 2.5.6), than the maximum 
surface pressure possible with the monolayer. So even though the damping may be observed, the 
surface pressure, and hence evaporation reduction may be substantially lower than what is expected 
for full pressure. Field trials made in Australia by Tiblin (1962) led to the conclusion that no 
appreciable evaporation reduction is possible in field conditions above 4 m s-1. Vines(1962:147) 
noticed that, although winds are known to break up hexadecanol monolayers and sweep them back, 
under strong winds, a water surface rarely becomes completely uncovered, as shown by the streaky 
appearance of the wave patterns produced (Vines 1962:147). He also found that the use of solvents 
causes an increase in the tendency of the film to collapse under windy conditions (Vines 1962:149). 

The length of time that strong winds are present and the occurrence of strong winds is not great 
compared to the evaporation time when they are not present, so the evaporative loss of water due to 
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monolayer destruction in strong winds in Australia is small compared to everyday evaporative 
processes (Mansfield 1962:134).  

 

5.1.4 Vapour diffusion layer  

A series of experiments performed by Rideal (1924) showed that even under vacuum conditions, 
the vapour diffusion layer still exists just adjacent to the surface. The effect of this layer on a water 
surface at temperatures between 20-35 °C is to reflect in excess of 99.5% of vaporised molecules 
back to the surface reducing the evaporation by at least this amount. Similar experiments on water 
evaporation led Boer (1968) to postulate that the slow diffusion of water vapour from this layer of 
water vapour saturation into the air above governs the actual rate of evaporation. 

The upper limit on the rate at which molecules can escape from a liquid interface into a perfect 
vacuum derived from kinetic gas theory is predicted by the Hertz-Knudsen equation:  

 
swte e

RT

M
m
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(5.5) 

where me is the evaporation mass, M is the molecular weight of water, R is the universal gas 
constant, T the water surface temperature in Kelvin and eswt is the saturated vapour pressure at water 
surface temperature. This fits Boer’s (1968) definition of the maximum rate of evaporation. If the 
vapour is taken away and kept away, and any molecule is prevented from returning to the surface 
while maintaining the water at the constant temperature, this rate of vaporization is the maximum 
rate of evaporation.  

Substitution of values for a water surface at 25°C (298 K) in a perfect vacuum into Equation 5.5, 
results in an evaporation rate of 316 m day-1. This very high evaporation rate however is never 
observed, since even in a vacuum, as experiments performed by Rideal (1924) showed, the vapour 
diffusion layer is still present. At 25°C he obtained an evaporation rate of 1.33 m day-1, (0.42% of 
the evaporation theoretically possible in Equation 5.5). When the atmosphere is also present the 
evaporation measurement becomes identical to every day measurements such as using evaporation 
pans. For Sydney, with an average temperature of 20.6 °C (BoM 2010) the annual evaporation is 
measured at 1330 mm year-1 (Table 1.1) or 3.64 mm day-1.(0.27% of that with the vapour diffusion 
layer) with the addition of air pressure. So both the vapour diffusion layer and air pressure reduce 
evaporation substantially each contributing around the same evaporation reduction effect. 

The vapour diffusion layer, therefore controls the evaporation rate, and any changes to evaporation 
rate, must therefore affect the vapour diffusion layer. Since the vapour molecules are transferred by 
diffusion the thickness largely determines the evaporation rate, particularly under windy conditions 
(Lai 1977). Any changes to the evaporation rate, must therefore be influenced by, or alter the 
vapour diffusion layer.  

 

Thickness of vapour diffusion layer  

Penman (1948) suggested that this evaporation reducing water vapour layer is usually between 1-3 
mm thick. Subsequent research suggests it is strongly dependent on wind speed. MacRitchie (1969) 
suggested that monolayers act, by resisting the effect wind has on the vapour diffusion layer 
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thickness. The evaporation rate me is equal to the rate of this diffusion step and may be described by the 
equation (MacRitchie 1969)  

 
( )
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(5.6) 

where D is diffusion coefficient, δd is the effective thickness of diffusion layer, and e0 and e are 
concentrations at the two surfaces of the diffusion layer. 

The thickness of the diffusion layer has been estimated by (Lai 1977; Makin & Kudryavtsev 2002; Wu 
1971) as: 
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where η is the viscosity of the air, d is a constant which is around 12 (Makin & Kudryavtsev 2002; Wu 
1971). Wu’s data (Wu 1971) (Figure 5.8) showing a reduction in U* with a monolayer surface 
therefore increases the diffusion layer thickness, which in turn decreases the evaporation rate using 
Equation 5.6. 

 

Figure 5.7 Diffusion layer thickness at various windspeeds measured at a height of 10 m. Data adapted from: Wu 
(1971); ����,   Mangarella et al. (1973); Crosses with dashed line, Schooley (1971); Solid grey line. 

A comparison of the experimentally determined thickness of the vapour diffusion layer, as determined 
by separate researches using different methods is shown in Figure 5.7. Values for sea conditions were 
collected by Wu (1971) using the wind profile gradient method in Section5.1, and substituting this into 

Equation 5.7 to obtain δd. Magarella et al. (1973) used a wind tunnel, while Schooly (1971) used 
laboratory wind flume evaporation measurements. Although the values vary in magnitude depending on 
the calculation method, apparatus and conditions, they all show an inversely proportional relationship 
with wind speed as indicated by Equation 5.7, and as MacRitchie points out (Equation 5.6), this 
thickness is inversely proportional to the evaporation rate.  



195 
 

 

5.1.5 Effect of wind on evaporation rates  

The evaporation rate of water is proportional to the wind speed according to Dalton’s Equation 
(1.1), however the addition of monolayer to the surface, introduces additional influences which 
change this rate, such as surface pressure, degree of coverage, temperature and humidity. Tests 
reporting the evaporation reduction of monolayers over a range of wind speeds are very scarce, as 
McJannet et al (2008) report, probably as it is difficult to ensure coverage under higher wind 
speeds. They cite the results of  Fitzgerald and Vines (1963) which give the following reductions in 

evaporation due to hexadecanol application at different wind speeds (U). 

Table 5.1 Evaporation reduction at increasing wind speed. 

Wind speed U m s-1 Evaporation reduction % 

2.2 40 

2.2 < U < 4.5 10-20 

6.7 m s-1 ~ 0 

Langmuir and Langmuir (1927) originally argued that the reduction due to monolayers in the field 
is mainly due to the combined resistances of the vapour diffusion layer and the resistance to 
vaporization, with the monolayer simply adding another resistance term to a diffusive evaporation 
process (O'Brien et al. 1976). Accurate characterisation of monolayers using Langmuir troughs in 
the 1950s and development of desiccant method of measuring evaporation by Archer & La Mer 
(1955), shows that the energy barrier theory seemed to best explain the differences in evaporation 
measured with the addition of monolayer under laboratory conditions. In field trials however, the 
effects of winds need to be accounted for, as they reduce the thickness of the diffusion layer, 
increase the surface area with the production of waves and cause losses by retraction of coverage. 
After many experiments Mansfield (1959) states that “Any resistance to vaporization sited within 
the monolayer is negligible compared to that experienced during diffusion into the atmosphere”. 
Since the diffusion layer is responsible for the major part of evaporation resistance, wind factors 
which affect the diffusion layer thickness such as wind stress and the action of waves could be 
considered.  

Mansfield (1962) points out that since monolayers reduce the development of waves; the wind near the 
surface might have a different structure. Researchers such as Barger et al (1970) have since shown this 
to be true and that wind generated waves, in turn alter the wind profile. This often leads to small but 
significant changes in the transfer coefficients of sensible heat and water vapour (Mansfield 1962). 

Wu (1971) conjectured that the retardation of evaporation of monolayers in the field under turbulent 
wind is partly due to the wave-damping effects of monolayers altering the wind structure. He argues that 
not only is the roughness length reduced, due to smaller amplitude waves, but also that the friction 
velocity is reduced, thereby reducing evaporation. Thus the causal link between the presence of 
monolayers and decreased vapour diffusion is the impact of the monolayer on surface roughness. 
Within the vapour layer just above the surface, the humidity is 100%, causing the rate of 
vaporization to virtually equal the rate of condensation. Evaporation occurs when vapour molecules 
diffuse through this layer along the gradient away from the surface (Wu 1971). So: 
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where me is the rate of evaporation, ρ is the density of moist air, kw is the vapour diffusion 
coefficient 0.26 x10-4 m2 s-1 at 20ºC (Jones 1992), q is the specific humidity (the mass of water per 
unit mass of moist air) and z is the elevation. The specific humidity is proportional to the vapour 
pressure divided by the ambient atmospheric pressure p.  
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Substituting this term into Equation 5.8 yields: 
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This is a molecular process if the wind is laminar, however in the field there is turbulence which 
needs to be accounted for: The eddy viscosity km within a turbulent boundary layer is proportional 
to the shear velocity: 
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where U* is the friction velocity  

If the velocity gradient within a turbulent boundary layer is proportional to the friction velocity 
then: 

 *Ukm ∝  (5.12) 

   

 and this can be substituted into Equation 5.8: 
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 A variation of Reynolds analogy (Brutsaert 1982), stating that the thermal diffusion layer is 
proportional to the viscous diffusion layer, can be used at this point to remove both coefficients. Wu 
(1971) actually states the ratio of thermal diffusion layer thickness to viscous layer thickness for 
water is 1:2. Since the coefficients are proportional they can be cancelled.  
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 This relationship is similar to the Dalton equation where the humidity deficit is 
dz

de
, and the 

constants are represented by ρ and p. For a steady turbulent wind passing over a water storage the 



 

parameters ρ, p and 
dz

de
 do not vary much, leaving the evaporation rate proportional to the frictional 

velocity U*. This is a particularly important result as it means that an
velocity due to the addition of monolayer will alter the evaporation rate. 

The experimental results of Barger and Garrett 
the frictional velocity He found that there is a difference in frictional velocity in the region of wind 
velocity of 5-7 m s-1 where small waves are being generated. For low values of frictional velocity, 
below 0.16 m s-1, the wind velocity on a clear surface is nearly twice that of the monolayer covered 
surface as shown in Figure 5.8(a).

 

Figure 5.8 (a) Dependence of friction velocity on wind velocity measured at 10 metres height. 
surface, ����; monolayer surface. Source
the original profile for water is shown in black, and the changes by monolayers are shown in red. 

He goes on to state, “I conjecture that the retardation of evaporation due to monolayers in the field 
under turbulent wind may actually be due to the wave
So comparable wind speeds measured as part of evaporation reduction experiments for cases of 
clear water and monolayers may actually have quite different frictional veloci

Wu (1971) also found a reduction in roughness length 
shown in Figure 5.8(b). By lowering 
above the surface and also a lowering of the roughness length, closer to the surface caused by the 
wave damping.  

Francis (1954) suggests that the wind stress 
small ripples, and not by the drag of the big waves. He argues it is always assumed that ripples are 
always present in the same number and sizes, whatever the wind speed; though in fact is a common 
observation that such ripples appear more frequently and are 
compared stress results taken in the presence of large waves, with those taken in their absence and 
found little difference.   
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So comparable wind speeds measured as part of evaporation reduction experiments for cases of 
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also found a reduction in roughness length z0. These changes to the wind profile are 
(b). By lowering U* the velocity gradient is altered, leading to lower air speeds 

above the surface and also a lowering of the roughness length, closer to the surface caused by the 

suggests that the wind stress 0 is mainly caused by the drag of the slow moving 
ll ripples, and not by the drag of the big waves. He argues it is always assumed that ripples are 

always present in the same number and sizes, whatever the wind speed; though in fact is a common 
observation that such ripples appear more frequently and are more prominent in higher winds.  He 
compared stress results taken in the presence of large waves, with those taken in their absence and 
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Surface films affect the capillary waves much more strongly than larger waves, and therefore have a 
major effect on the wind stress. The smoothness of the damped capillary waves leads to alterations 
of the air flow velocities, and water flow characteristics  as the setup reduces markedly (Fitzgerald 
1964). 

 

5.1.6 Surface drift measurement 

The speed at which monolayers move across the surface is critical to dispensing rate (McArthur 
1962) and to the positioning of dispensers. Monolayer slicks follow the natural drift of the water 
surface to which the molecules of the slick are anchored (Garrett & Barger 1970). 

On small storages and testing troughs it is often measured by observing the speed of floating 
substances such as talc (Fitzgerald 1964). Wu (1975) argues that a more accurate estimate of drift 
speed is found by using floats at various depths close to the surface, and extrapolating linearly to the 
surface as shown in Figure 5.9. Wu conducted measurements on a large tank (22 m long, 1.55 deep 
and 1.5 m wide) using pitot floats (as shown in Figure 5.9(a)) at various depths. It has been found 
by other authors such as McArthur (1962) that the larger the float, the slower it moves with drift 
velocity, so Wu’s method of extrapolating to the surface should apply for infinitely small particles.  

 

 

 

(a) 
(b) (c) 

Figure 5.9 Wu’s experimental techniques and results Source; (Wu 1975). (a) The pitot- static tube float which 
can detect current velocities under the surface (b) Drift current results produced from the pitot floats at near 
surface depth extrapolated to the surface (c) Results for surface drift velocity percentage using these techniques.  
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The linearity of the velocity profile near the surface is shown by Wu in Figure 5.9(b), showing that 
an extrapolation to the surface for the true surface drift velocity is justified. When the ratio of 
surface wind velocity and wind speed is plotted against wind speed (Wu 1975) (Figure 5.9(c)), a 
slight dependence of this ratio speed was noticed Results obtained by Keulegan (1951) also show a 
similar trend, increasing to 3.3%, noting that it increases with depth and decreases with fluid 
viscosity. 

The drift speed of oil slicks at sea due to wind and waves at sea has been measured at between 2.5-
4% of wind speed, with a mean value of 3.5% (Spaulding 1999).  

A comparison of surface drift between a clear water surface and a detergent covered surface has 
been completed by Fitzgerald (1964) on a 1.9 m long laboratory channel. These results are shown in 
Figure 5.10(a). With the decrease in surface stress that occurs with the addition of monolayers, it 
would be expected that the surface drift velocity would decrease. However it is shown to increase 
above the clear water speed, reaching a value of 4.5% for a wind speed above 5.5 m s-1. Spillane & 
Hess (1978) cites Van Dorn (1953) results also showing an increase with the addition of soap to the 
water. Figure 5.10 also critically shows that virtually full pressure is needed to show the increase. 
For all other pressures it is slightly below the drift velocity of a clear surface.  

 

 

(a) 

 

(b) 

Figure 5.10 (a) Variation of drift velocity with wind speed for; clear water;○; and surfactant; X with a surface 
pressure of 35-40 mN m-1. (b) Variation of drift speed with surfactant surface pressure at wind speeds of. 0.44m s-1; 
����;  0.60 m s-1;○, and 0.70m s-1; x. Adapted from Fitzgerald (1964). 

Field studies involving hexadecanol showed a drift speed of 3.6% when measurements were made 
over larger lengths of film covered water (~1.5 km). McArthur (1962) suggest the drift rate is not 
constant, but shows an increase from an initial 4% early in the drift, and picks up speed to 7% along 
a downwind length, perhaps indicating that the top layers of water are also being forced downwind. 
In the work of McArthur (1962), the front of the drifting hexadecanol was used an indicator of drift 
speed as it was clearly defined against the background water. He observed that solid unspread 
monolayer material move downwind more slowly than the film front itself. The larger unspread 
components would be attached to lower layers and move slower in accord with Wu (Wu 1975) data 
in Figure 5.9. He also noticed that visible solid components in the film that did not spread apart 
tended to form a tail to the slick, moving slower than that of the leading edge.  
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A reason for the higher drift speed is given by McArthur (1962). Since monolayers damp small 
waves, the turbulence produced by these waves is no longer present, and the surface is influenced 
by a more directional wind. Another way to visualise this is to use Figure 5.6 describing Jeffrey’s 
sheltering model. The waves create turbulence which may oppose the direction of the wind on the 
surface. The absence of these waves would create less turbulence and more unidirectional wind.  

 

Figure 5.11 Series of photographs showing the progress of an oleic acid monolayers front and back edges upward 
across the field of view. Source; Gade (2002). 

The contrast between the sharp downwind front of the film and the ‘tattered’, diffuse upwind edge 
of the film can be seen in Figure 5.11, as photographed by Gade (2002). These are images from a 
video using a 7.5 m long wind tunnel, spreading an oleic alcohol slick on the surface with a wind 
speed between 3-9 m s-1. Gade explains the difference is due to different phases of the film, which 
would be caused by a higher surface pressure on the downwind end. This higher surface pressure 
would tend to speed up the downwind end of the slick explaining the faster speed of slick, when the 
downwind edge is measured, as carried out by Fitzgerald (1964).  

Vines (1962:147) also measured the retraction rate of hexadecanol films, when bounded downwind 
by a shoreline. He found the films were compressed and collapse with a speed of 3.3% of the wind 
speed. This is very close to the drift velocity of clear water.  By extrapolating these results plotted 
on a Wind speed/ Drift plot, the intercepts show that the theoretical maximum wind speed for 
upwind spreading is 1 m s-1 and the rate of spread with no wind would be 0.05 m s-1. On small 
laboratory troughs the wind resistance is higher than 3 m s-1. Interpretation of measurements made 
by Mansfield (1959) explains the difference, as will now be explained.  

 

5.1.7 Monolayer retraction 

Retraction takes place, when a monolayer, bounded by a downwind boundary is compressed by the 
wind and collapses. The retraction behaviour for small and large scales show quite different 
behaviour, making scale modelling ineffective. Hexadecanol on small troughs shows a wind 
retraction speed  above 3 m s-1, whilst on large storage “the retraction rate of an extended film is 
very nearly equal to its rate of drift on an open surface” (Vines 1962:147).  
Mansfield (1959) was the first to use film retraction measurements  to predict retraction behaviour 
resulting from wind stress on water storages. A monolayer, such as hexadecanol  bounded 
downwind will produce an elastic pressure gradient (Saylor, Smith, & Flack 2001) that opposes the 
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wind stress, in much the same way that that a decrease in surface area on a Langmuir trough 
increases the surface pressure. The difference being that the pressure is being applied along the 
surface, rather than simply at the end. This pressure gradient along the monolayer cannot be 
supported indefinitely, as at 40 mN m-1 it is in equilibrium with solid hexadecanol, and leads to 
breakdown of the film.  

For instance, if a wind has forced a monoloayer to the downwind bank of a storage and with full 
surface pressure of hexadecanol π ~ 40 mN m-1. The film is contracted further by a typical wind 
stress τ = 0.01 Nm-2, associated with a wind speed of 2 m s-1. The film will oppose this, with a 
surface pressure gradient equal to the stress  

 
ss

31040 −×== πτ  (5.15) 

where s is the distance downwind.  

Evaluation of s shows that at a distance of 4.0 m downwind, the film can no longer support the 
pressure gradient, resulting in film retraction, to a length supportable by the monolayer. This 
provides an excellent method of determining the surface stress, by simply measuring the length of 
monolayer coverage able to withstand contraction from the downwind end of a trough, and for each 
wind speed use Equation 5.15 to determine τ. This also explains why downwind bounded 
monolayers on large water storages show absolutely no drift resistance to wind and move with 
surface drift speed, while wind resistance is strong (above 3 m s-1 for hexadecanol) on laboratory 
Langmuir troughs.  

(a) 

(b) 

Figure 5.12 (a)Measurement of contraction of film retraction length with increasing wind speed. (b) Turnbull’s 
data (McMahon et al. 2008) for film retraction of Aquatain, Hexadecanol and Water$aver. Adapted from 
McMahon, et al. (2008). 

Results obtained from Turnbull (McMahon et al. 2008) at USQ, measured film retraction on a 
Langmuir trough, however the results measured distances from the windward end of the trough 
rather than the downwind end. This would give a value depending on the length of the trough. If the 
results are reversed and the measurements are taken from the downward end of the trough for film 
length, as shown in Figure 5.12(a), then the results in Figure 5.12(b) are obtained. They show the 
film retraction length decreasing as the wind speed increases. The graph shows that Aquatain is 



202 
 

affected least by wind, then hexadecanol, and most affected is Water$aver. The WaterSaver has the 
lime particles which would be affected by wind, decreasing its wind resistance. The Aquatain is 
much thicker, and this is possibly why its resistance is higher. At around 6 m s-1 it appears all wind 
resistance for all three disappears.  

 

 

5.13 Figure 5.14 Wind stress of hexadecanol, measured using the film retraction method. Results from Vines 
����Fitzgerald; , Vines���� and Turnbull; ∆. 

Turnbull’s results were averaged for hexadecanol and a line of best fit was used. The stress of the 
two endpoints were calculated using Equation 5.15. For comparison the results of Fitzgerald (wind 
measured at a height of 2 cm) and Vines (wind measured at a height of 5 cm) are shown in  Figure 
5.14. This graph can be used to determine the maximum wind speed that coverage can be 
maintained for fetch length on a trough.  

This also explains the higher drift rate of monolayers, despite a lower wind stress being exerted on 
monolayers measured using a wind profile method , and setup methods Fitzgerald (1963). On a 
large slick the downwind end has a higher surface pressure created by the dilational elasticity of the 
monolayer. This has the effect of expanding the slick as it is drifting downwind. The experiments 
conducted observed the downwind edge of the slick as this edge is more pronounced resulting in a 
higher drift rate being measured.    

 

5.1.8 Maximum Wind Velocity on large storages 

Wind on large storages moves the surface downwind, and monolayers do not have any effective 
drift wind resistance, apart from near the downwind bank. If it is assumed that coverage is 
maintained by dispensing on the upwind bank, or following a slick downwind, then coverage can be 
maintained for fairly high wind speeds. On large storages, the wave damping can be used as an 
indication of coverage for a range of windy conditions (McArthur 1962). Tiblin, Florey & Garstka 
(1962:184) noticed that for winds over 9 m s-1, the film would suddenly disappear. They felt that 
this was probably due to interference of monolayer structure by wave formation and mixing of the 
hexadecanol in the water by wave action and white capping.  

Field trials made in Australia by Tiblin (1962) led him to comment that no appreciable evaporation 
reduction is possible in the field conditions above 4 m s-1 . Also that poor coverage was usually 
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obtained for winds greater than 7 m
over 8.5 m s-1 

Vines noticed that, although winds are known to break up hexadecanol monolayers and sweep them 
back, under strong winds, a water surface rarely becomes completely uncovered, as shown by the 
streaky appearance of the wave patterns produced 

The length of time that strong winds are present and the occurrence of strong winds is not great 
compared to the evaporation time when they are not present, so the loss of water due to monolayer 
destruction in strong winds in Australia is small compared to e
(Vines 1962:149).  

 

5.2 Experimental measurements of the effects of wind on evaporation
Wind increases the evaporation rate for both water and monolayers as shown by the change in 
thickness of the vapour diffusion layer (Section 
disproportionately. Methods of detection relying on evaporation rate would obviously be most 
successful in the wind speed region where the evaporation reduction produced by the monolayer is 
highest. The literature on the effects of wind on evaporation reduction by hexadecanol is scarce 
(discussed in Section 5.1.5), as the addition of wind creates difficulties in ensuring full pressure 
coverage.  Unlike tests on large storages, where no wind resistance exists, small troughs show quite 
a strong wind resistance. For instance 
length would maintain coverage for winds of up to 5 m
be used in this situation without removing monolayer. Evaporation reduction
measuring the loss of water, and relative changes in temperature.  Both will be tested. 

 

5.2.1 Evaporation reduction of hexadecanol 

A convenient way to determine evaporation reduction of monolayer is to set up two identical troughs, where 
the conditions are alike so that the monolayer sample can be referenced to clear water.  The evaporation 
reduction can then be calculated by the water needed to top up the troughs after a period of days. 

Figure 5.15  Identical insulated troughs positioned in front 
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obtained for winds greater than 7 m s-1 and any coverage was usually impossible wind velocities of 

noticed that, although winds are known to break up hexadecanol monolayers and sweep them 
, a water surface rarely becomes completely uncovered, as shown by the 

streaky appearance of the wave patterns produced (Vines 1962:147).  

e length of time that strong winds are present and the occurrence of strong winds is not great 
compared to the evaporation time when they are not present, so the loss of water due to monolayer 
destruction in strong winds in Australia is small compared to everyday evaporative processes 

Experimental measurements of the effects of wind on evaporation
Wind increases the evaporation rate for both water and monolayers as shown by the change in 
thickness of the vapour diffusion layer (Section 5.1.5), however the two surface may be affected 
disproportionately. Methods of detection relying on evaporation rate would obviously be most 

sful in the wind speed region where the evaporation reduction produced by the monolayer is 
highest. The literature on the effects of wind on evaporation reduction by hexadecanol is scarce 

), as the addition of wind creates difficulties in ensuring full pressure 
coverage.  Unlike tests on large storages, where no wind resistance exists, small troughs show quite 

resistance. For instance Figure 5.12 shows that hexadecanol on a trough of 0.3 m 
length would maintain coverage for winds of up to 5 m s-1. So a wind speed of this magnitude can 
be used in this situation without removing monolayer. Evaporation reduction can be measured both by 
measuring the loss of water, and relative changes in temperature.  Both will be tested. 

Evaporation reduction of hexadecanol using loss of water  

A convenient way to determine evaporation reduction of monolayer is to set up two identical troughs, where 
the conditions are alike so that the monolayer sample can be referenced to clear water.  The evaporation 

alculated by the water needed to top up the troughs after a period of days. 

Identical insulated troughs positioned in front of fan.
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A convenient way to determine evaporation reduction of monolayer is to set up two identical troughs, where 
the conditions are alike so that the monolayer sample can be referenced to clear water.  The evaporation 

alculated by the water needed to top up the troughs after a period of days.  
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Materials and methods  

Two 1.05 m long PVC tubes, with a wall thickness of 5 mm and 250 mm inside diameter were 
capped at one end and positioned vertically beside each other. Silver foil-backed, glass wool 
insulation (Bradford Gold Insulation Anticon 55 R 2.0 W °C-1 m-2) was attached to the external 
walls of the tubes to minimise radial heat conduction out from the tubes. The building rating R is 

the heat resistance which can be converted to the conductivity k by 
k

thickness
R = . When the 

thickness of 20 mm is substituted, this results in a conductivity k =  10 mW K-1 m-1,. Both tubes 
rested on a 35 mm thick Styrofoam blocks (k = 0.033 W-1 °C-1 m-1, R = 1.1 W °C-1 m-2). The 
insulation of the 5 mm thick PVC walls with k = 0.15 W °C-1 m-1 (Kaye & Laby 1973) will add to 
the insulation slightly.  

Holes were drilled near the top of both troughs, and polycarbonate 10 mm outflow tubes were 
inserted to act as overflow pipes reducing the water level to 25 mm below the top of the troughs. 
The junctions were sealed with “Selleys” wet area silicone sealant. These allowed the flooding 
technique to be used to clean both surfaces initially, without the water flowing over the top and into 
the insulation. Both tubes, with a contained volume of 0.048 m3, were filled with clean water to the 
level of the outflow tubes.  

An external air flow was introduced by an electric fan (Mark 9 12 Bonaire, 250 W, Australia) which 
had 4 fan settings. It was placed on a stand at a distance of 0.5 m from the centre of the troughs, at a 
height to produce maximum wind speed at the top of the troughs. Horizontally this fan produced 
higher wind speed directly outward, towards the centre of the tubes, however correctly positioned; 
the fan should be able to provide identical air flow for both troughs. Air speed was checked to be 
identical for both tubes using a hand-held anemometer (Lutron LM-8000, Electronic Enterprises, 
Taiwan) held as close to the surface as possible (approximately 2 cm above).  

Several hexadecanol crystals were added to the surface of one trough, and several more were added 
each few days. It was noticed however that no spreading occurred with the additional crystals, 
indicating a full pressure monolayer already existed. The evaporated water was replaced every day 
or second day, and each run lasted for between 2-3 weeks. At the end of this time the total 
evaporation reduction for the monolayer was calculated from the difference in added water. The air 
temperature was between 14-23 ºC the large range was due in part to the diurnal fluctuation that 
occurred over several weeks. 
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Figure 5.16 Evaporation reduction for a range of wind speeds measured 2-3 cm above the surface. Experimental 
results; ����. Also for comparison, the results of other researchers; MacRitchie (1969);���� and Ghumman. 

(1971);∆. 

Results and Discussion  

The large evaporation reduction figures, shown in Figure 5.16, confirmed that monolayer remained 
effective for all the wind speeds attempted. The experimental data show an increase of evaporation 
reduction with increasing wind speed, tending asymptotically to a maximum value of 88%. As 
noted in Section 3.4.1, the increase in evaporation reduction appears to be due to the evaporation 
from the water surface increasing disproportionately compared to monolayer surface, rather than 
any substantial change in the monolayer evaporation rate. Data from MacRitchie (1969), appears to 
converge to a maximum at 70%. It is unknown why there is a difference between MacRitchie’s data 
at higher wind speed and the data gained in this work. He used a very similar setup with 
hexadecanol on a small trough; 9 cm square at a temperature of 20 ºC, with the main difference 
being to present the entire trough surface to a uniform wind speed of dry air. Ghumman’s result 
(1971) showed a higher value of 90%, and was gained using a small trough of 471 cm2 at a 
temperature of 49 ºC.  

Humidity was not taken into account in our measurements of evaporation reduction. It was hoped 
that the long period of measurement of several weeks would both make the measurements more 
accurate and produce fairly average humidity values. There also seems to be a dependence on 
temperature, as higher air temperatures seemed to produce higher evaporation reduction. Also 
measurements performed in winter with the laboratory often below 10 ºC showed a much lower 
evaporation reduction of 50%. Measurements averaging humidity and temperature would need to be 
carried out to confirm this.  
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Figure 5.17 Schematic diagram showing the measured velocity difference at the wind source, ultimately resulting 
in the circular movement of monolayer on the water surface within each tube.  

On the central (inside) edge  of both tubes the wind speed was measured to be 3.8 m s-1 while on the 
outside it was 2.4 m s-1 (Figure 5.17). The difference in wind speed across the surface causes the 
monolayer to move downwind on the outside side, and upwind on the central side, causing a surface 
rotation that continuously presented new monolayer on the upwind side. This rotation of the 
monolayer was clearly evident by observing the rotation of excess floating crystals of the 
monolayer. The wind speed in this case was far below the maximum 5 m s-1 predicted to resist wind 
in Figure 5.18, however this circular motion may help to preserve monolayer coverage in winds 
previously thought to cause contraction.  

 

5.2.2 Heating of water storage under wind  

The bulk and surface heating that occurs with the addition of a monolayer for a water storage 
depends on many heat fluxes and is difficult to estimate, although the previous experiment (Section 
5.2.1) has given a clear indication that at the very least, the evaporation reduction is significantly 
modified by monolayers. The lower evaporation rate of a monolayer surface would be expected to 
decrease the evaporative cooling of the surface, and in turn bulk temperature. The thorough 
insulation of the walls and floor of the troughs were in order to model the surface of a large storage, 
where by producing little interaction with the ambient conditions, the bulk is free to assume a 
temperature in response to the surface interaction with the surrounding climatic conditions. Under a 
fairly high wind speed, the maximum difference in bulk temperature that occurs with the addition of 
monolayer can be found which should correspond quite well with similar processes occurring on a 
large storage.  

2.4 m s-1/ 

3.8 m s-1 

2.4 m s-1 

3.8 m s-1 
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Figure 5.18 Overhead view of thermocouple leads attached to plastic rods, which positioned the junctions at a 
depth of 0.5 m.   

 

Materials and Methods 

A reference clear water surface and a hexadecanol monolayer were compared on the same apparatus 
described in Section 4.3.1. A full pressure hexadecanol monolayer was created by adding a few 
hexadecanol crystals to the water and making sure that there were excess crystals available to 
reinforce the monolayer at all times. The surface temperature was measured using an infrared 
thermometer, Fluke 474, with associated logging software. In this experiment, the absolute volume 
temperature was not required, rather the temperature difference between the two volumes of water 
was recorded using a Type T (copper constantan) thermocouple with the junctions placed in the 
body of water at a depth of 0.5 m in both the monolayer trough and the reference junction placed at 
the same depth in the body of the clear water. This was done by attaching each junction to a plastic 
rod, which was clamped above the water level using a retort clamp. 

The junctions were connected to a precision amplifier (LT1050, Linear Technology Corporation, 
CA. USA), the output of which was digitised using Picaxe, 10-bit, A-D converter (40X1 Microchip 
Technology Inc., UK.) with the output transmitted every 5 minutes to be logged by a computer. 
Relative humidity (%) was simultaneously measured using electrical humidity sensors (HIH 4000 
Honeywell) positioned near the surface of the water in each of the tubes, and the output digitised 
and logged using the same configuration as the temperature sensors.  

In this way the bulk temperature difference ∆T is the difference between the bulk water under a 
clear water surface, and the bulk water under a hexadecanol surface: 

 
rclear wate Blhexadecano B

TTTB −=∆
 

(5.16) 

  

Initially both troughs were left to thermally stabilise for several days in preparation for 
measurements. At time t = 0 the monolayer was added to the sample trough. Both no wind and an 
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average wind speed of 3.1 m s-1 were trialled. For the measurements of wind speed the fan was 
switched on at t = 0, simultaneous with initiation of logging.  

 

Results and Discussion 

The ∆TB values are represented by thick red lines in Figure 5.19, along with simultaneous 
measurement of ambient room relative humidity. These measurements were carried out indoors in 
temperatures 18-24 ˚C. For the condition of no wind the ∆TB shows a gradual increase from 
essentially zero to 0.2-0.3 ˚C over a period of ~1 day, from which it appears to retain an equilibrium 
value. At equilibrium, the evaporative cooling would equal heat gains either by sensible heat 
transfer at the surface or conduction through the insulated walls and floor.  

When the wind speed was increased to 3.1 m s-1 the ∆TB equilibrium value  of 2.7 °C took longer to 
achieve; at around 2 days. Results from Section  3.4.1 show that the evaporation for a water surface 
increases in response to wind at a higher rate than for a monolayer surface. These results show that 
evaporation reduction of hexadecanol increases with wind speed, for the speed tested.  

Also shown in the data are data series (thin blue line) for the relative humidity. The variation is 
diurnal with the minimum humidity occurring just before dawn, with minimum temperature. ∆TB 

data series show a slight response that is delayed by about ½ day, as would be expected considering 
the volume of water.  

So the evaporation rate of the water surface leads the monolayer in driving the bulk temperature 
below the laboratory environs. The ∆TB would seem then, to be a useful indicator of the evaporation 
rate occurring at the surface, in this case delayed by ½ day.  

 

(a) 
(b) 

Figure 5.19 Bulk temperature difference (thick red line) between both tubes occurring as a result of no wind (a) 
and a wind speed of 3.1 m s-1. (b). The simultaneous measuring of relative humidity(thin blue line) is also shown.  

This 2.7°C equilibrium water temperature difference is consistent with a value of 2.9 °C obtained  a 
mixture of C16 – C20 alcohols, on a  240 hectare Pactola reservoir (South Dakota) by Bartholic, 
Runkles & Stenmark (1967). They also quote Crow (1961) as obtaining an average water increase 
of 3.0 °C with application of a blend of C14-C20 alcohols to a small pond of depth 2.1 m.   

0
10
20
30
40
50
60
70
80
90
100

-0.5

0

0.5

1

1.5

2

2.5

3

0 1 2

%
 h

um
id

ity

∆
T

B
ul

k
°C

time   days 0

10

20

30

40

50

60

70

80

90

100

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

0 1 2 3 4 5

%
 h

um
id

ity

∆
T

B
ul

k
°C

time    days



209 
 

This increase in water temperature would cause a higher evaporation rate when the monolayer is 
removed and perhaps lead to an overestimation of the evaporation reduction. Wolbeer (1963) has 
suggested, using theoretical considerations that the overestimation could amount to as much as 41% 
if the monolayer is present 50% of the time. Bartholic, Runkles & Stenmark (1967) use a 
combination of theoretical and experimental data to obtain a figure of 8-14%, and predict much 
higher water temperature changes depending on conditions. Any water temperature rise above 
3.0 °C would seem unlikely on a large storage due to the difficulties in maintaining coverage at the 
wind speeds >3.1 m s-1 needed, as demonstrated by the results of this experiment. Neither of these 
methods used to calculate the lowered evaporation reduction accounted for the increased radiation 
from the surface created by a disproportionately warmer skin temperature (discussed in Part 3 of 
this experiment). Evidence of some storage temperature rises are provided by Crow (1961) who 
measured a 3 °C temperature rise near the surface of small dam 2 m deep, and 1.7 °C increase at a 
depth of 1.5 m.  

The increase measured on a large storage was measured by Barththolic, Runkles & Stenmark 
(1967) over a few months to be around 3 °C at the surface tapering off to no effect at ~ 5 m. This is 
again in contrast to Wolbeers assumption that assumes the temperature increase is constant at all 
depths of the storage, down to the hypolimnion (the lower region which does not circulate with the 
upper layers). 

Mansfield suggested that the reduction of evaporation and increase in temperature will give a small 
compensating increase in the rate of evaporation, but with a monolayer of high resistance to 
evaporation the net result will be a significant decrease in the amount of water lost through 
evaporation (Jarvis 1962; Katsaros 1982). 

 

5.2.3 Surface temperature differences under wind 

Surface temperatures were measured simultaneously with the bulk temperatures described in 
Section 5.2.2. 

 

Materials and Methods  

Results from Section 4.5.2 show that there is no measurable change in emissivity occurs with the 
addition of hexadecanol, when using the Fluke 574 IR thermometer. Therefore the measured 
temperatures can be compared using the emissivity setting of 0.96. 

The hand held IR thermometer was directed at a position near the middle of the surface from a 
height of around 30 cm for both troughs, initially, and over a period of days, while the bulk 
temperatures was being collected.  

 

Results and Discussion   

Initially the difference in surface temperature between a clear surface and hexadecanol surface was 
measured to be 0.2-0.4 ˚C taken several hours after applying the monolayer to one tube. This is 
similar to the 0.3 °C measured by Grossman (1969), who compared covered and uncovered areas of 
a large water storage from the air.  
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The surface took 2 days to stabilise, notably the same time it took for the bulk to assume thermal 
equilibrium. The results for various wind speeds are shown in Table 5.2 

Table 5.2 Difference of surface temperatures between both tubes using IR thermometer 

Wind speed  m s-1 Temperature difference of surface after 2 days   ˚C 

0 0.6 - 1.0 

1.6 2.4 - 2.6 

3.1 3.6 - 5.0 

These results show a larger temperature difference than the bulk temperature. Once the surface has 
reached a stable temperature, latent and sensible heat fluxes must be equal. The sensible heat flux 
would originate from equilibrium conduction, radiation, and convection with the air, as well as 
some heat from the bulk being conducted through the walls. As pointed out in Part 1 of this 
experiment, the difference is created mainly by the water surface cooling as the wind speed is 
increased, with the hexadecanol surface cooling less.  

 

5.3 Conclusion  
These results show that increasing wind speed over the surface increases the evaporation reduction 
of hexadecanol with a maximum occurring at around 90%, as long as coverage is maintained. The 
literature (McJannet et al. 2008) showed a decreasing trend for larger storages, which is probably 
due to a lack of coverage, rather than a property of hexadecanol monolayer. Complete coverage can 
be assured using a smaller surface where wind stress cannot accumulate along the length of the 
fetch. A safe fetch distance for a specified wind speed is given by Equation 5.15. Larger fetch 
distances than that given by this equation may lead to an accumulation of pressure along the surface 
from wind stress and collapse of the film.  

The collapse of the film by wind stress also is the reason why monolayers cannot show any wind 
drift resistance on large storages, and that dispensing needs to take place upwind to allow the film to 
drift downwind in a predictable manner.  

As further evidence of the increase in evaporation reduction that takes place under windy conditions 
for monolayers, the both the surface and bulk temperature differences between clear water surface 
and monolayer covered were also found to increase. The measured temperatures show that the 
surface temperature (4.3 °C) appears to alter to a larger degree than the bulk temperature (2.7 °C), 
with the addition of hexadecanol using this model, and that the increased difference that occurs to 
the bulk, is added to by the surface difference to an even greater difference. This shows great 
promise in using detection methods on confined samples of water, as measurements using an 
insulated trough under windy conditions (3.1 m s-1) show a signifciant difference in bulk 
temperature using thermocouples and surface temperature using an IR thermometer. The next 
chapter will develop these monolayer indicators into a working detection system. 
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Chapter 6. Development of a prototype Wind-Assisted Surface Probe 
(WASP) for detecting the presence of monolayers on water 

Monitoring changes that occur with the addition of monolayer that are unrelated to evaporation rate 
directly, such as surface tension and wave amplitude, risks false indications of coverage as 
explained in Chapter 2. Evaporation liberates heat from the surface, and so changes to evaporation 
rate affect the temperature profile in a direct and predictable way, as long as ambient factors such as 
TAW and air humidity are taken into account. Contact measurements, such as the evaluation of ∆TS 
shows some promise, as described in Chapter 3, but would be difficult to measure in the field due to 
the small magnitude of the changes and the difficulty in positioning temperature sensors at the 
water surface. Isolation of a region of surface, using a sampling chamber has helped stabilise the 
surface, and confinement of a volume directly under the surface using an insulated trough, 
described in Chapter 5, has been shown to accumulate the evaporative cooling, thus increasing the 
temperature changes caused by monolayer, for both contact profile and remote IR surface 
measurements. Development of an insulated enclosed trough detection system will be the focus of 
the work described in this chapter.  

 

6.1 Accumulating cool water in a trough 
Measurements of trough temperature using a Y tube apparatus were taken using a thermocouple to 
compare the temperature inside the trough with that just under the base of the trough outside the Y 
tube, as shown in Figure 6.1.  

At this stage, no insulation was used around the PVC end cap plastic of the trough. Initial tests were 
carried out to determine whether small troughs such as these would act in the same way as the large 
troughs in Chapter 5. If cold thermals are trapped, it would be expected that the temperature inside 
the trough would be cooler than outside. With the fan switched on the trough should cool below the 
surrounding water temperature at a rate, and by an amount determined by the balance of heat fluxes 
at the surface, behaving in a predictable way. This would hopefully lead to a measureable trough 
temperature difference between a clear water surface and hexadecanol surface.  

 

Material and Methods  

The lower end of the 100 mm PVC Y tube was capped and the assembly was positioned at the 
surface so that a shallow trough of around 2.5 cm deep was formed (Figure 6.1). An access hole 
was drilled in the side of the trough measuring 5 mm wide by 15 mm high just above the edge of 
the trough to allow the surface to flow freely into and out of the Y tube chamber. The Y tube was 
positioned so that the water level was at the level of this hole. A thermocouple junction was glued 
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to the inside floor of the trough, and another reference junction on the underside of the trough using 
silicone gutter sealant (Selleys) so that the junctions were protruding out of the glue at a distance of 
2mm away from the PVC surface. The thermocouple voltage was stored and converted to 
temperature using the same method as described in Section 3.4.6 with the temperature being 
measured every 30 seconds.  

A 4.5 W 12 V computer exhaust fan (YX2518 Sirocco, Taiwan) with casing size of 120 mm, was 
used for these experiments.  

The setup was left for several hours with no wind, and data logging was switched on for several 
minutes before switching the fan on. It was run at its recommended voltage of 12 V, which 
produced a wind speed measured with the hand held anemometer (LM8000 Lutron,Taiwan) at the 
inlet of 3.2 m s-1. The run was then left until it was considered that thermal equilibrium was again 
stable, with the fan running (around 40 minutes).  

 

 

 

Results 

The results displayed influences of humidity and fan speed. Typical results for a low humidity of 
32% (Figure 6.2) showed a small raise in trough temperature TTW to -0.2 °C for a full pressure 
hexadecanol, while the clear water showed a decrease to -1.0 °C. As ambient conditions were 
identical, as the tests were conducted on the same day, with an hour in between the difference 
seems to have been created exclusively by the difference in evaporative cooling. The results also 
show the larger temperature fluctuation of the water, due to higher convective heat flux, this was 

Figure 6.1 Expanded view of sealed end cap glued to the base of the Y tube showing positions 
of thermocouple junctions inside and outside the end cap. The hole near the base allows the 
surface to move freely into and out of the trough. 
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discussed in (Section 4.4.1), where Saylor shows that the convection currents are larger and slower 
due to higher surface viscosity.  

 

Figure 6.2 Comparison of the temperature difference TTW of the Y tube trough apparatus for conditions of 
humidity 32% and wind speed at fan 3.2 m s-1. Water surface; dark line. Monolayer; thin line. Notice the smaller 

temperature fluctuations for the monolayer.  

Conclusion 

The Y tube trough with artificial wind showed promise in providing a reliable indication of the 
evaporation rate for the particular surface contained in the trough. This system relies on an 
accumulation of evaporative cooling rather than the sensitive surface flux balance occurring in open 
water. It would appear that the accumulation of evaporative cooling enlarges the final TTW 
differences between clear and covered surfaces and provides a stable sample of water in which the 
temperature is measured with relative ease at the more thermally stable floor of the trough.   

Humidity is an important factor in the rate of evaporation as the Dalton equation predicts the 
evaporation is proportional to the humidity deficit δe (Segal & Burstein 2010) . The effects of 
evaporative cooling are trapped by the trough rather than sinking to the depths via thermals.  

Humidity was found to be the main factor which affects the value of TTW, which at values above 
90%, would make the surfaces indistinguishable. At high humidities in the field however, there is 
also very little evaporation, and therefore little need for checking monolayer coverage.  

Another variable is the temperature difference between air and water TAW acting to influence the 
sensible heat, either heating or cooling the water in the trough.  

The amount of heating or cooling inside the trough would depend on how well the walls and floor 
are thermally insulated against the surrounding water, the results presented were obtained with a 
single PVC end cap with average thermally insulating properties. Higher insulation in the trough 
would produce larger TTW values.  

Logging the initial temperature may also prove useful for monolayer coverage determination, as the 
initial temperature of the hexadecanol-covered surface was usually higher than the clear water.  
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Each of these influences will be investigated separately so that they can be accounted for in 
predicting the final TTW both for monolayer and water. A decision can then be automatically made 
as to the presence of monolayer simply on the basis of the final TTW.   
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6.2 Development of the Wind Assisted Surface Probe (WASP) 
As outlined in Section 6.1, the accumulation of cold water in a trough using an artificially produced 
turbulent wind has shown promise in monolayer detection. This section is concerned with the 
optimisation of this method and investigation of all the heat fluxes operating around the trough 
which may affect final trough temperature so that predictions can be made on the final TTW.  

 

Equipment and methods  

The magnitude of the wind speed was increased until observation of the spare hexadecanol crystals 
floating on the surface showed signs of turbulent motion, suggesting that monolayer integrity was 
being affected. This occurred at values slightly higher than a tube wind speed of 3.5 m s-1.  In each 
run the fan was allowed to run for 1 hour, by which time the TTW temperature had stabilized.  

 

 

 

Figure 6.3 Position of junctions for two complete thermocouples: TAW and TTW. The dashed circle at water level is 
the inlet port which allows movement of the surface outside of testing runs, though has a flap which closes during 

testing.  

 

6.2.1 Combining thermocouples TAW and TTW  

Materials and Methods 

The temperature differences TAW and TTW were determined using two thermocouples attached to the 
inside of the tube as depicted in Figure 6.3. The TAW thermocouple was added to include sensible 
heat conduction due to the possible wide range of values for TAW.   
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The amplifier was an LTC 1050 precision zero drift amplifier (Linear Technology, Ca., USA) 
placed on the output of each thermocouple with wiring as shown in Figure 6.4. 

 

 

Figure 6.4 Precision amplifier setup, depicting resistors used for gain settings and a balance position of +2.5 V. 

The gain used for TTW is: 

  28021
47

1000000
)( ==TWTG

 
(6.1) 

making 167 counts/°C. The range therefore would be -3 to +3°C 

The gain for TAW is:   

 
5454

220

1000000
)( ==AWTG

 
(6.2) 

making 36 counts/°C. The range therefore would be -14 to +14°C 

To overcome the oxidation of the junctions, created by the positive voltage at which they were held 
in the water (2.5 V) polyester resin was used to coat the junctions to electrically insulate them from 
the water. The fan was switched on for 2 hours and the temperature recordings from both 
thermocouples were recorded.  

The temperature decrease was tested in the climate chamber with various values of humidity. The 
WASP type tube already outlined was used, with a permanent hole at water level was used.  
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Figure 6.5 A sample run using water at 70% humidity, measuring temperature differences for both 
thermocouples. Dark line; the trough thermocouple TTW. Grey series; the air water difference TAW. 

Results and Discussion 

A typical example of the data from both TAW and TTW thermocouples is shown in Figure 6.5 with 
both thermocouples referenced to separate junctions glued to the underside of the trough.  

This is a run with high humidity, at 70% with a clear water surface. The dark series of TTW 
temperature shows a slight temperature increase. The lighter grey line TAW shows a warmer air 
temperature. At the end of 40-60 minutes the balance of latent heat cooling opposing sensible heat 
cooling results in a slight warming of the trough.  

As expected, the TAW thermocouple fluctuates in temperature more than the TTW thermocouple. To 
overcome the random fluctuations in thermocouple measurements particularly the TAW value as 
shown in Figure 6.5, a running average was used in the programming of the Picaxe. The stored 
values for thermocouples were found by multiplying the previous value by 9, adding it to the 
current reading and dividing by 10. This worked very effectively at removing random fluctuations, 
however still allowed for a much quicker temperature variation than was needed for the trough. TTW 
was used to measure the trough cooling, and TAW was used to monitor the possible effects of air 
water temperature differences. 

 

6.2.2 Effect of humidity  

The TTW was found by placing the Y tube with incorporated fan in the climate chamber described in 
Section 3.4.3. and measuring the TAW reduction at various humidities.  

The trough temperature TTW runs measured for various humidities using water are shown in Figure 
6.6, and results for a similar series of runs using a monolayer surface are shown in Figure 6.7.  
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Figure 6.6 Dependence of TTW on humidity for water.  

 

 

 

Figure 6.7 Dependence of TTW on humidity for hexadecanol monolayer. 

The lower latent heat flux can be seen to be noticeably increasing the trough temperature for all 
humidities. This is the desired feature showing the difference between water and monolayer. These 
plots however do not show the TAW temperature which varied between 0-5°C, and was difficult to 
control in the climate chamber. This may have significantly affected results. The dehumidifier 
contributed to these difficulties as it heated the air as it was operating. The effect of TAW on the final 
TTW was then investigated.   

 

6.2.3 Determination of sensible heat flux coefficient 

A thick layer of Aquatain was used to effectively stop the evaporation so that the effects of TAW 
(sensible heat) on the trough temperature TTW could be ascertained. If the air above the trough was 
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similar to air above the surface outside the tube, it might be expected that TAW would have no 
influence on the TTW. However, higher wind speed may make it easier for the warm air to penetrate 
the vapour diffusion layer and allow conduction to the surface and affect the very thin air layers 
above the surface to allow more sensible heat conduction between air and the water surface.  

 

Figure 6.8 Aquatain added to the WASP inner container in the climate chamber. 

Materials and Methods 

The silicone oil Aquatain was poured into the inner trough surrounding a WASP in the climate 
chamber to a thickness of around 1 cm It was considered there would be no evaporation under these 
conditions, since the recommended thickness should be about 1 µm. The Y tube used was an old 
model, no longer going to be used for testing monolayers.  This was important since the silicone oil 
is “impossible to remove from equipment” (Gainer, Beard, & Thomas 1969). 

The Picaxe was programmed to complete an hour cycle, then rest for two hours, and store the TAW 
and final TTW for each run, lasting three hours. It was left running for several days.  

 

Results and Discussion 

The results are shown in Figure 6.9, showing there is a clear proportionality between TAW and final 
TTW. This shows that sensible heat needs to be taken into account in predicting final values of TTW.  
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Figure 6.9 Effects of TAW on final TTW in the case of no evaporation.  

 

A linear line of best fit was added to the graph which showed a gradient of 0.16. This value can be 
used as a coefficient for an air/water heat conduction term in predictions of final TTW. 

 

6.2.4 Heat flux into the WASP trough 

Heat conducted through the walls of the trough reduces the evaporative cooling, so tests were 
carried out to determine the contribution of conduction through the trough walls to the trough 
temperature.  

The thermal conductivities of materials important for the WASP are given in the following table:  

Table 6.1 Thermal conductivities of materials (Engineering Toolbox 2010; Kaye & Laby 1973) 

Material  Thermal conductivity k  WK-1m-1 

Air 0.024 

Water- no convection  0.58 

PVC – Polyvinyl chloride  0.15 

Glass wool- insulation 0.0167 

Copper 440 

 

The thermal conductivity of PVC is quite low, less than half that of water, and therefore it is 
effective in insulating the trough. Attempts were made to insulate the trough more thoroughly to 
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obtain larger evaporative cooling temperatures. (It is possible to perform this too thoroughly, as the 
trough needs to return to thermal equilibrium between runs). 

 

 

Figure 6.10 Measuring the heat flux into the double trough. The magnetic stirrer had just enough magnetic 
influence at that distance to influence a stirrer placed inside the trough. 

 

Materials and Methods  

In order to test the heat flux flowing into the trough, the trough was used without the Y tube. The 
infrared thermometer was positioned above a trough which was initially cooled with ice to 
somewhere around 5-10° C.  

This was in turn held in a tray of deep water placed on a magnetic stirrer, to agitate the contained 
water in the trough, so that no temperature profile could be set up in the trough. The temperature 
was recorded every 15 seconds using the IR thermometer software. The expected outcome would be 
an increase in temperature as conduction takes place through the walls of the trough.  

Four types of insulation were tested, as pictured in Figure 6.11. These are pictured below: 
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(a) 

 

(b) 

 

(c) 

 

(d)  

Figure 6.11(a) Single 100 mm PVC end cap  (b) Single end cap with expanding foam attached to the bottom 
(c) Double end cap with joined with silicon sealer (d) Triple end cap. The lower two end caps are joined 

with a small piece of tube, and this is glued to the top end cap. 

 

Figure 6.12Thermal equilibrium being restored in various types of end caps.  
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Results 

The results shown in Figure 6.12 indicate that the single cap was the first to reach equilibrium as 
expected. The double end cap was the next, and the best insulators were the expanding foam and 
triple end caps. Unexpected problems occurred for the double end cap, which contained water in the 
air space after several months of immersion under water. Similarly the expanding foam seemed to 
partially fill with water. This was not totally unexpected as the instructions supplied with the foam 
advised it was not to be used as a water displacer.  

 

Conclusions 

The best insulator should show the least temperature change at an average temperature that the 
trough is subjected to. This average temperature was chosen as 2°C cooler than the surrounding 
water. The gradient was measured around this point with the results shown below:  

 Single  °C min-1 Expanding foam  °C min-1 Double   °C min-1 Triple  °C min-1  

Gradient 0.15 0.066 0.092 0.068 

 

This shows the expanding foam trough as being the best thermal insulator. The standard deviation 
in these gradients for multiple trials carried out separately showed a 30% relative uncertainty. From 
these trials, the triple end cap was chosen for further work as it showed similar insulation to the 
expanding foam but stayed impervious to water. The triple end cap also allowed easier attachment 
of thermocouple reference junctions.  

 

(a) 

 

(b) 

Figure 6.13 (a) WASP using kit board circuit and permanently open water surface entrance hole (b) Closed 
servo controlled “frog flap” attached just above trough to control surface entrance. 
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6.3 Construction of WASPs 
The assembled version of the WASP is shown in Figure 6.13. The Y tube was clamped to an 
inverted plastic milk crate, and 100 mm PVC floats were tied underneath. The two thermocouples 
TTW and TAW were attached.  A Honeywell 4000-001 humidity sensor and thermistor were added to 
the circuit board to sense the condition of air ~40 cm above the water. This circuit board consisted 
of a project kit type, where the wires were plugged in. The surface entrance consisted of a 
permanently open small hole, and a 12 Amp hour (Ah) battery was positioned on top.  

Trials in a 1.8 m cattle trough under windy conditions showed less evaporative cooling than 
measurements indoors. It was considered that water was moving through the small hole in the 
device and in and out of the trough area while measurements were being taken. To prevent this 
occurring a plumbing “frog flap” was used, as shown in Figure 6.13(b) . A hook was glued to the 
flap using contact adhesive, and nylon fishing line was attached to a microprocessor-controlled 
servomotor mechanism tied to a right angle bracket that was clamped higher on the Y tube. It could 
then be left open in resting periods to allow equilibrium temperatures to be established and closed 
during measuring periods. 

 

 

Figure 6.14WASP circuit diagram 
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Figure 6.15 Printed circuit board installed. 

 

6.3.1 Circuit development 

The WASP circuit diagram is depicted in  Figure 6.14 with a photograph of the assembled circuit on 
a printed circuit board shown in Figure 6.15. The positioning of components on these boards 
included a segregation of sensitive sensors and serial data cables on the left and controls cables, 
indicator lights and power on the right.  



 226

  

Figure 6.16 Front view showing electrical system. 

 

6.3.2 Electrical supply  

The electrical system consisted of a 40 W solar panel (BP solar), attached to a 6 Amp Solsun 
regulator. This was stored in a 20 Ah Panasonic sealed LC-X1220P battery. The position of each is 
depicted in   

Figure 6.16. The battery needed to be kept as low as possible to prevent the assembly from being 
top-heavy. The choice of this configuration allowed enough energy reserves for the running of the 
system for about 4 sunless days. However rarely is there no sunshine at all for the solar panel, so the 
battery would last at least a week.  

 

 (a) 

 

 (b) 

Figure 6.17 (a) Rear view  (b) Rear view with pivotting top open. 

The final setup of the WASP is shown in Figure 6.17 above. The top yellow waterproof was an 
inverted plastic toy box, which protected the electronics circuit board, and held the solar panel 
firmly.  
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6 V radio-controlled plane servos were used. Being supplied with 12 V makes little difference, only 
producing faster and more powerful movements. They are particularly easy to program, as the 
Picaxe has a servo function, and numbers just need to be added to describe the angles needed.  

 

6.3.3 Communications  

Decisions on the presence of monolayer, and malfunctions of the WASP can be indicated either 
using the indicator LEDs shown in Figure 6.17(a) or they serial port cable shown in Figure 6.17(b) . 
The indicator lights were orange and green. Orange indicated that the monolayer was not at full 
pressure, while the green indicated all is well and the monolayer coverage is intact. The lights were 
programmed to keep flashing irrespective of whether tests were being run. A pattern was devised by 
flashing a different number of times to show the last 5 decisions made. The Picaxe itself can store 
1024 bytes in a “scratch pad” which could hold past diagnoses of the coverage and also any 
malfunctions of the WASP. The data can be accessed using a second serial port allowed for in the 
printed circuit board. An easier way through is to use the existing serial port and program it to send 
all stored data, when switched on. Then the data could be accessed by switching the power off and 
on.   

 

6.3.4 Operational Algorithm  

It is very difficult to predict water temperature using remote measurements, for instance from 
weather stations. However, as the apparatus is floating on the water surface, it is measuring 
variables that can be difficult to determine, such as air and water temperature and humidity, closely 
to the water surface. Thus, the water in the sampling chamber is under known and controlled 
conditions.  

The Picaxe program uses data from the TTW and TAW thermocouples, an air humidity sensor and a 
thermistor to predict the final depression temperature of the trough. A comparison of experimental 
measurement with theoretical prediction indicates the presence of the monolayer. 

Beginning with Dalton’s Equation (1.1):  

 ))(( eeUfm SWTe −=  (6.3)  

where me is the evaporation rate, f(U) is a function of wind speed, eSWT is the saturation humidity at 

the water surface temperature, and e is ambient air relative humidity. 

The saturation humidity pressure can be found from an polynomial curve fitting of empirical data 

(Nave 2009): 

 2257.40755.151.747)( TTPaV ++= (Pa Celsius) (6.4) 

The sample surface temperature is assumed to have properties close in value to the surrounding 

water TW. which is calculated by subtracting TAW, the difference between air and water temperature,  

from Ta, measured using the thermistor positioned just below the circuit box.  
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 AWaW TTT −=  (6.5) 

Therefore Dalton’s equation becomes:  

 [ ]eTTVUf
t

Q
m AWae −−== )()(  (6.6) 

If the wind speed function f(U) is replaced with an empirically determined proportional constant 

A×U, where U is the wind speed, the change in temperature of the trough due to latent processes is 

proportional to the mass of water evaporated, and therefore is:  

 ( )[ ]eTTVAUT AWa −−=∆  (6.7) 

where ∆T is the change in temperature, A is an experimentally determined constant. 

 The theoretical prediction of the trough temperature due to sensible and latent heat processes  

TTW  is then. : 

 ( )[ ] TWIAWAWaWTW CTBTeTTVAUTT ++−−−=  (6.8) 

where B and C are determined empirically, with the value of constant A found by testing surfaces 

with and without monolayer covering. The variable U is the air flow speed of 3.2 m s-1 generated by 

the fan, TTWI is the initial temperature of the trough measured by TTW. 

o The second term (containing A) uses the humidity deficit of the Dalton equation to predict 

evaporation.  The value of A is set midway between the expected latent heat absorbed due to 

evaporation of water, and that of the monolayer. 

o The third term involving B allows for the sensible heating of the trough, which is 

proportional to TAW, the air water temperature difference. 

o The fourth term involving C is added since the initial TTW, measured just as the fan is 

switched on, is higher for monolayers. This is shown in Section 4.5.2 using insulated 

troughs. 

 

6.3.5 Evaluation of constants  

The coefficient; A, has been estimated from the average of the gradient of final temperatures for 

water and monolayer shown in Figure 6.18.  
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Figure 6.18 Final TTW for hexadecanol (����) and water (����) relation with air humidity. The large scattering is 
mainly caused by no allowance being given for the range of temperature and TAW values from which the data was 
taken. The trendlines would then average the evaporative cooling, for a range of temperature conditions.  

 

The scatter is mainly due to the effect of measurements being taken under different ambient 

temperature. As temperature increases, the saturated vapour pressure increases, leading to larger 

evaporative cooling. These are the temperatures being tested however, so a trend line describes the 

trough cooling that occurs under average temperature conditions. The average of the two gradients 

is 0.048 °C. This can be converted to °C Pa-1.using the calculation that air at 20 °C has a vapour 

pressure of 2379.3 Pa (Equation 6.4). 1% of this is 23.79 Pa. So the gradient is 2.02 °C Pa-1. When 

the result is is divided by the wind speed, A = 6.25 × 10 -4 °C m-1 s Pa-1.  

The constant B representing sensible heat effects was determined in Section 6.2.3 and found to be 

0.16 

The constant C is part of a term which allows for changes that have occurred before the fan begins. 

The initial TTW Figure 6.6 and Figure 6.7 show that with no wind – the water temperature tends to 

start below -0.5 °C, while monolayer begins above -0.5 °C. If the difference from -0.5 °C is added 

to the Theoretical TTW  differences which have occurred before the fan begins can be accounted for. 

The constant C is an estimation of how much this can be trusted considering the initial TTW seems to 

fluctuate. An estimation of C = 0.25 biases the final theoretical value a small amount without 

causing an error if the value is unusual.  

With the constants A, B, and C determined for the instrument, the processor can compare the 

measured temperature of water in the trough, with the theoretical prediction of TTW outlined above. 

If the water temperature within the trough is lower than the theoretical TTW; the monolayer is not 

present. If the water temperature in the trough is higher than predicted by the theoretical TTW, the 

monolayer is present.  
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6.3.6 Programming the WASP 

Three Models of Picaxe were used, with the final 40X2 being used as soon as it became available. 

The programs could be written in Basic. However there was a limit of 27 variables with a 2 bit 

value. This also meant that all calculations needed to be positive and between 0-216 (256×256). The 

Picaxe received all information from the humidity sensor, 2 thermocouples, the exact zero voltage 

of the amplifier (2.5 V) level, thermistor digitised the signals and calculated an appropriate output 

with surprising efficiency. So much so that it was also used to “clean” the thermocouples readings 

which fluctuated to a large extent. The digitised values TTW and TAW from the thermocouples were 

smoothed using a running average of 10. The previous result read by the thermocouple was 

remembered and multiplied by 9 to which the new reading was added, and the sum divided by 10. 

This virtually removed all random fluctuations in the data series for both thermocouples. A running 

average of 5 was also used for determining the initial TAW and thermistor, and humidity 

measurements. The running average is slightly below the initial values, however they have less 

variation. A large proportion of the scatter in this graph due to variations of absolute temperature 

affecting the evaporation rate.  

 

6.3.7 IR measurements using WASP 

The evaporative cooling that occurs within the enclosed insulated trough occurs as a result of 
changes to the surface temperature. The procedure described in Section 4.5.4 repeated for a fully 
assembled WASP to more fully understand the temperature profile changes occurring within the 
trough.  

 

Materials and Methods  

The IR thermometer was clamped above the inlet tube of the WASP and pointed at the middle of 

the surface to measure surface temperature for each hourly cycle, in a similar way to the setup in 

Section 6.2.1. The differences being the addition of the insulated trough and the enlargement of the 

measured time, from a few minutes to 60 minutes to allow for the longer time taken temperature 

stabilization of water in the trough. The setup was photographed (Figure 6.19(a)) with the results 

shown in Figure 6.19(b).  
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 (a) 

 
(b) 

Figure 6.19 IR(a) Setup for surface measurements within WASP. (b) IR Data for one 60 minute cycle for clear 
water (����) and hexadecanol (����), taken from circled regions of Figure 6.20.Dashed lines represent thermocouple 

measured results TTW, with representing clear water (red) and hexadecanol (blue). 

Also shown on this graph is the measured thermocouple values as dashed lines for 50% humidity 

for both clear water (red), and hexadecanol (blue) over one 60 minute cycle. The humidity values 

for the IR measurements were 49% for the clear water (red) and 46% for the hexadecanol (blue). 

With similar humidities the results can be compared. To aid the comparison the data was adjusted 

vertically to initially begin the cycle at exactly 21 °C. From results of surface cooling in Figure 

4.28, with no trough, using a wind speed of 3.0 m s-1, the surface of clear water is around 1.0 °C 

cooler than the subsurface water, and around 0.3 °C for a hexadecanol surface when measured with 

an IR thermometer. This difference occurs in Figure 6.19, however it can be seen that this surface 

evaporative cooling occurs in the first 3 minutes. Afterwards the surface cools to an equilibrium 

temperature quickly, unlike the earlier graph, as the cooled water cannot escape, and accumulates in 

the trough, cooling the surface further over around 60 minutes before reaching an equilibrium 

temperature.  

The data for a single cycle already discussed was chosen as an average cycle (circles) taken from a 

diurnal measurement of around 10 cycles for clear water (Figure 6.20(a)) and hexadecanol (Figure 

6.20(b)). Also plotted in these figures is the air temperature Ta (green dashed line), as measured 

with the IR thermometer. These graphs contain several interesting features:.  

- The 60 minute cycle appears not to be long enough to attain thermal stabilization 

- Both the initial temperature drop, and final temperature appear lower for clear water.  

- The difference between the fan off regions and Ta is larger for hexadecanol – possible due to 

some trapping of cold water at the surface due to inefficient thermals caused by surface 

viscosity (see Section 4.4.1). 

- The water surface temperature is more responsive to changes in air temperature  
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(a) (b) 

Figure 6.20 IR measurements of surface temperature taken over a day.(a) for water (red solid line) and (b) for a 
hexadecanol monolayer (blue solid line). The dashed green line is the air temperature Ta. The dashed circles are 
the data cycle chosen for Figure 6.19(b). 

 

Conclusion 

These measurements show that small difference in IR measurements  are indeed possible and the 

use of an IR sensor may improve the diagnosis of coverage more quickly by either being 

incorporated into thermocouple data, or replacing the thermocouples with an IR sensor. The 

advantage of IR trough temperature sensing would be that it produces a larger temperature 

difference between the clear water and hexadecanol samples, since the difference to surface is 

added to the difference between troughs. A disadvantage is the relatively large 0.1 °C resolution 

with the IR thermometer used. This is a resolution produced as a result of digitising radiation from 

absolute zero within the thermometer. A higher resolution may easily be possible by amplifying the 

voltage in the relevant region 0-40 °C before digitisation is used. It is again only differences that 

occur with the fan switched on that need be measured. Thermocouple measurements may not be as 

accurate as usual in relating voltage to temperature as the reference thermocouple may fluctuate 

slightly affecting the thermocouple resolution, due to temperature fluctuations in the water 

immediately under the trough. The EAIR-1816-510300 low temperature (0-300 °C) sensor retailed 

by Pacific Sensor Technologies is currently being investigated and may be useful in a final product.  

 

6.3.8 Accuracy of the WASP 

Using thermocouples to measure the evaporative cooling in on an indoor trough, the WASP 
indicated the correct cover 100 % of the time. However only using full pressure and clean surfaces 
were tested. Also the room had a humidity which was never above 80%, even when raining outside.   
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The accuracy of the WASP under field conditions has yet to be determined. When positioned on a 
trough indoors, it correctly predicted the existence or absence of a full pressure hexadecanol up to 
the available humidity of 80%. The humidity of the air within the laboratory did not rise above this 
value, even when raining, and the room was too large to use the humidifier from the climate 
chamber. Under field conditions there may be partial monolayer pressures and more variations in 
reference temperatures under the unit. In any case the diagnosis of monolayer coverage is less 
important in high humidity conditions as there is less evaporation. Some outdoor testing showed the 
testing chamber to be fairly resistant to environmental factors such as sun, wind, waves and water 
currents, since it is shaded from the sun and sealed from water influences.  

 

6.4 Conclusions 
Measurement of the evaporative cooling change produced by monolayers seems the most practical 
method for assessing their presence or absence since this directly related to evaporation reduction; 
the desired characteristic in their use. Use of an artificial wind moving over an insulated trough both 
increase the differences in temperature caused by the presence of a hexadecanol monolayer on the 
surface.  

Characteristic temperature changes that occur when the fan is switched on may be identified, using 
either the quicker IR differences measured with an IR sensor directed at the surface, or the slower 
measurement of TTW. These are measurements which necessarily need to include TAW and % 
humidity and initial TTW for maximum accuracy in diagnosing the state of the surface.  

Hexadecanol was used in this work, however any surface active layer which reduces evaporation is 
capable of being monitored, as they would cause similar temperature differences, and hence would 
be capable of being measured with this system. This includes any oil slick with a thickness greater 
than 3 µm as this appears to be the thickness which matches the effectiveness of hexadecanol 
(Section 4.5.2). These surface active layers also reduce surface tension, which is crutial for aiding 
the spread of the layer into and out of the testing chamber.  
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Chapter 7. Achievements and Summary 

The primary aim of this research was to investigate current methods of monolayer detection and 
explore any techniques which can automatically assess the state of monolayer coverage. It was 
found that the two existing methods; the oil indicator method and observation of damping were 
labour intensive and very difficult to automate. So an entirely new detection technique was 
required, and to this end, monolayer characteristics were examined, using various fields such as 
spectroscopy, thermodynamics and rheology. The most promising existing methods of monolayer 
detection; identified through a literature review were investigated experimentally with regard to 
reliability, and ease of incorporation into an automatic detection system. Many detection methods 
have deliberately been investigated to cover as many options as possible. Many people gave advice 
on detection methods, and all of these valued comments were explored, as there was concern, that 
in focussing on one method, a simpler, more effective method may be overlooked. There was also a 
deliberate emphasis on obstacles which made some detection methods difficult or unusable, as 
further work in monolayer research may benefit by knowing the nature of the impediment in the use 
of these methods. 

A literature review is given in Chapter 1 covering the main techniques used for evaporation on 
water storages. Monolayers are presented as one of these with some history, characteristics and 
factors governing effectiveness.  

These changes that occur to surface tension and wave damping are explained and tested 
experimentally tested in Chapter 2. The two main existing detection techniques; indicator oils and 
damping are discussed and tested experimentally, however neither showed any promise for 
automation. Additionally false indications may occur as other impurities and occurrences may lead 
to a lowering of surface tension and increased wave damping.  

Direct evidence of evaporation is found by measuring surface temperature changes, and this was 
carried out experimental in Chapter 3. These changes showed particular promise for reliable 
temperature indicators with the addition of artificial wind, and by using an accumulating trough. 

Alterations to interactions with electromagnetic radiation by monolayers are studied in Chapter 4 
determining that absorption, Brewster angle and emissivity are too small to be reliably detected in 
the field. However IR measurement of surface temperature showed consistent differences, 
particularly with the use of an artificial wind. Equipment for IR multichannel analysis and passive 
microwave absorption was not available, however may hold some possibilities for detection 
methods.   

The effects of wind on evaporation rates and coverage are discussed in Chapter 5. Results show that 
wind is shown to increase both surface and bulk temperature differences which occur with the 
addition of hexadecanol in large laboratory troughs. 

The addition of reliable indicators were combined in Chapter 6 to develop an automatic monolayer 
detector, using temperature differences, which are augmented with the use of artificial wind and an 
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accumulating trough, in an enclosed chamber using a combination of thermocouples and IR sensors. 
Since measurements are being conducted under known conditions, the final temperature of the 
trough TTW gives an assessment of the evaporation occurring which becomes easier to assess under 
low humidity conditions (<60%) however harder to distinguish under high humidity conditions 
(>80%). It becomes less important to detect monolayer coverage state under conditions of high 
humidity, however as there is little evaporation occurring.  

Important key outcomes which have been shown to be controversial are repeated here as they are 
considered crucial to efficient monolayer usage. 

• Numerous experiments from various authors (Wu 1971), show the damping of waves 
produced by monolayers alter the wind structure above the surface. This reduces the friction 
velocity U* which increases the vapour diffusion layer thickness leading to a decrease of 
evaporation. So the damping of waves by monolayers may be responsible for a significant 
reduction in evaporation.  

• While monolayers exhibit wind drift resistance on small troughs, this characteristic is 
virtually lost on large storages due to an accumulation of surface pressure produced by wind 
stress, and monolayers follow close to the normal drift speed that occurs for clear water 
under windy conditions. Therefore allowance needs to be made for surface drift in deciding 
dispensing methods.  

• Evaporation resistance of monolayer actually increases with wind speed, rather than 
decreases, so long as coverage can be maintained. This was shown to be caused mainly by 
the dramatic increase in evaporation from an uncovered water surface under windy 
conditions. \ 

• Alterations to the evaporation reduction of a surface are caused by changes to the vapour 
diffusion layer. Whether monolayers function by limiting the supply of water molecules to 
this layer (energy barrier theory), or changing the turbulence and air structure above; thereby 
thickening this layer remains to be tested.  

 

Recommendations for further work  
The key outcomes need to be checked more thoroughly using experimental methods to better 
characterise the behaviour of monolayers and the processes that occur around them which 
contribute to the desired ability to reduce evaporation. 

It may be useful to conduct initial tests on the WASP, on a large trough, where flooding of the 
trough can be used to provide a clean surface with minimal surface active impurities. This flooding 
provides an opportunity to experiment under controlled conditions of purity and surface tension 
which are not readily available on most water storages. Improvements to the WASP include 
reducing the run time from the present 60 minutes to around 5-10 minutes. This would probably 
involve the use of a higher wind speed, and an IR sensor detecting surface temperature within the 
trough. Development of feedback link to the dispenser(s) needs to be incorporated. The aim of 
future development is the deployment of a complete system which would assure storage owners of 
most efficient monolayer coverage. The WASP could be deployed at strategic positions around 
storages to feedback to sensors positioned in a grid positioned across the surface. Alternatively a 
mobile sensing/dispensing system could be useful to always operate upwind on large water 
storages.  
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In the initial stages of this work Australia was experiencing record droughts. On submission there 
are record rainfall and floods. It is hoped that rational management of water storages in conjunction 
with efficient evaporation reducing techniques such as monolayers may help ameliorate both.  
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Appendix 1 Group velocity of waves 
The speed of energy transfer away from a disturbance is called the group velocity vg, and describes 
the velocity at which a pulse, or train of waves moves away from the source. When looking at 
velocity differences it is important to distinguish between measuring a pulse of waves traversing a 
distance; group velocity cg and the speed of an individual wave moving the same distance in a 
continuous wave pattern; wave velocity cw. This effect is noticeable in deep water with large ocean 
waves, where waves of similar wavelength are moving away from a disturbance. If an individual 
wave is followed, it is seen to advance through the group, gradually dying out as it approaches the 
front, while a succession of waves moves forward to fill its position in the group.  

The group velocity can be derived by adding groups of waves of similar, but slightly different 
wavelength. The wave equation will have the form 
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Figure 7.1 Wave groups produced as a product of a sine wave and a larger period cosine wave.  

   If k and k’ are almost identical, the cosine expression would vary very slowly with x, so that the 
wave-profile at any instant has the form of curve of sine in which the amplitude alternates gradually 
between the values 0 and 2a. The surface will look like a series of groups of waves, separated at 
equal intervals by bands of nearly smooth water. The surface will therefore present the appearance 
of a series of groups of waves, separated at equal intervals by bands of relatively smooth water. The 
motion of each group is then independent of the; presence of the others.  
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For a gravity wave, kh
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So the group velocity matches c when h is very small compared with the wavelength, and 

decreases to 
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c
 when h is very large. For deep water the group velocity is half the wave velocity.  

For a capillary wave, c varies with 
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  So the group velocity moves faster than the wave velocity. The depth term tankh is not considered 
here for capillary waves, since λ is relatively small.  
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Figure 7.2 Gravity waves move slower than the group wave velocity. vg=c/2 A surfboard rider would move 

forward through the wave train and fall onto calm water. Adapted from Ananthakrishnan (2005). 

 
Figure 7.3 Capillary waves move faster than the group wave velocity. vg=3c/2. A bug on a crest at the front of the 
wave train would be surprised when waves start appearing in front of the one it is riding as it moves backward 

in the train. Adapted from (Ananthakrishnan 2005). 
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