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ABSTRACT OF THE DISSERTATION 

Radiation Transfer through Droplet-Covered Substrates: Simulations, Experiments, and 

Applications 

by Eylul Simsek Turan 

Doctor of Philosophy in Mechanical Engineering 

University of California, Los Angeles, 2021 

Professor Laurent G. Pilon, Chair 

Water droplets are commonly observed on the inner or outer surface of covers of solar energy 

conversion systems such as greenhouses, solar collectors, and solar stills as a result of dropwise 

condensation and/or rain. These systems have an operating temperature ranging from 280 K to 320 

K and emit infrared thermal radiation while being exposed to solar radiation. The presence of such 

droplets can reduce the solar transmittance and alter the thermal load on the solar energy 

conversion systems. In addition, radiative cooling surfaces used for building cooling and water 

harvesting applications also collect dew and these condensed droplets can alter the emittance and 

selectivity of radiative cooling surfaces. This dissertation aims (i) to investigate both numerically 

and experimentally visible and infrared radiation transfer through surfaces supporting polydisperse 

droplets on their front or back side and (ii) to assess experimentally the effect of droplets in 

important applications including photovoltaic solar cells and water production using radiative 

cooling surfaces. 

First, light transfer through soda-lime glass windows supporting acrylic droplets on its back 

side was investigated. For contact angle θc smaller than the critical angle θcr for total internal 

reflection at the droplet/air interface, the presence of droplets did not significantly affect the 

transmittance and reflectance. However, for droplet contact angle θcr ≤ θc < 90°, the transmittance 
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decreased significantly with increasing droplet contact angle and/or surface area coverage while 

the reflectance increased. Second, infrared radiation transfer through glass windows covered with 

droplets on their front or back sides was examined. The transmittance of windows with slightly 

absorbing droplets on the front increased while the reflectance decreased with increasing contact 

angle and surface coverage due to antireflection effects. For droplets on the back with contact 

angles larger than the critical angle for total internal reflection at the droplet/air interface, the 

transmittance decreased with increasing contact angle and surface coverage. For strongly 

absorbing droplets, the transmittance decreased with increasing surface coverage for droplets on 

either the front or back sides. Experimental measurements for both visible and infrared parts were 

in good agreement with numerical predictions obtained using the Monte Carlo ray-tracing method. 

Moreover, the effect of droplets on the performance of solar photovoltaic (PV) cells was 

quantified experimentally. The current vs. voltage curves of polycrystalline silicon solar cells with 

dry and droplet-covered glass covers were measured under simulated solar irradiation under 

different incidence angles. For incident angles θi ≤ 30°, the droplets did not affect the performance 

of the PV cells. However, for incident angles θi > 30°, the presence of droplets caused the 

maximum power and energy conversion efficiency of the PV cells to decrease significantly. Such 

performance degradation was attributed to the fact that the incident light was back-scattered 

through the droplets instead of being trapped by total internal reflection at the cover/air interface. 

Finally, the effect of droplets on the emittance and selectivity of radiative cooling surfaces was 

investigated experimentally. The spectral directional-hemispherical reflectance of a moderately 

selective emitter supporting acrylic droplets with different contact angles and surface area 

coverages was measured. The spectral emittance of the radiative cooling surfaces was found to 

increase significantly across the infrared spectrum in presence of droplets and with increasing 
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surface area coverage. In fact, the droplets transformed the spectrally selective surface into a 

broadband emitter. This was attributed to the absorption by the acrylic droplets. In addition, 

outdoor nighttime experiments under different relative humidity and cloud coverage established 

that the temperature of the radiative cooling surface increased when covered by droplets due to the 

increase in the radiative heat gain from the atmosphere.  
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Chapter 1: Introduction 

1.1 Presence of droplets on surfaces 

Water droplets are often observed on the inner or outer surface of covers of solar water heaters 

[1,2], solar collectors [3], greenhouses [4–9], outdoor photobioreactors [10–12], covered raceway 

ponds [13], and building windows [14–17] as a result of dropwise condensation and/or rain. For 

example, Figures 1.1(a) and 1.1(b) show condensed water droplets on the surface of a greenhouse 

cover and a window. In addition, dropwise condensation occurs in various solar energy conversion 

systems such as solar stills [18–23], as illustrated in Figure 1.1(c). 

Moreover, photovoltaic (PV) solar cells can convert the incident solar radiation directly into 

electricity for photons with energy larger than the bandgap of the semiconductor (e.g., silicon) 

used to form PN junctions [24]. Solar PV technology provided 592 TWh of electrical energy 

worldwide in 2018 and is expected to deliver about 4,700 TWh by 2040 representing 13% of the 

projected global energy consumption [25]. Photovoltaic solar cells can be classified as (1) 

crystalline silicon-based solar cells with efficiency up to 27.6%, (2) thin-film solar cells with 

efficiency up to 23.4%, (3) emerging solar cells such as dye-sensitized, perovskite, quantum dot, 

and organic solar cells with an efficiency of up to 25.2%, and (4) multijunction solar cells with 

efficiency up to 39.2% [26]. Among these different types, crystalline silicon-based solar cells 

(monocrystalline and polycrystalline) have the highest market share representing more than 90%. 

In general, water droplets are observed at the surface of outdoor PV solar panels as they are 

exposed to outdoor elements such as rain and/or dew [27–29], as illustrated in Figure 1.1(d).  
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Figure 1.1. Water droplets on the surface of (a) a greenhouse (Credit: Photograph reproduced with 

permission from http://www.MikeSavad.com), (b) a window, of (c) a solar still (Photo by Deris 

Jeannette, ClearDome Solar Thermal), and (d) a solar photovoltaic panel (credit: photograph 

reproduced with permission from GÜNAM, http://gunam.metu.edu.tr/). 

Furthermore, passive radiative cooling refers to the net radiative heat loss from a radiatively 

selective surface to space and to the upper atmosphere primarily through the long-wavelength 

infrared (LWIR) transmission window of the atmosphere spanning wavelengths between 8 and 13 

μm. It offers a “zero-energy” and “zero-carbon” way to cool terrestrial objects [30,31]. Such 
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passive net cooling effect is explored as a potential solution to cooling needs at scales ranging 

from complementing or replacing air-conditioning in the built environment [32,33] to 

geoengineering in order to address climate change [34]. One of the major applications of radiative 

cooling is the cooling of buildings [35–37], particularly rooftops, which can radiatively cool down 

to low temperatures for its advantageous view factor with the sky. Then, rooftop radiative cooling 

surface tend to collect dew at night, even in relatively arid regions [38]. Indeed, water droplets are 

commonly observed condensing on a radiative cooling surface as its temperature drops below the 

dew point temperature of the surrounding air, as illustrated in Figure 1.2. In fact, radiative cooling 

surfaces can also be used for harvesting atmospheric water by condensing atmospheric water vapor 

or fog [39–42]. 

 

Figure 1.2. Example of condensate water droplets on the radiative cooling surface. 

1.2 Dew formation and droplet characterization 

Dew formation refers to water vapor condensing on a surface at a temperature below the dew point 

temperature of the surrounding air or even above due to (i) the presence of hygroscopic dust on 

the covers [39] and/or (ii) capillary effects [40]. Two main requirements for dew formation include 
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(i) sufficient vapor amount in the surrounding air and (ii) intensive radiative cooling of the surface 

[41]. Water droplets can be frequently present on surfaces due to dropwise condensation, even in 

arid and semi-arid environments [38,42]. For example, in semi-arid coastal regions such as in the 

province of Almería in southeast Spain dew forms more than 75% of the nights [43]. Also, dew 

formation has been shown to occur 15% to 95% of the nights in the grasslands of the United States 

and last for hours under high relative humidity [44]. Dew commonly forms on the surfaces in the 

night and/or early in the morning [41,44] and dew duration could reach 6–15 hours [44]. For 

example, the presence of dew in daytime and nighttime was up to 7 hours and 10 hours in the 

desert-shrub ecosystem of northwestern China, respectively [45]. 

Discrete droplets form on the surfaces and may grow and coalesce as condensation continues 

[46], as shown in Figure 1.3. These droplets are characterized by their (i) contact angle θc, (ii) 

projected surface area coverage fA, (iii) size distribution, and (iv) shape.  

 

Figure 1.3. Example of water droplets condensed on a plastic cover. 
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The droplet contact angle is defined as the angle between the tangents at the interface of the 

liquid droplet and of the solid substrate [38], as illustrated in Figure 1.4(a). Considering the contact 

angle of a water droplet θc, solid surfaces can be classified as (i) superhydrophilic for θc = 0°, (ii) 

hydrophilic for θc < 90°, (iii) hydrophobic for 90° ≤ θc ≤ 150°, and (iv) superhydrophobic for θc 

> 120° [47]. Different coatings and micro/nanostructures can be deposited or formed on the 

surfaces to achieve hydrophilicity preferable for antifogging behavior [48–50] or hydrophobic 

surfaces for self-cleaning attributes [49]. 

The droplet projected surface area coverage fA can be defined as the ratio of the projected 

surface area occupied by the droplets to the surface area of the solid surface [51]. For dropwise 

condensation on a vertical and horizontal oriented surface, equilibrium droplet surface area 

coverage fA was reported as 55% [52] and 60% [51], respectively.  

 

Figure 1.4. Schematic of a solid substrate supporting droplets (a) front view, (b) top view. 

Typically, the diameter of the droplets ranges from a few micrometers to millimeters [53,54]. 

Droplet size distribution can be monodisperse where droplets had the same projected droplet 

diameter dp or polydisperse where droplets had a size distribution. For a dropwise condensation 

on a solid surface, droplets are polydisperse and randomly distributed [55], as illustrated 
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schematically in Figure 1.4. The droplets are cap-shaped when the surface tension forces are 

dominant such that the droplet diameter is much smaller than the capillary length lc [56], as shown 

in Figure 1.4(a). However, droplets with a diameter equal to or larger than the capillary length lc 

are non-cap shaped as they become deformed by gravity [56].  

1.3 Motivation of the present study 

The presence of water droplets has been shown to reduce the transmittance through the plastic 

covers or windows in the visible and near-infrared parts of the electromagnetic spectrum thereby 

decreasing the solar energy input available for photosynthesis [13,57–61] or for solar photothermal 

and photoelectric energy conversions [62–64]. This has been attributed to back-scattering and/or 

absorption by droplets [52,55,64–66]. In addition, these solar energy conversion systems have an 

operating temperature ranging from 280 K to 320 K and emit thermal radiation at infrared 

wavelengths (4 μm ≤ λ ≤ 40 μm) with a peak emissive power occurring around 10 μm while being 

exposed, during the day, to solar radiation concentrated in the spectral range 400 nm ≤ λ ≤ 3 μm 

[46]. The presence of droplets on either side of the window or cover can alter the transmission of 

solar radiation and the emissivity of the covers and windows, thereby impacting the energy input 

and the thermal load on the systems. However, systematic characterization of the droplets is made 

difficult by the dynamic nature of the condensation process and the outdoor conditions. As an 

alternative, numerical simulations have been performed to predict the radiation transmittance 

through the droplet-covered windows [55,64,67]. Nonetheless, the experimental validation of 

these complex numerical simulations in the visible and infrared parts of the electromagnetic 

spectrum has not been reported in the literature. In addition, to the best of our knowledge, the 

impact of droplets on infrared radiation transfer through windows has not yet been investigated 

thoroughly. 
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Similarly, the presence of water droplets on the radiative cooling surfaces can alter the 

emittance of the surfaces and the performance of the radiative cooler. Understanding the effect of 

droplets on the radiative cooling surfaces' performance can provide information to optimize the 

design of these radiative emitters for both building cooling and water harvesting applications. The 

previous studies reported in the literature related to the radiative cooling surfaces have not 

considered the effect of dropwise condensation on the emittance and on the selectivity of the 

radiative coolers. 

1.4 Objectives of the present study 

This dissertation aims first to experimentally and numerically investigate visible and infrared 

radiation transfer through semitransparent glass windows supporting droplets on their back or front 

sides. To do so, glass slabs supporting a large number of polydisperse acrylic droplets with 

different contact angles and projected surface area coverages were prepared and carefully 

characterized. Acrylic droplets were used instead of water to avoid changes in the droplet size 

distribution and surface area coverage during the measurements due to evaporation, coalescence, 

break-off, and/or droplet motion. The normal-hemispherical transmittance and reflectance of each 

sample was measured in the visible and infrared part of the electromagnetic spectrum. The 

experimental measurements were used to validate the previously developed numerical code based 

on the Monte Carlo ray-tracing method [55,64,66].  

This dissertation aims also to investigate experimentally the effect of the presence of droplets 

in different important applications in energy generation and water production. First, the effect of 

droplet surface coverage and contact angle on the performance of photovoltaic solar cells were 

investigated experimentally under simulated collimated solar radiation for a wide range of incident 

angles. To do so, bare polycrystalline silicon solar cells with different glass covers supporting 
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droplets with various contact angles and surface area coverage were tested. Second, infrared 

radiation emission from selective emitters covered with droplets on their front side was 

investigated experimentally. To do so, a moderately selective emitter recently proposed as a 

radiative cooling standard [68] supporting a large number of polydisperse acrylic droplets with 

different droplet contact angles and surface area coverages were prepared and characterized. The 

spectral directional-hemispherical reflectance of the samples was measured in the infrared part of 

the electromagnetic spectrum. Then, the total directional emittance, directional emittance inside 

and outside the atmospheric transparency window of the dry and droplet-covered samples were 

calculated. Finally, outdoor nighttime experiments were conducted to compare the temperature of 

the dry and droplet-covered radiative cooling surfaces. 

1.5 Organization of the document 

Chapter 2 assesses the effect of the pendant droplets condensed on the back side of semi-

transparent glass panes on their normal-hemispherical transmittance and reflectance in the visible 

and near-infrared parts of the electromagnetic spectrum when droplets and windows are 

transparent. Chapter 3 extends the investigation of Chapter 2 to the infrared part of the spectrum 

when cover and droplets are semitransparent. Here, infrared radiation transfer through 

semitransparent glass windows covered with droplets on the front or back sides is experimentally 

and numerically investigated. Chapter 4 studies the impact of droplets on the performance and 

hourly energy production of solar photovoltaic cells due to dropwise condensation or rain falling 

on their cover. Chapter 5 experimentally investigates the effect of dropwise condensation on the 

emittance and selectivity of the radiative cooling surfaces. Finally, Chapter 6 summarizes the 

contributions of this thesis and provides recommendations for future research. Figure 1.5 
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summarizes the organization of this dissertation in terms of single effect experiments in the visible 

or infrared and in terms of applications. 

 

Figure 1.5. Organization of this dissertation. 
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Chapter 2: Light Transfer through Semitransparent 

Glass Panes Supporting Pendant Droplets 

This chapter demonstrates experimentally the effect of pendant droplets condensed on the back of 

semi-transparent glass panes on their normal-hemispherical transmittance and reflectance in the 

visible and near-infrared. To enable sample characterization and ensure repeatability, acrylic 

droplets were deposited on the back side of 3 mm-thick soda-lime silicate glass slabs with or 

without hydrophobic surface treatment including perfluorinated silane, perfluorinated silane-

coated silica nanoparticle monolayer, or Teflon coatings. The droplet contact angle θc was varied 

between 26° and 76° and the projected surface area coverage reached up to 60%. The results of 

this chapter can provide guidelines for the design and operation of energy efficient flat-plate solar 

collectors, outdoor photobioreactors, greenhouses, solar desalination systems, and other solar 

energy conversion systems. 

2.1 Background 

2.1.1 Modeling 

Tow [67] used the Monte Carlo Ray Tracing (MCRT) method to numerically investigate light 

transfer through a 3 mm thick non-absorbing glass slab (ng = 1.5) supporting non-absorbing and 

ordered cap-shaped water droplets (nd = 1.33) on its back side. By virtue of symmetry, 1/12 of a 

cap-shaped droplet on a half-equilateral triangle shaped glass surface was simulated. The droplet 

contact angle θc varied between 0° and 90° while the droplet surface area coverage and diameter 

were constant and equal to fA = 55% and dp = 2.66 mm, respectively. The angle of the collimated 

incident light varied between 0° and 80°. The directional-hemispherical reflectance was found to 

decrease slightly in the presence of droplets with contact angles θc ≤ 45°. However, for contact 
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angles larger than the critical angle for total internal reflection at the droplet/air interface, the 

normal-hemispherical reflectance increased significantly with increasing droplet contact angle. 

This was attributed to the fact that total internal reflection at the droplet/air interface reduced the 

transmittance through the wet glass. The author also stated the need for experimental 

measurements to validate the numerical simulations and to assess the use of coatings to adjust the 

droplet contact angle to minimize reflectance.  

More recently, Zhu et al.[55] presented a MCRT method to predict the directional-

hemispherical transmittance through a non-absorbing glass pane (nw = 1.5) supporting between 

350 and 800 non-absorbing cap-shaped water droplets (nd = 1.33) on its back side. Monodisperse 

or polydisperse droplets either randomly distributed or ordered in a hexagonal pattern on the glass 

pane surface were investigated. The droplet contact angle θc varied between 0° and 180° and the 

projected surface area fA between 0 and 90%. The thickness of the glass pane was 3 mm and the 

angle of the collimated incident light varied between 0° and 90°. The directional-hemispherical 

transmittance was found to be independent of droplet diameter and spatial distribution, albeit for 

non-absorbing droplets [66]. However, it depended on (i) the incident angle θi, (ii) the droplet 

contact angle θc, and (iii) the surface area coverage fA. In fact, the directional transmittance 

decreased monotonously with increasing incident angle. To describe the effect of droplet contact 

angle θc on the normal-hemispherical transmittance, the authors defined four optical regimes with 

respect to the critical angle θcr for total internal reflection at the droplet/air interface. In both 

Regime I (θc < θcr) and Regime IV (θc  180°-θcr), the normal-hemispherical transmittance was 

found to be nearly independent of contact angle as the droplets scatter the photons forward. In 

Regime II (θcr  θc < 90°), the normal-hemispherical transmittance decreased rapidly and reached 

a minimum at 90°. This was attributed to the total internal reflection occurring at the droplet/air 
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interface. A further increase in contact angle between 90° and 180°-θcr resulted in a rapid increase 

in the normal-hemispherical transmittance, corresponding to Regime III. In addition, the normal-

hemispherical transmittance decreased with increasing surface area coverage in all regimes except 

Regime I when it slightly increased. 

Zhu et al.[66] also predicted the normal-hemispherical transmittance and reflectance of semi-

transparent glass pane (nw = 1.5) supporting a large number of absorbing cap-shaped water droplets 

(nd = 1.33) condensed on their back side. The thickness of the pane was 3 mm and its absorption 

index kw varied between 0 and 5x10-5. Monodisperse or polydisperse droplets were distributed 

either in an ordered hexagonal pattern or randomly on the back side of the pane and featured (i) 

absorption index kd ranging between 0 and 5x10-2, (ii) contact angle θc between 0° and 180°, (iii) 

droplet projected diameter dp between 50 μm and 250 μm, and (iv) surface area coverage fA from 

30% to 55%. The normal-hemispherical transmittance of glass panes supporting non-absorbing 

droplets was found to be independent of the droplet spatial distribution. For slightly absorbing 

droplets (kd  5x10-2), the normal-hemispherical transmittance decreased with increasing droplet 

diameter and volume by virtue of the fact that absorption is a volumetric phenomenon. In addition, 

the same four optical regimes defined in Ref.[55] for non-absorbing droplets were also observed 

for slightly absorbing droplets. However, for strongly absorbing droplets, the normal-

hemispherical transmittance decreased sharply with increasing contact angle for θc < 90°, while 

remaining constant and independent of the droplet diameter, contact angle, and absorption index 

for contact angles θc  90°. Finally, while the numerical simulations rely on few and realistic 

assumptions, they have not been validated experimentally.  
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2.1.2 Experiments 

The effect of water droplets on the transmittance of semi-transparent covers has often been 

investigated experimentally, under outdoor conditions [7–9,18,22,59,61,69–71]. Cemek et al.[59] 

measured the total hemispherical transmittance of solar radiation through reduced-scale 

greenhouses. The greenhouses were covered with a cladding made of a 150-micron thick film of 

(i) polyethylene (PE), (ii) UV-stabilized polyethylene (UV+PE), (iii) IR absorber polyethylene 

(IR+PE), or (iv) double-layer polyethylene films (D-Poly). The greenhouses were aligned along 

the East-West direction in Samsun (42°N), Turkey. The roof of the greenhouses was inclined at an 

angle of 26° with respect to the horizontal and the sidewalls were vertical. Photographs of the 

greenhouse roof indicated that the droplet surface area coverage of the roof made of PE, UV+PE, 

and IR+PE films was 46%, 38%, and 29% with droplet mean diameter of 2.6 mm, 2.0 mm, and 

2.6 mm, respectively. Similarly, the droplet surface area coverage on the sidewalls made of PE, 

UV+PE, and IR+PE films was 48%, 23%, and 16% with droplet mean diameter of 1.2 mm, 1.2 

mm, and 2.6 mm, respectively. Droplets on the D-Poly covers were not characterized owing to the 

small amount of condensation. The total hemispherical transmittance of solar radiation in the 

visible was estimated by simultaneously measuring the photon flux density outside and inside the 

greenhouse using a SunScan analyzer connected to a data logger. The largest decrease in the total 

hemispherical transmittance, with respect to their dry state, was observed in August and reached 

about 13%, 11%, and 11% for PE, UV+PE, and IR+PE films, respectively. The authors attributed 

the decrease in transmittance to the high droplet surface area coverage and volume. Note that the 

droplet contact angles on the different films were not reported. However, the expected small 

contact angle on UV+PE films [72] might explain why their transmittance losses were similar to 

those with the IR+PE films even though the droplet surface area coverage was larger. 
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Stanghellini et al.[60] performed experiments inside a greenhouse with replaceable covers 

made of (i) single-pane glass, (ii) double-pane glass, (iii) glass with a pyramid-shaped textured 

surface, (iv) single glass with antireflecting (AR) coating, (v) uncoated polycarbonate, and (vi) 

polycarbonate with an anti-drop coating favoring filmwise condensation. Quantum sensors were 

placed above and below the greenhouse rooftop to measure the total hemispherical transmittance 

of the covers in the photosynthetically active radiation (PAR) region (400-700 nm). The 

transmittance of the covers was determined by dividing the photon flux measured simultaneously 

inside and outside the greenhouse. The results indicated that the effect of droplets on the light 

transmittance depended on the cover material. Condensation did not affect the transmittance of the 

glass with a pyramid-shaped texture. This was attributed to the decrease in contact angle with 

increasing roughness favoring filmwise condensation instead of dropwise condensation. The total 

hemispherical transmittance of single-pane glass, double-pane glass, single glass with anti-

reflective (AR) coating or uncoated polycarbonate decreased by 7%, 9%, 10%, or 18%, 

respectively, with respect to their dry state. The transmittance of the polycarbonate cover decreased 

more than that of the glass cover due to the larger droplet contact angle around 84 [73]. 

Unfortunately, the size distribution, surface area coverage, and contact angle of the water droplets 

were not reported. Finally, the total hemispherical transmittance of the anti-drop coated 

polycarbonate slab with a low contact angle and thickness of 16 mm increased by 3% due to the 

presence of a water film. 

Bhardwaj et al.[22] performed outdoor tests of solar stills featuring a 2 mm thick cover made 

of (i) glass, (ii) polyethylene terephthalate (PET), (iii) polycarbonate (PC), or (iv) polymethyl 

methacrylate (PMMA or acrylic). The covers were facing South and were inclined at an angle of 

30° with respect to the horizontal. The contact angle θc of water droplets on the glass, PET, PC, 
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and PMMA covers were reported as 30°, 71°, 72.5°, and 82°, respectively. The water production 

was found to decrease by 40% as the droplet contact angle increased from 30° to 82°. The authors 

concluded that the transmission of solar irradiation through the wet covers decreased with 

increasing droplet contact angle. Note, however, that the droplet surface area coverage was not 

reported and might have varied as droplets slid or dripped more or less depending on the cover 

material. Similarly, the transmittance may change with cover material due to their different optical 

properties. The authors recommended the use of hydrophilic cover materials with a low droplet 

contact angle to maximize water production.  

The experimental observations reported to date confirmed that the transmittance in the visible 

decreased with dropwise condensation on the back side of windows [7–9,18,22,59,61,69,70]. 

However, most of the previous experimental studies have not systematically characterized the 

water droplet contact angle, size, and surface area coverage and/or investigated their effect on the 

window transmittance and reflectance. This might be due to experimental challenges such as (i) 

uncontrollable and continuously changing outdoor weather conditions (humidity, temperature, 

dew point), (ii) contamination on the cover material, and/or (iii) rolling off and entrainment of 

droplets. These phenomena render difficult the measurements of contact angle and surface 

coverage and limited their achievable range.  

This chapter aims to experimentally investigate radiation transfer through semi-transparent 

glass slabs supporting pendant droplets condensed at their back side. To do so, surface-treated 

glass slabs supporting acrylic droplets with different contact angles and surface area coverages 

were prepared and systematically characterized. In particular, their normal-hemispherical 

transmittance and reflectance were measured in the visible and near-infrared parts of the 
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electromagnetic spectrum. The measurements were compared with predictions by the previously 

developed Monte Carlo Ray Tracing method [55,66] applied to our specific samples. 

2.2 Materials and methods 

2.2.1 Sample preparation  

Five different types of glass samples with different surface treatments were prepared to achieve 

different droplet contact angles including (1) bare soda-lime glass, (2) soda-lime glass coated with 

commercial water-repellent spray (Rain-X®, USA), (3) soda-lime glass coated with perfluorinated 

silane (tridecafluoro-1,1,2,2,-tetrahydrooctyl)trichlorosilane, Gelest, USA) referred to as 

perfluorinated silane, (4) soda-lime glass coated with a perfluorinated silane-treated monolayer of 

silica nanoparticles, (5) soda-lime glass coated with Teflon AF-2400 (Chemours, USA). Plane-

parallel soda-lime silicate glass slabs, 3 mm in thickness with a surface area of 2.5 x 2.5 cm2, were 

kindly provided by Asahi Glass Corporation, Yokohama, Japan. All samples were cleaned with 

isopropyl alcohol (IPA) prior to any surface treatment.  

First, the soda-lime glass slabs coated with water-repellent spray were prepared by spraying 

the commercial product Rain-X® (620115, 2-in-1 exterior detailer and water repellent) on a small 

dry cloth and applying it on one face of the glass sample.  

Second, the glass samples coated with perfluorinated silane were prepared by placing the glass 

slabs inside a closed container filled with silane vapor. Silane with chlorine substituent reacts with 

hydroxyl groups (−OH) present on the glass surface according to [74] 

 Si–Cl + HO–Si → Si–O–Si + HCl (2.1) 

Note that only reacting bonds are shown in Equation (2.1). This reaction permanently grafts 

perfluorocarbon chains on the surface of the glass substrate to form a hydrophobic coating.  
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Third, before coating the glass slabs with a monolayer of perfluorinated silane-treated silica 

nanoparticles, the slabs were placed on a hot plate at 450 °C for 30 minutes to remove any oil, dirt, 

and organic residues. Silica nanoparticles with 307  20 nm diameter were synthesized by the 

Stöber process [75,76]. In this process, tetraethyl orthosilicate (TEOS, 97.0+%, TCI AmericaTM), 

ethanol (EtOH, 200 proof, Rossville Gold Shield), ammonium hydroxide (NH4OH, VWR 

Chemicals BDH), and deionized (DI) water were used without any further purification. First, EtOH 

(8 mL), NH4OH (0.31 mL), and DI water (1.4 mL) were mixed vigorously with a magnetic stirrer 

under atmospheric conditions. After 2 minutes of stirring, TEOS (1.5 mL) was quickly added in a 

single step. The solution was left to stir for 24 hours to allow for the complete growth of 

nanoparticles. Then, the ethanol/water-based silica nanoparticle suspension was sonicated to break 

any nanoparticle aggregate. The suspension was drop-casted onto the glass slabs [77] to obtain a 

monolayer of silica nanoparticles. Then, the glass slab was heat-treated at 450 °C for 1 hour to 

bond the nanoparticles onto the glass surface and render the coating mechanically robust. Finally, 

the surface of the silica nanoparticle coating was rendered hydrophobic by depositing 

perfluorinated silane using the method previously described. The silica nanoparticles before the 

silane treatment were characterized using a scanning electron microscope (SEM) (JEOL, JSM-

6700F) and an atomic force microscope (AFM) (Bruker, Dimension FastScan).  

Fourth, some glass slabs were spin-coated with Teflon AF-2400 followed by heat-treatment 

on a hot plate at 250 °C for an hour. Finally, the sample was baked in a furnace at 340 °C for 3.5 

hours to achieve a 50 nm thick Teflon film [78]. 

Following the preparation of the glass slabs with or without surface treatment, thousands of 

transparent droplets made of ultraviolet (UV) curable acrylic polymer (Loctite AA 349) were 

deposited onto the glass substrate. The tip of the needle of a syringe was used to deposit liquid 
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acrylic droplets from the container onto the glass substrate. This procedure was repeated until the 

desired droplet surface area coverage was achieved. Lastly, the acrylic droplets were cured with a 

UV lamp at 365 nm (Blak-Ray B-100A, Thermo Scientific Fisher, USA). The use of polymer 

droplets instead of water droplets facilitated the handling of the samples and eliminated the 

challenges caused by water droplet motion and evaporation on the glass surface. In addition, the 

droplet surface area coverage and size distribution could be carefully characterized for each sample 

and remained the same throughout the experiments. The refractive index of acrylic falls between 

that of air and that of soda-lime glass [79,80]. Thus, the optical effects caused by the presence of 

droplets are expected to be qualitatively similar to that of water droplets despite the difference in 

their refractive indices. 

2.2.2 Droplet characterization 

The contact angle of acrylic droplets on the glass substrate was measured using a Drop Shape 

Analyzer (DSA100, Kruss Scientific, Germany). For each type of glass substrate, the contact angle 

measurements were repeated for 9 droplets to obtain the mean contact angle �̅�𝑐 and the associated 

95% confidence interval. In addition, the projected droplet diameter dp and surface area coverage 

fA were measured from microscope images captured with a Leica LMIL microscope (Leica 

Microsystems, USA) connected to a CCD camera (Spot Insight model 4.2, USA). The image 

analysis software ImageJ was used to manually measure the droplets’ location and projected 

diameter. 

2.2.3 Optical characterization 

The normal-hemispherical transmittance and reflectance of the previously described dry and 

droplet-covered glass slabs were measured using a double-beam ultraviolet-visible (UV-Vis) 

spectrophotometer (iS50, Thermo Scientific Fisher, USA) equipped with an integrating sphere 
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(EVO220, Thermo Scientific Fisher, USA). Measurements were performed in the visible and near-

infrared range between 400 nm and 1100 nm in 1 nm increment. 

2.2.4 Numerical simulations 

Figure 2.1 shows a schematic of a semi-transparent glass slab of length L, width W, and thickness 

H covered with polydisperse droplets with contact angle θc and projected diameter dp. The complex 

index of refraction of the semi-transparent glass was denoted by mg,λ = ng,λ +i kg,λ while that of the 

droplets was denoted by md,λ = nd,λ +i kd,λ. In order to predict the normal-hemispherical 

transmittance and reflectance of droplet-covered glasses, the following main assumptions were 

made: (1) the droplets were cap-shaped with a constant curvature, (2) all droplets had the same 

contact angle, (3) all interfaces were optically smooth, and (4) interferences and other wave effects 

were ignored.  

Numerical simulations of the normal-hemispherical transmittance and reflectance of non-

absorbing droplet-covered glasses were performed using the MCRT method. The algorithm was 

described in detail in Ref.[55] and need not be repeated. In all simulations, the total number of 

photon bundles simulated was 107 to ensure numerical convergence [55]. Note that simulations of 

the spectral normal-hemispherical transmittance and reflectance of the Teflon AF-2400 coated 

soda-lime glass slab with droplet mean contact angle �̅�𝑐 = 76.2° and surface area coverage fA = 

45% faithfully simulated the more than 2000 polydisperse droplets with their precisely measured 

position and projected diameter, as illustrated in Figure 2.2. Other simulations assumed droplets 

to be polydisperse and their diameter followed a normal distribution with an average diameter of 

�̅�𝑝 = 250 μm and standard deviation σ = 150 μm to ensure that the droplet diameter was much 

smaller than the capillary length and that Assumption 1 was satisfied.  
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Figure 2.1. Schematic of a semi-transparent glass supporting non-absorbing polydisperse droplets 

(a) front view, (b) top view. 
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Figure 2.2. (a) Photograph of the Teflon-coated glass sample covered with acrylic droplets with 

contact angle �̅�𝑐= 76.2° and surface area coverage fA = 45% and (b) corresponding computer-

generated droplets.  
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Note that previous numerical simulations established that the droplet size distribution had no 

effect on the directional-hemispherical transmittance of glass panes supporting droplets on their 

back side provided that the droplets were non-absorbing and their diameters were small to ensure 

that they were cap-shaped [55,66]. 

The spectral refractive ng,λ and absorption kg,λ indices of the bare soda-lime silica glass slab 

used in all simulations were retrieved from the measured normal-normal transmittance Tnn,g,λ and 

reflectance Rnn,g,λ in the wavelength range from 400 to 1100 nm using the following analytical 

expressions [81] 

 𝑇𝑛𝑛,𝑔,𝜆 =
(1−𝜌𝑎𝑔,𝜆)2𝑒

−𝜅𝑔,𝜆𝐻

1−𝜌𝑎𝑔,𝜆
2 𝑒

−2𝜅𝑔,𝜆𝐻  and 𝑅𝑛𝑛,𝑔,𝜆 = 𝜌𝑎𝑔,𝜆 (1 +
(1−𝜌𝑎𝑔,𝜆)2𝑒

−2𝜅𝑔,𝜆𝐻

1−𝜌𝑎𝑔,𝜆
2 𝑒

−2𝜅𝑔,𝜆𝐻 ). (2.2) 

Here, 𝜌𝑎𝑔,𝜆 is the spectral reflectivity of the air/glass interface and 𝜅𝑔,𝜆 is the spectral absorption 

coefficient of the glass slab expressed as [81] 

 𝜌𝑎𝑔,𝜆 =
(𝑛𝑔,𝜆−1)2+𝑘𝑔,𝜆

2

(𝑛𝑔,𝜆+1)2+𝑘𝑔,𝜆
2  and 𝜅𝑔,𝜆 =

4𝜋𝑘𝑔,𝜆

𝜆
. (2.3) 

Finally, the refractive nd,λ and absorption kd,λ indices of the acrylic were taken from Refs.[79] and 

[82], respectively.  

2.3 Results and discussion  

2.3.1 Sample characterization 

Figure 2.3 shows (a) an SEM image of aggregates of the synthesized silica nanoparticles and (b) 

an AFM image of the silica nanoparticle monolayer deposited onto a glass slab. The arithmetic 

average surface roughness of the coating was measured as 35 nm based on AFM images.  
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Figure 2.3. (a) SEM images of the aggregates of silica nanoparticles synthesized by the Stöber 

process and (b) AFM image of the silica nanoparticle monolayer deposited onto a glass slab.  
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Table 2.1 summarizes the different droplet-covered and surface-treated glass slabs fabricated 

with different droplet mean contact angle �̅�𝑐  and surface area coverage fA. The droplet mean 

contact angle for the (i) bare glass slabs or glass slabs coated with (ii) water-repellent, (iii) 

perfluorinated silane, (iv) perfluorinated silane-treated monolayer of silica nanoparticles, and (v) 

Teflon AF-2400 was �̅�𝑐= 25.8  2.2°, 37.1  3.8°, 54.8  4.6°, 66.6  4.5°, and 76.2  1.6°, 

respectively. In addition, the droplet surface area coverage fA ranged between 19% and 59%. The 

droplet mean diameter varied between 250 μm and 614 μm. Finally, for the sake of completeness, 

measurements of the droplet contact angles are reported in Figure A.1 in Appendix. Similarly, 

Figure A.2 shows representative microscope images of the different samples (Samples 2, 4-6, and 

9) and Figure A.3 plots the droplet size distribution for each of the 9 samples presented in Table 

2.1.  

Table 2.1. Summary of the characteristics of the surface-treated glass samples covered with acrylic 

droplets. 

Sample 

# 
Coating 

Droplet mean 

contact angle 

�̅�𝒄 (°) 

Droplet surface 

area coverage 

fA (%) 

Droplet mean 

diameter 

�̅�𝒑 (μm) 

1 None 25.8  2.2 40  5 413  194 

2 None 25.8  2.2 49  5 614  360 

3 None 25.8  2.2 59  5 507  283 

4 Rain-X 37.1  3.8 45  5 368  740 

5 perfluorinated silane 54.8  4.6 52  5 606  323 

6 
perfluorinated silane-

treated silica nanoparticles 
66.6  4.5 47  5 250  308 

7 50 nm Teflon film 76.2  1.6 19  5 428  143 

8 50 nm Teflon film 76.2  1.6 34  5 271  161 

9 50 nm Teflon film 76.2  1.6 45  5 312  193 
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2.3.2 Optical characterization 

2.3.2.1 Optical properties of the soda-lime silicate glass slabs 

Figure A.4 in Appendix plots the spectral refractive ng,λ and absorption kg,λ indices of the soda-

lime silicate glass slabs, retrieved from spectral normal-normal transmittance Tnn,g,λ and reflectance 

Rnn,g,λ, as functions of wavelength between 400 and 1100 nm. It also plots the refractive nd,λ and 

absorption kd,λ indices of acrylic [79,82], as well as that of Teflon AF-2400 [83,84] over the same 

spectral window. Figure A.4 indicates that the retrieved values of ng,λ and kg,λ differed slightly from 

those reported in the literature [80,85] but featured similar trends with respect to wavelength. The 

difference can be attributed to variations in the glass composition. 

2.3.2.2 Spectral normal-hemispherical transmittance and reflectance 

Figure 2.4 shows the measured spectral normal-hemispherical (a) transmittance Tnh,λ and (b) 

reflectance Rnh,λ as functions of wavelength 𝜆 for the dry and droplet-covered glass slabs featuring 

droplet mean contact angle �̅�𝑐= 25.8° and surface area coverage fA = 40%, 49%, and 59% (Samples 

1, 2, 3). Figure 2.4 indicates that, for dry glass, the spectral normal-hemispherical transmittance 

Tnh,λ and reflectance Rnh,λ decreased with increasing wavelength λ due to absorption attributed to 

the iron oxide content of the glass [85,86]. In addition, it establishes that the measured spectral 

normal-hemispherical transmittance Tnh,g,λ and reflectance Rnh,g,λ of the dry glass slab were in good 

agreement with predictions by Equations (2.2) and (2.3). This observation confirms that the 

refractive and absorption indices of the glass slabs were properly retrieved. Moreover, Figure 

2.4(a) shows that the presence of droplets did not affect the spectral normal-hemispherical 

transmittance Tnh,λ for droplet contact angle �̅�𝑐= 25.8° and surface area coverage fA  between 40% 

and 60%.  
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Figure 2.4. Normal-hemispherical (a) transmittance Tnh,λ and (b) reflectance Rnh,λ as functions of 

wavelength λ for dry glass and droplet-covered samples with mean contact angle �̅�𝑐 = 25.8° (< θcr 

in Regime I) and surface area coverage fA = 40, 49, and 59%.  
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These results are consistent with numerical predictions reported by Zhu et al.[55] for non-

absorbing water droplets with small contact angle such that �̅�𝑐 < 𝜃𝑐𝑟 corresponding to Regime I, 

as previously discussed. Figure 2.4(b) shows that the spectral normal-hemispherical reflectance 

Rnh,λ decreased slightly due to the presence of droplets, as predicted by Tow [67]. However, the 

spectral normal-hemispherical reflectance Rnh,λ was found to be mostly independent of surface area 

coverage fA. This can be attributed to the fact that acrylic droplets had a similar refractive index to 

that of the glass window. 

Figure 2.5 plots the (a) transmittance Tnh,λ  and (b) reflectance Rnh,λ as functions of wavelength 

λ between 400 and 1100 nm for dry and droplet-covered glass slabs with �̅�𝑐 = 76.2° and fA = 19, 

34, and 45% (Samples 7, 8, 9). Unlike Figure 2.4 (a) for �̅�𝑐= 25.8°, Figure 2.5(a) indicates that the 

spectral normal-hemispherical transmittance Tnh,λ decreased significantly with increasing droplet 

surface area coverage fA across the spectral range considered. This situation corresponds to Regime 

II defined by Zhu et al.[55]. Figure 2.5(b) also indicates that the normal-hemispherical reflectance 

Rnh,λ increased with increasing droplet surface area coverage fA due to backscattering caused by 

total internal reflection at the droplet/air interface [69].  

Moreover, Figures 2.5(a) and 2.5(b) compare experimental measurements with predictions 

obtained from MCRT simulations. Excellent agreement was obtained between experimental 

measurements and simulations for Tnh,λ across the spectral window and for all values of surface 

area coverage fA considered. However, Figure 2.5(b) indicates that the measured normal-

hemispherical reflectance Rnh,λ was systematically smaller than the numerical predictions, 

particularly with increasing surface area coverage fA. 
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Figure 2.5. Normal-hemispherical (a) transmittance Tnh,λ and (b) reflectance Rnh,λ as functions of 

wavelength λ for dry glass, dry glass with 50 nm Teflon coating, and samples with mean contact 

angle �̅�𝑐 = 76.2° (Regime II) and surface area coverages fA = 19, 34, and 45%.   
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This discrepancy can be attributed to the presence of the 50 nm thick Teflon coating, which was 

not accounted for in the MCRT simulations based on geometric optics and ignoring wave effects 

and interferences occurring in the Teflon thin film. Indeed, Figures 2.5(a) and 2.5(b) also show the 

spectral normal-hemispherical transmittance Tnh,λ and reflectance Rnh,λ of a 3 mm plane-parallel 

glass slab uncoated and coated with a 50 nm thick Teflon film as predicted from electromagnetic 

wave theory using TFCalc software (Software Spectra, Inc., Portland, OR, USA) and the refractive 

index of Teflon AF-2400 (n ≈ 1.28) taken from Ref.[83]. These predictions, accounting for 

interferences, were in excellent agreement with experimental measurements for Tnh,λ and Rnh,λ of 

the dry window coated with 50 nm thick Teflon film. Figure 2.5 indicates that the presence of the 

50 nm Teflon film slightly increased the normal-hemispherical transmittance but decreased the 

normal-hemispherical reflectance of the glass pane (ng ≈ 1.59) particularly for wavelengths less 

than 600 nm. Indeed, the presence of the Teflon film (n ≈ 1.28) reduced the refractive index 

mismatch at the window/air interface (1.6/1) and thus reduced the amount of total internal 

reflection occurring at the back surface of the window. In fact, the slight gain in transmittance Tnh,λ 

resulted in a similar reduction in reflectance Rnh,λ. For the same reason, the reflectance of any of 

the dry coated samples was smaller than the uncoated dry glass pane. In fact, their absorptance 

𝐴𝑛ℎ,𝜆 =  1 − 𝑇𝑛ℎ,𝜆 − 𝑅𝑛ℎ,𝜆 was nearly identical for all samples with or without coating [Figure 

A.5(c)]. It increased monotonously with wavelengths above 550 nm to reach 13% at 1100 nm and 

closely followed the trend observed in the spectral absorption index of soda-lime silica glass [85] 

[Figure A.4]. Similar differences and trends can be observed between the measured and predicted 

normal-hemispherical reflectance Rnh,λ of droplet-covered glass samples. The absorptance Anh,λ of 

the glass with droplets increased slightly with increasing contact angle �̅�𝑐 and/or surface coverage 
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fA. This was due to the fact that the acrylic droplets absorbed light in a similar spectral window as 

the glass, albeit with a smaller absorption index kd. 

2.3.2.3 Effect of droplet contact angle  

Figure 2.6 shows the measured spectral normal-hemispherical (a) transmittance Tnh and (b) 

reflectance Rnh as functions of wavelength λ for dry glass and droplet-covered samples with 

different contact angles �̅�𝑐 ranging from 25.8 to 76.2 and similar surface area coverage fA  48 

4% (Samples 2, 4-6, 9). Figure 2.6 indicates that for contact angles �̅�𝑐 < θcr, the normal-

hemispherical transmittance Tnh increased and reflectance Rnh decreased slightly with increasing 

contact angle �̅�𝑐. However, for contact angles �̅�𝑐  θcr , the normal-hemispherical transmittance 

Tnh decreased and the reflectance Rnh increased significantly with increasing contact angle �̅�𝑐.  

Moreover, Figure 2.7 plots the measured and simulated normal-hemispherical (a) 

transmittance Tnh and (b) reflectance Rnh at wavelength λ = 410 nm as functions of contact angle 

�̅�𝑐 for dry and droplet-covered glass slabs with surface area coverage fA  48 4% (Samples 2, 4-

6, 9). As a reference, the measured normal-hemispherical transmittance Tnh and reflectance Rnh at 

410 nm of the dry glass slabs with and without coatings were also plotted at their corresponding 

contact angle with acrylic droplets. This wavelength was selected because the sum of the normal-

hemispherical transmittance and reflectance of the samples approached 100% so that absorption 

by the glass pane and the droplets could be neglected, as assumed by Zhu et al.[55]. Note that the 

error bars associated with transmittance and reflectance measurements were 4.4% and 1.3%, 

respectively. They were estimated by considering two main sources of uncertainties during the 

experiments namely random and instrumentation uncertainties, as presented in Appendix. 
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Figure 2.6. Normal-hemispherical (a) transmittance Tnh,λ and (b) reflectance Rnh,λ as functions of 

wavelength λ for dry glass and droplet-covered samples with different contact angles ranging from 

25.8 to 76.2 (Samples 2, 4-6, 9) and similar surface area coverage around 48  4%.  
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Figure 2.7. Comparison of the measured and simulated normal-hemispherical (a) transmittance Tnh 

and (b) reflectance Rnh at 410 nm as functions of contact angle �̅�𝑐 for dry glass slabs with and 

without coatings and droplet-covered samples with different surface treatments (Samples 2, 4-6, 

9) and droplet surface area coverage fA  48  4%.  
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First, Figure 2.7 indicates that, for dry glass slabs, the normal-hemispherical transmittance Tnh 

at λ = 410 nm increased only slightly by less than 2% due to the presence of coating while the 

normal-hemispherical reflectance Rnh decreased accordingly. For the sake of completeness, Figure 

A.5 in Appendix plots the spectral normal-hemispherical transmittance Tnh,λ, reflectance Rnh,λ, and 

absorptance Anh,λ of the dry glass slabs with and without coating. Moreover, Figure 2.7(a) indicates 

that the normal-hemispherical transmittance Tnh slightly increased with increasing contact angle 

�̅�𝑐 in Regime I until it reached the critical angle for internal reflection at the droplet/air interface 

predicted by Snell’s law as θcr = sin-1(na/nd) ≈ 42.2° [81]. In Regime II, corresponding to θcr  �̅�𝑐 

< 90°, the measured normal-hemispherical transmittance Tnh decreased rapidly with increasing 

contact angle �̅�𝑐. For example, the normal-hemispherical transmittance Tnh decreased from 89% to 

71% as �̅�𝑐 increased from 25.8° to 76.2°. The normal-hemispherical transmittance Tnh of the glass 

supporting acrylic droplets is expected to be qualitatively similar to that with water droplets despite 

the difference in their refractive indices (≈1.49 vs. 1.33). Indeed, our previous study [55] 

established that the normal-hemispherical transmittance Tnh of glass cover supporting droplets with 

surface area coverage fA = 90% followed the same trends and was quantitatively similar for droplets 

with refractive index nd equal to 1.33 or 1.6, as illustrated in Figure A.6. In addition, the optical 

Regimes I and II identified numerically by Zhu et al.[55] for water droplets were confirmed 

experimentally with acrylic droplets [Figure 2.7(a)]. Moreover, Figure 2.7(b) shows that the 

normal-hemispherical reflectance Rnh initially decreased (�̅�𝑐 < θcr) and then increased (θcr  �̅�𝑐 < 

90°) with increasing contact angle �̅�𝑐. This could be attributed to the total internal reflection 

occurring at the droplet/air interface resulting in a decrease in the number of transmitted photons 

and an increase in the number of back-scattered photons [55]. 
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Figures 2.7(a) and 2.7(b) also indicate that predictions of the normal-hemispherical 

transmittance and reflectance, obtained assuming kw = kd = 0, qualitatively followed the same 

trends as the experimental measurements. However, the measured and simulated reflectance 

differed quantitatively especially for samples with contact angle θcr < �̅�𝑐 ≤ 90° corresponding to 

Regime II. This discrepancy can be attributed to the fact that, unlike in Regime I (Samples 1-4), 

droplets in Regime II (Samples 5-9) reflected photons at the droplet/air interface back through the 

absorbing acrylic droplets and soda-lime glass window, as illustrated in Figures 8(a)-8(b) of 

Ref.[55]. As a result, more photons were not only reflected but also absorbed by the droplets and 

the window in the presence of a hydrophobic coating. In fact, Figure A.7 in Appendix plots the 

normal-hemispherical absorptance Anh,λ of the samples with the droplet contact angle (a) �̅�𝑐 < θcr 

= 42° and (b) θcr < �̅�𝑐 ≤ 90° as well as that of the corresponding dry sample. Figure A.7 indicates 

that the normal-hemispherical absorptance Anh,λ of Samples 1–4 (�̅�𝑐 < θcr = 42° - Regime I) was 

close to that of dry glass. However, the normal-hemispherical absorptance Anh,λ of Samples 5–9 

(θcr < �̅�𝑐 ≤ 90° - Regime II) was larger than that of the dry glass and followed similar trends as 

the increase in the absorption index spectra of the soda-lime glass and acrylic [Figure A.4(b)]. 

Other discrepancies could be attributed to other effects such as the non-uniformity of the silane 

coating on the glass slab surface, as visually observed during the droplet deposition, resulting in 

variations in contact angle, reported in Table 2.1. Note also that the predicted normal-

hemispherical transmittance and reflectance remained constant for droplet contact angle varying 

between 55° and 60°. This could be attributed to the fact that photons reflected at the droplet/air 

interface traveled through the droplet and the glass pane and experienced total internal reflection 

at the glass/air interface for contact angles 55° < θc < 60°. They were then transmitted through the 
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glass/droplet and droplet/air interface. The droplet contact angle initiating total internal reflection 

at the glass/air interface was equal to θc = 55.5°, as explained in detail in Appendix. 

2.3.2.4 Effect of droplet surface area coverage 

Figure 2.8 shows the normal-hemispherical (a) transmittance Tnh and (b) reflectance Rnh at 

wavelength λ = 410 nm as functions of surface area coverage fA for dry and droplet-covered glass 

slabs with mean contact angle �̅�𝑐 = 25.8° and 76.2° (Samples 1-3, 7-9). Figure 2.8(a) indicates that 

in Regime I (�̅�𝑐 < θcr), the transmittance Tnh increased slightly with increasing surface area 

coverage fA. By contrast, in Regime II (θcr ≤ �̅�𝑐 < 90°), the transmittance Tnh decreased almost 

linearly with increasing fA due to total internal reflection at the droplet/air interface, as explained 

in Ref.[55]. For example, the normal-hemispherical transmittance decreased from 81% to 71% as 

the surface area coverage increased from 19% to 45%. Here also, predictions by the MCRT 

simulations were in excellent agreement with experimental data. Finally, Figure 2.8(b) shows that 

the reflectance Rnh at 410 nm decreased slightly with increasing surface area coverage fA in Regime 

I (�̅�𝑐 < θcr), and increased in Regime II (θcr ≤ �̅�𝑐 < 90°), as predicted in Ref.[55]. The very good 

qualitative and quantitative agreements observed between numerical predictions and experimental 

measurements validate the numerical results reported previously [55,66] as well as the conclusions 

drawn including the existence of the optical Regimes I and II. Hydrophobic coatings have been 

recommended in solar energy applications such as greenhouses due to their anti-fogging [49] and 

self-cleaning property [87–89]. However, the present results establish that, strictly from a light 

transfer point of view, hydrophilic cover with droplet contact angle �̅�𝑐 < θcr should be preferred 

to maximize net solar energy input in applications such as solar collectors, photobioreactors, solar 

desalination, and greenhouses since dropwise (or filmwise) condensation of hydrophilic surface 

does not affect solar transmittance significantly [22,49,52]. 
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Figure 2.8. Comparison of the measured and simulated normal-hemispherical (a) transmittance Tnh 

and (b) reflectance Rnh at 410 nm as functions of surface area coverage fA for dry and droplet-

covered samples with mean contact angle �̅�𝑐 = 25.8° (Samples 1-3) and 76.2° (Samples 7-9).  
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2.4 Conclusion 

This chapter investigated experimentally the effects of pendant droplets on the back side of semi-

transparent glass slabs on their normal-hemispherical transmittance and reflectance. Soda-lime 

silica glass slabs without and with surface-treatment and covered with acrylic droplets were 

prepared with contact angle between 26° and 76° and surface area coverage between 0 and 60%. 

For droplet contact angle �̅�𝑐 smaller than the critical angle θcr for total internal reflection at the 

droplet/air interfaces (i.e., �̅�𝑐 < θcr), the spectral normal-hemispherical transmittance Tnh, was 

independent of surface area coverage and increased slightly with increasing contact angle. For 

droplet contact angle such that θcr  �̅�𝑐< 90°, the normal-hemispherical transmittance decreased 

with increasing contact angle and surface area coverage. This was attributed to total internal 

reflection at the droplet/air interfaces resulting in back-scattering. Predictions of the normal-

hemispherical transmittance and reflectance, obtained using the Monte Carlo Ray Tracing method, 

were in good agreement with experimental measurements thus validating our simulation algorithm 

and confirming previous conclusions [55]. In particular, this chapter confirms the existence of 

optical Regimes I (�̅�𝑐 < θcr) and II (θcr  �̅�𝑐 < 90°) defined by Zhu et al.[55]. In practice, to minimize 

the effect of dropwise condensation on the efficiency of solar energy conversion systems, it is 

recommended to select durable hydrophilic cover materials or apply transparent hydrophilic 

coatings. 

  



38 

 

Chapter 3: Infrared Radiation Transfer through 

Semitransparent Windows Supporting Absorbing 

Droplets 

This chapter experimentally and numerically investigates infrared radiation transfer through 

semitransparent glass windows covered with droplets on the front or back sides. The measured 

normal-hemispherical transmittance of glass windows with slightly absorbing droplets on the front 

side increased while the reflectance decreased with increasing droplet contact angle θc and surface 

area coverage fA due to antireflecting effects. However, for droplets on the back side of the glass 

window with contact angles larger than the critical angle θcr for total internal reflection at the 

droplet/air interface, the spectral normal-hemispherical transmittance decreased by up to 55% 

while the reflectance increased with increasing contact angle θc and surface area coverage fA. In 

the infrared spectral range when droplets were strongly absorbing, the normal-hemispherical 

transmittance decreased by up to 60% with increasing surface area coverage fA of droplets either 

on the front or back side. The experimental measurements were in excellent agreement with 

numerical predictions obtained using the Monte Carlo ray-tracing method. Finally, the 

experimentally-validated numerical simulation tool was used to predict the hourly solar 

transmittance and the total hemispherical emissivity of horizontal glass windows covered with 

cap-shaped water droplets in Los Angeles, CA on June 21. In the presence of water droplets on 

the back side, the solar transmittance of the glass window decreased for most of the day by up to 

26% whereas the total hemispherical emissivity remained unchanged. However, for droplets on 
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the front side of the glass window, the solar transmittance decreased in the morning or evening by 

up to 40% and the already high total hemispherical emissivity increased slightly. 

3.1 Background 

This section reviews both numerical and experimental studies focused on radiative transfer through 

semitransparent windows supporting absorbing droplets on either their front or back sides. The 

reader is referred to Ref.[55] for a review of the literature when both the window and the droplets 

are non-absorbing.  

Zhu et al.[64] numerically predicted the normal-hemispherical transmittance of 3 mm thick 

transparent glass window (nw = 1.5) supporting cap-shaped droplets (nd = 1.33) on their front side 

using the Monte Carlo ray-tracing (MCRT) method. Monodisperse or polydisperse droplets were 

either randomly distributed or ordered in a hexagonal pattern with (i) projected droplet surface 

area coverage fA varying between 10% and 90%, (ii) droplet contact angle θc between 10° and 

180°, (iii) droplet absorption index kd ranging from 0 to 5x10-2, and (iv) droplet projected diameter 

dp equal to either 100 μm or 250 μm. The normal-hemispherical transmittance of windows 

supporting non-absorbing droplets on their front side was found to be independent of the droplet 

size and spatial arrangement. It was also independent of the droplet contact angle for contact angles 

θc < 160° and increased slightly with increasing droplet surface area coverage fA. This was 

attributed to the antireflecting effect of the droplets caused by the decrease in the refractive index 

mismatch at the window surface (1 = na < nd = 1.33 < nw = 1.5) in the presence of droplets. 

However, for strongly absorbing droplets (kd  10-2), the normal-hemispherical transmittance Tnh 

decreased significantly with increasing surface area coverage fA, droplet diameter dp, and contact 

angle θc for contact angles θc < 90°. This was attributed to the fact that the number of photons 

absorbed by the droplets increased as the volume of droplets increased. However, for contact 
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angles θc  90°, the normal-hemispherical transmittance Tnh reached its minimum value beyond 

which it was independent of the droplet contact angle θc, projected diameter dp, and absorption 

index kd. This was explained by the fact that, beyond a critical value of the absorption index kd, all 

photons entering the droplets were absorbed. Then, the transmittance depended only on the surface 

area coverage fA.  

Hsieh and Rajvanshi [65] used the ray-tracing method to numerically predict the spectral 

normal-hemispherical transmittance and reflectance of a 2.3 mm thick soda-lime glass window 

supporting a single cap-shaped water droplet on its back side for wavelengths λ ranging from 0.5 

to 2.6 μm. The droplet diameter dp varied between 0.5 and 2.5 mm while the droplet contact angle 

was constant and equal to θc = 90°. The spectral normal-hemispherical transmittance Tnh,λ and 

reflectance Rnh,λ were found to be independent of the droplet diameter dp for wavelengths λ < 0.9 

μm due to the small absorption index of water. However, both Tnh,λ and Rnh,λ decreased with 

increasing droplet diameter dp for 0.9 μm < λ < 2.6 μm due to the increase in the absorption index 

of water.  

Zhu and Pilon [66] used the MCRT method to numerically predict the normal-hemispherical 

transmittance through a transparent window (nw = 1.5) supporting cap-shaped droplets (nd = 1.33) 

on its back side. Numerous monodispersed cap-shaped droplets either distributed randomly or 

ordered in a hexagonal pattern were considered with (i) droplet contact angle θc ranging between 

0° and 180°, (ii) droplet diameter dp from 50 to 250 μm, (iii) projected droplet surface area 

coverage fA between 30% and 55%, and (iv) droplet absorption index kd between 0 and 5x10-2. For 

non-absorbing and slightly absorbing (kd  10-4) droplets, four optical regimes were identified as 

a function of the droplet contact angle θc and the critical angle θcr for total internal reflection at the 

droplet/air interface. In Regime I (θc < θcr) and Regime IV (θc  180°- θcr), the normal-
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hemispherical transmittance Tnh was found to be mostly independent of droplet contact angle θc. 

This was due to the fact that the droplets scattered the photons in the forward direction. However, 

in Regime II (θcr  θc < 90°), the normal-hemispherical transmittance Tnh decreased with increasing 

droplet contact angle θc to reach a minimum at θc = 90° due to total internal reflection at the 

droplet/air interface. In Regime III (90°  θc < 180°- θcr), the normal-hemispherical transmittance 

Tnh increased with increasing droplet contact angle θc as a result of the decrease in the number of 

back-scattered photons due to a reduction in the fraction of the droplet/air interface where total 

internal reflection occurred. On the other hand, for strongly absorbing droplets (kd  10-2), the 

normal-hemispherical transmittance Tnh decreased with increasing droplet contact angle θc up to 

90° and remained constant for θc  90°. This was explained by the fact that, for contact angle θc  

90°, the volume of the droplets was so large that all photons entering the droplets were absorbed.  

Moreover, the numerical simulations for glass windows supporting droplets on their back side 

in Regimes I and II have recently been validated experimentally in the visible and near-infrared 

(0.4-1.1 m) for acrylic droplets deposited on the back side of 3 mm-thick soda-lime glass slabs 

with or without hydrophobic coatings corresponding to droplet contact angle θc between 26° and 

76° and surface area coverage fA between 19% and 59% [90]. However, to the best of our 

knowledge, experimental validation of previous numerical simulations [64,66]. of radiation 

transfer through semitransparent windows supporting absorbing droplets on their front or back 

sides has not been reported in the literature. This chapter aims to experimentally and numerically 

investigate infrared radiation transfer through semitransparent glass windows covered with 

absorbing droplets on either their back or front sides. First, glass windows covered with acrylic 

droplets with different droplet contact angles and surface area coverages were prepared and 

systematically characterized. Then, their spectral normal-hemispherical transmittance and 
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reflectance were measured at wavelengths between 1.35 μm and 20 μm. In addition, experimental 

measurements for selected samples were compared with numerical predictions obtained from our 

previously developed code based on the MCRT method [55,64,66]. Finally, the experimentally-

validated numerical code was used to predict the hourly solar transmittance and total hemispherical 

emissivity of the glass windows supporting water droplets on their back or front side. 

3.2 Materials and methods 

3.2.1 Sample preparation 

The same samples as those prepared and described in detail in Table 2.1 were used in the present 

chapter. In brief, all samples consisted of 3 mm-thick plane-parallel soda-lime glass slabs (Asahi 

Glass Corporation, Yokohama, Japan) with a surface area of 2.5 x 2.5 cm2. Nine different samples 

with or without hydrophobic coatings were prepared to achieve different droplet contact angles 

and projected surface area coverages including (1) clean and uncoated glass slabs with droplet 

surface area coverage fA ranging between 40% and 60% (Samples 1, 2, 3), (2) glass slab coated 

with commercial water-repellent spray Rain-X® with a droplet surface area coverage fA = 45% 

(Sample 4), (3) glass slab coated with a monolayer of perfluorinated silane (tridecafluoro-1,1,2,2,-

tetrahydrooctyl)trichlorosilane (Gelest, USA) with a droplet surface area coverage fA = 52% 

(Sample 5), (4) glass slab coated with a perfluorinated silane-treated monolayer of silica 

nanoparticles with 307 ± 20 nm diameter with a droplet surface area coverage fA = 47% (Sample 

6), and (5) glass slabs coated with 50 nm thick Teflon AF-2400 (Chemours, USA) film with droplet 

surface area coverage fA ranging between 19% and 45% (Samples 7, 8, 9). Once the uncoated or 

coated glass slabs were prepared, thousands of droplets made of acrylic polymer (Loctite AA 349) 

were deposited by hand with the tip of a needle onto the glass and cured with a UV lamp (Blak-

Ray B-100A, Thermo Scientific Fisher, USA) emitting at a wavelength 365 nm. Acrylic was 
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selected among other polymers because it is UV-curable and does not undergo any color change 

upon curing. It is also relatively viscous thus preventing the droplets from merging during 

deposition.  

3.3 Analysis 

3.3.1 Problem statement 

Figure 3.1 shows a schematic representation of a semitransparent glass window of thickness H and 

spectral complex index of refraction mg,λ = ng,λ + i kg,λ, exposed to normally incident infrared 

radiation at wavelength λ. The glass window supported polydisperse droplets with contact angle 

θc, projected diameter dp, and spectral complex index of refraction md,λ = nd,λ + i kd,λ on either its 

(a) back side or (b) front side. For the back side configuration, the photons were first incident on 

the semitransparent glass slab where they could be reflected, absorbed, or transmitted. A fraction 

of the photons transmitted through the glass slab reached the absorbing droplets. These photons 

could be (i) absorbed by the droplets, (ii) internally reflected at the droplet/air interface, or (iii) 

transmitted through the droplet/air interface. For the front side configuration [Figure 3.1(b)], the 

photons were directly incident on either the glass or the droplets. In either case, photons were 

reflected or refracted at each interface and could be absorbed by either the droplets or the glass 

slab. Here also, internal reflection may occur on the back surface of the glass window.  
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Figure 3.1. Schematic of a numerically simulated semitransparent glass window supporting 

absorbing polydisperse droplets on its (a) back side and (b) front side. 

The spectral normal-hemispherical transmittance and reflectance of droplet-covered glass 

slabs were predicted using the MCRT method [64,66] based on the precisely measured coordinates 

and projected diameters of all droplets deposited on the glass slab for (i) Sample 3 consisting of 

an uncoated glass slab covered with droplets with mean contact angle �̅�𝑐 = 25.8° and surface area 

coverage fA = 59% and (ii) Sample 9 featuring a glass slab coated with a 50 nm thick Teflon film 

with �̅�𝑐 = 76.2° and fA = 45%. Both back and front side configurations were simulated. 
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3.3.2 Problem statement 

The following assumptions were made to predict numerically the spectral normal-hemispherical 

transmittance and reflectance of the droplet-covered glass slabs: (1) all droplets were cap-shaped 

with constant curvature and identical contact angle θc; (2) the droplet size was much larger than 

the wavelength so geometric optics prevailed; (3) all interfaces were optically smooth so Snell’s 

law and Fresnel equations applied; (4) the optical effects of the hydrophobic thin film coatings 

were ignored. 

3.3.3 Optical properties of soda-lime glass and acrylic 

The spectral refractive ng,λ and absorption kg,λ indices of the glass slab of thickness H = 3 mm were 

retrieved from the normal-normal transmittance Tnn,g,λ and reflectance Rnn,g,λ measurements in the 

spectral range from 1.35 to 20 μm by minimizing, for each wavelength, the sum  of the relative 

errors between the experimental measurements (Tnn,g,λ, Rnn,g,λ) and the theoretical predictions 

(𝑇𝑛𝑛,𝑔,𝜆
∗ , 𝑅𝑛𝑛,𝑔,𝜆

∗ ) for the transmittance and reflectance defined as  

  =  
|𝑇𝑛𝑛,𝑔,𝜆 − 𝑇𝑛𝑛,𝑔,𝜆

∗ |

𝑇𝑛𝑛,𝑔,𝜆
+

|𝑅𝑛𝑛,𝑔,𝜆 − 𝑅𝑛𝑛,𝑔,𝜆
∗ |

𝑅𝑛𝑛,𝑔,𝜆
. (3.1) 

The pair (ng,λ, kg,λ) that minimized  was found using the sequential quadratic programming (SQP) 

method [91] ensuring that  < 5x10-2. The analytical expressions for 𝑇𝑛𝑛,𝑔,𝜆
∗  and 𝑅𝑛𝑛,𝑔,𝜆

∗  were 

given in Equation (2.2). 

Figure 3.2 shows the spectral refractive ng,λ and absorption kg,λ indices of soda-lime glass 

retrieved from the transmittance Tnn,g,λ and reflectance Rnn,g,λ, measurements on an uncoated glass 

slab between 1.35 and 20 μm. The spectral refractive nd,λ and absorption kd,λ indices of acrylic for 

the same wavelength range were also shown in Figure 3.2, as reported in the literature [82,92,93].  
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Figure 3.2. Spectral refractive nλ and absorption indices kλ of soda-lime glass slabs retrieved from 

measurements of Tnn,g,λ and Rnn,g,λ and those taken from Ref.[80] as well as those of acrylic in the 

spectral range between (a, b) 1.35 and 5 μm and (c, d) 5 and 20 μm. 

The refractive and absorption indices of the air were taken as na = 1.0 and ka = 0, respectively. 

As a reference, the refractive ng,λ and absorption kg,λ indices of the clear soda-lime glass reported 

in Ref.[80] were also plotted. The retrieved refractive and absorption indices (ng,λ, kg,λ) of the glass 

window used in this chapter were in good agreement with those reported in the literature [80]. The 
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slight difference can be attributed to the difference in the glass composition and in particular in the 

iron content [85].  

3.3.4 Method of solution 

The numerical predictions of the spectral normal-hemispherical transmittance Tnh,λ and reflectance 

Rnh,λ of glass slabs covered with absorbing droplets on their back or front sides were obtained using 

the MCRT method described in detail in Refs.[64,66]. To ensure numerical convergence, 107 

photon bundles for each numerical simulation were traced until they were counted as reflected, 

transmitted, or absorbed by the simulated sample.  

3.4 Results and discussion 

3.4.1 Back side condensation 

3.4.1.1. Spectral normal-hemispherical transmittance and reflectance 

Figure 3.3 shows the spectral normal-hemispherical transmittance Tnh,λ and reflectance Rnh,λ 

measured between 1.35 and 5 μm for glass slabs either dry or supporting acrylic droplets on their 

back side with (a, b) droplet mean contact angle �̅�𝑐 = 25.8° and surface area coverage fA = 40, 49, 

and 59% (Samples 1, 2, 3) and (c, d) droplet mean contact angle �̅�𝑐 = 76.2° and surface area 

coverage fA = 19, 34, and 45% (Samples 7, 8, 9). It is evident that the presence of droplets with 

low contact angle did not affect the spectral normal-hemispherical transmittance Tnh,λ for 

wavelengths λ < 2.1 μm when the droplet absorption index kd,λ was small [Figure 3.2(b)]. These 

results corroborate the findings of previous analytical studies [55,66,67] which established that 

transmittance and reflectance are unaffected by the presence of pendant droplets when their contact 

angle θc is smaller than the critical angle for total internal reflection at the droplet/air interface 

defined as θcr = sin-1(na/nd) ≈ 42.2° [81].  
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Figure 3.3. Spectral normal-hemispherical transmittance Tnh,λ and reflectance Rnh,λ as functions of 

wavelength λ for dry glass and glass slabs supporting droplets on their back side with (a, b) contact 

angle �̅�𝑐 = 25.8° and surface area coverage fA = 40, 49, and 59% (Samples 1, 2, 3) and (c, d) contact 

angle �̅�𝑐 = 76.2° and surface area coverage fA = 19, 34, and 45% (Samples 7, 8, 9). 

For the same reasons, Figure 3.3(b) also shows that the reflectance Rnh,λ was unaffected by droplets 

with �̅�𝑐 = 25.8° at all wavelengths. In fact, all droplet-covered samples had similar reflectance as 

the dry sample.  
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Furthermore, Figure 3.3(a) indicates that the presence of droplets decreased the spectral 

normal-hemispherical transmittance Tnh,λ at wavelengths λ = 2.1 - 4 μm for the different surface 

area coverages fA considered. This was attributed to the absorption of the radiation by the droplets 

since the acrylic droplets were strongly absorbing in this spectral range, as shown in Figure 3.2(b). 

In addition, the transmittance Tnh,λ and reflectance Rnh,λ of the dry and droplet-covered glass slabs 

decreased sharply at λ = 2.7 μm due to the sharp shoulder in the absorption index kg,λ of the soda-

lime glass from 10-5 to 10-4 around 2.7 μm [Figure 3.2(b)] corresponding to Si-OH stretching 

vibration [94].  

Similarly, the normal-hemispherical transmittance Tnh,λ of the droplet-covered glass slabs 

reached a local minimum at λ = 3.4 μm due to the peak in the absorption index of acrylic. However, 

for wavelengths λ > 4 μm, the presence of droplets did not affect the spectral normal-hemispherical 

transmittance Tnh,λ. This can be attributed to the fact that only a relatively small fraction of incident 

photons reached the back side of the glass slab due to its strong absorption index at λ > 4 μm. The 

few photons reaching the droplets did not experience back-scattering due to the small droplet 

contact angle (�̅�𝑐 < 𝜃𝑐𝑟). In fact, the normal-hemispherical transmittance Tnh,λ of all samples 

vanished for λ  4.8 μm, as the glass absorption index kg,λ further increased. Figures 3.3(a) and 

3.3(b) also compare the measured and numerically predicted spectral normal-hemispherical 

transmittance Tnh,λ and reflectance Rnh,λ of Sample 3 (�̅�𝑐  = 25.8°, fA = 59%), respectively. They 

indicate that the numerical predictions were in good agreement with experimental measurements 

of Tnh,λ and Rnh,λ across the entire spectral range considered.   

By contrast, Figures 3.3(c) and 3.3(d) establish that, for droplet contact angle �̅�𝑐 = 76.2°, Tnh,λ 

decreased and Rnh,λ increased significantly with increasing surface area coverage fA for λ < 2.7 μm. 

This was attributed to total internal reflection at the droplet/air interface since the droplet contact 
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angle was larger than the critical angle, i.e., �̅�𝑐 ≥ 𝜃𝑐𝑟 ≈ 42.2° and the glass did not absorb 

significantly (kg,λ ≤ 10-5). However, for λ > 2.7 μm, increasing the droplet surface area coverage fA 

had a negligible effect on the normal-hemispherical reflectance Rnh,λ while the transmittance Tnh,λ 

still decreased with increasing fA. This was due to the large absorption indices of glass kg,λ and 

acrylic kd,λ causing most photons to be absorbed by the glass window and those transmitted to be 

partially absorbed by the small droplets.  

Moreover, Figures 3.3(c) and 3.3(d) compare the measured and simulated spectral normal-

hemispherical transmittance Tnh,λ and reflectance Rnh,λ between 1.35 and 5 μm for Sample 9 (�̅�𝑐 = 

76.2°, fA = 45%), respectively. Both figures show relatively good agreement between 

measurements and numerical predictions. The discrepancies observed between the measured and 

predicted reflectance Rnh,λ can be attributed to the fact that the MCRT simulations did not account 

for the 50 nm thick Teflon film coating on the back side of the glass slab. In fact, Figure 3.3 shows 

the measured spectral normal-hemispherical (c) transmittance Tnh,g,λ and (d) reflectance Rnh,g,λ of a 

3 mm glass slab with and without a 50 nm thick Teflon film, respectively. They indicate that Tnh,λ 

of the glass slab slightly increased while Rnh,λ decreased due to the presence of the Teflon film for 

wavelengths λ < 2.7 μm. Here, the Teflon film (n ≈ 1.29) [95] reduced the refractive index 

mismatch at the glass/air interface (ng = 1.5, na = 1) resulting in a decrease in the glass slab 

reflectance [90]. Thus, by ignoring the Teflon film, the MCRT simulations slightly overestimated 

the normal-hemispherical reflectance Rnh,λ of Sample 9.  

Figure 3.4 shows the spectral normal-hemispherical reflectance Rnh,λ between 5 and 20 μm for 

the dry and droplet-covered glass slabs with (a) droplet mean contact angle �̅�𝑐 = 25.8° and surface 

area coverage fA between 40% and 60% (Samples 1, 2, 3) and (b) �̅�𝑐 = 76.2° and fA between 19% 

and 45% (Samples 7, 8, 9). Note that the spectral normal-hemispherical transmittance Tnh,λ between 
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5 and 20 μm is not shown since it vanished for wavelengths λ  4.8 μm beyond which the glass 

window was opaque (kg,λ  10-3). First, Figure 3.4(a) indicates that the spectral normal-

hemispherical reflectance of the dry glass Rnh,g,λ initially decreased with increasing wavelength λ. 

Rnh,g,λ reached zero at λ = 7.8 μm due to the absence of a refractive index mismatch at the glass/air 

interface, i.e., ng,λ = 1 at λ = 7.8 μm, as illustrated by the blue dot in Figure 3.2(c). In addition, the 

reflectance Rnh,g,λ of the dry glass then reached a maximum at λ = 9.7 μm before decreasing to a 

minimum at λ = 12 μm respectively attributed to the peak at λ = 9.7 μm (purple dot) and subsequent 

trough at λ = 12 μm (yellow dot) in the spectral absorption index kg,λ of the soda-lime glass slab 

[Figure 3.2(d)]. Figure 3.4 also indicates that, for wavelengths between 5 and 20 μm, the spectral 

normal-hemispherical reflectance Rnh,λ of the droplet-covered glass slabs was nearly independent 

of droplet surface area coverage fA regardless of the contact angle �̅�𝑐. Finally, the numerical 

simulations were in excellent agreement with the measurements for the dry and droplet-covered 

samples for both �̅�𝑐 = 25.8° and 76.2°.  

3.4.1.2. Effect of droplet contact angle �̅�𝑐 

Figure 3.5 shows the spectral normal-hemispherical (a) transmittance Tnh,λ and (b) reflectance Rnh,λ 

as functions of droplet contact angle �̅�𝑐  for droplet-covered glass slabs with surface area coverage 

fA ≈ 48 ± 4% (Samples 2, 4-6, 9) at wavelength λ = 1.6, 2.5, and 3.4 μm. These wavelengths were 

selected to illustrate the effect of the absorption indices of the droplet and soda-lime glass on Tnh,λ 

and Rnh,λ. The absorption index of the acrylic droplets kd,λ at wavelength λ = 1.6, 2.5, and 3.4 μm 

was equal to 10-5, 10-3, and 3x10-2 and that of the soda-lime glass kg,λ was equal to 10-6, 10-6, and 

10-4, respectively. 
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Figure 3.4. Spectral normal-hemispherical reflectance Rnh,λ as a function of wavelength λ between 

5 and 20 μm for dry glass and glass slabs supporting droplets on their back side with (a) contact 

angle �̅�𝑐 = 25.8° and surface area coverage fA = 40, 49, and 59% (Samples 1, 2, 3) and (b) �̅�𝑐 = 

76.2° and fA = 19, 34, and 45% (Samples 7, 8, 9). In this wavelength range, Tnh,λ = 0.  
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Figure 3.5. Spectral normal-hemispherical (a) transmittance Tnh,λ and (b) reflectance Rnh,λ as 

functions of contact angle �̅�𝑐 for glass slabs supporting droplets on their back side with surface 

area coverage fA ≈ 48 ± 4% (Samples 2, 4-6, 9) at wavelength λ = 1.6 (kd,λ = 10-5, kg,λ = 10-6), 2.5 

(kd,λ = 10-3, kg,λ = 10-6), and 3.4 μm (kd,λ = 3x10-2, kg,λ = 10-4).  
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First, the normal-hemispherical transmittance Tnh,λ at wavelength λ = 1.6 μm decreased with 

increasing contact angle �̅�𝑐 for contact angle greater than the critical angle θcr = sin-1(na/nd) ≈ 42.2° 

as the droplets were weakly absorbing. Simultaneously, the normal hemispherical reflectance Rnh,λ 

at wavelength λ = 1.6 μm increased. These observations can be attributed to total internal reflection 

occurring at the droplet/air interface, as discussed previously. Figure 3.5(a) also indicates that the 

larger droplet absorption index kd,λ at wavelength λ = 2.5 μm caused the normal hemispherical-

transmittance Tnh,λ to decrease with increasing droplet contact angle �̅�𝑐 even before reaching the 

critical angle θcr. On the other hand, the corresponding reflectance Rnh,λ increased only slightly. 

This can be attributed to absorption by the droplets whose volume increased with increasing 

contact angle. Total internal reflection at the droplet/air interface also contributed to the increase 

in Rnh,λ and the associated decrease in Tnh,λ at λ = 2.5 μm for contact angles �̅�𝑐 > θcr. Finally, the 

normal-hemispherical transmittance Tnh,λ and reflectance Rnh,λ at λ = 3.4 μm of the droplet-covered 

glass slabs remained constant and independent of droplet contact angle �̅�𝑐 when the glass window 

was strongly absorbing and only a small fraction of photons reached the droplets.  

3.4.1.3. Effect of droplet surface area coverage fA 

Figure 3.6 shows the spectral normal-hemispherical (a) transmittance Tnh,λ and (b) reflectance Rnh,λ 

as functions of surface area coverage fA for dry and droplet-covered glass slabs with mean contact 

angle �̅�𝑐 = 76.2° (Samples 7, 8, 9) at λ = 1.6, 2.5, and 3.4 μm. First, the normal-hemispherical 

transmittance Tnh,λ decreased with increasing surface area coverage fA at all wavelengths 

considered. This was attributed to total internal reflection at the droplet/air interface at λ = 1.6 μm 

and to absorption by the droplets and the glass slab at λ = 3.4 μm.  
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Figure 3.6. Spectral normal-hemispherical (a) transmittance Tnh,λ and (b) reflectance Rnh,λ as 

functions of surface area coverage fA for glass slabs supporting droplets on their back side with 

mean contact angle �̅�𝑐 = 76.2° (Samples 7, 8, 9) at λ = 1.6 (kd,λ = 10-5, kg,λ = 10-6), 2.5 (kd,λ = 10-3, 

kg,λ = 10-6), and 3.4 μm (kd,λ = 3x10-2, kg,λ = 10-4).  
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The steepest decrease in transmittance with increasing fA was observed at λ = 2.5 μm as both total 

internal reflection and droplet absorption occurred. Moreover, Figure 3.6(b) indicates that, at λ = 

1.6 μm when droplets were weakly absorbing, the reflectance Rnh,λ increased almost linearly with 

increasing surface area coverage fA thanks to total internal reflection at the droplet/air interface. 

On the other hand, at λ = 3.4 μm when the glass was strongly absorbing, Rnh,λ remained constant 

and independence of surface area coverage fA. At λ = 2.5 μm when the glass slab was weakly 

absorbing and the droplets slightly absorbing, Rnh,λ remained constant and independent of fA. This 

can be attributed to the fact that photons were absorbed by either the glass window or the droplets 

after being refracted at the glass/air interface or backscattered at the droplet/air interface. 

3.4.2 Front side condensation 

3.4.2.1 Spectral normal-hemispherical transmittance and reflectance 

Figure 3.7 shows the spectral normal-hemispherical transmittance Tnh,λ and reflectance Rnh,λ 

between 1.35 and 5 μm for the dry and droplet-covered glass slabs featuring droplets on their front 

side with (a, b) mean contact angle �̅�𝑐 = 25.8° and surface area coverage fA = 40%, 49%, and 59% 

(Samples 1, 2, 3) and (c, d) mean contact angle �̅�𝑐 = 76.2° and surface area coverage fA = 19, 34, 

and 45% (Samples 7, 8, 9).  

For droplet mean contact angle �̅�𝑐 = 25.8°, the normal-hemispherical transmittance Tnh,λ 

slightly increased while the normal-hemispherical reflectance Rnh,λ decreased in the presence of 

droplets for wavelengths λ < 2.1 μm. These trends were amplified for droplets with droplet mean 

contact angle �̅�𝑐 = 76.2° [Figures 3.7(c) and 3.7(d)]. These observations were due to the fact that 

droplets had an antireflection effect by reducing the refractive index mismatch at the air/droplet 

interface (na = 1, nd = 1.47) compared to that at the air/glass interface (na = 1, ng = 1.51). 
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Figure 3.7. Spectral normal-hemispherical transmittance Tnh,λ and reflectance Rnh,λ as functions of 

wavelength λ for dry glass and glass slabs supporting droplets on their front side with (a, b) mean 

contact angle �̅�𝑐 = 25.8° and surface area coverage fA = 40, 49, and 59% (Samples 1, 2, 3) and (c, 

d) �̅�𝑐 = 76.2° and fA = 19, 34, and 45% (Samples 7, 8, 9). 

Moreover, Figures 3.7(a) and 3.7(c) indicate that the transmittance Tnh,λ decreased with 

increasing surface area coverage fA for wavelengths between 2.1 - 4 μm due to absorption by the 
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droplets for both contact angles considered. In fact, transmittance Tnh,λ featured ripples between 

3.4 - 3.6 μm similar to those observed in the spectral absorption index kd,λ of acrylic plotted in 

Figure 3.2(b). Similarly, the Teflon film coating on the front side acted as an anti-reflective coating 

(n ≈ 1.29). In fact, the presence of 50 nm Teflon film on the dry glass window increased its normal-

hemispherical transmittance and decreased its reflectance, particularly for wavelengths less than 

2.7 μm. In addition, the increase in the normal-hemispherical transmittance Tnh,λ for wavelengths 

λ < 2.1 μm was more pronounced for Samples 7-9 than for Samples 1-3 due to the presence of the 

Teflon film. Note that, for wavelengths beyond 2.7 μm, reflectance Rnh,λ remained nearly 

independent of surface area coverage fA for contact angle �̅�𝑐 = 25.8° as shown in Figure 3.7(b). It 

decreased only so slightly for �̅�𝑐 = 76.2° [Figure 3.7(d)].  

Finally, Figures 3.7(a) and 3.7(b) establish that the numerical predictions were in very good 

agreement with the experimental measurements for the spectral normal-hemispherical 

transmittance Tnh,λ and reflectance Rnh,λ of Sample 3 (�̅�𝑐  = 25.8° and fA = 59%) across the IR 

spectrum considered. This further confirm the validity of the simulation tools for absorbing 

droplets present on the front side of a semitransparent window. Similarly, Figures 3.7(c) and 3.7(d) 

compare numerical predictions and experimental measurements of the normal-hemispherical 

transmittance Tnh,λ and reflectance Rnh,λ for Sample 9 (�̅�𝑐 = 76.2° and fA = 45%), respectively. The 

measured normal-hemispherical transmittance Tnh,λ and reflectance Rnh,λ were respectively larger 

and smaller than the numerical predictions for wavelengths λ < 2.7 μm. Here again, these 

discrepancies can be attributed to the presence of the Teflon coating, which was not accounted for 

in the MCRT simulations.  

Figure 3.8 shows the spectral normal-hemispherical reflectance Rnh,λ between 5 and 20 μm for 

the dry and droplet-covered glass slabs on their front side featuring (a) �̅�𝑐 = 25.8° and fA between 
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40% and 60% (Samples 1, 2, 3), and (b) �̅�𝑐 = 76.2° and fA between 19% and 45% (Samples 7, 8, 

9). Unlike for back side droplets [Figure 3.4], the normal-hemispherical reflectance Rnh,λ for front 

side droplets decreased significantly with increasing fA for wavelengths between 8 and 15 μm due 

to the droplets antireflecting effect. In addition, Rnh,λ for samples with droplet contact angle �̅�𝑐 = 

76.2° further decreased due to the presence of the Teflon film and its additional antireflecting 

effect. Finally, Figure 3.8 shows good agreements between measurements and numerical 

predictions of reflectance Rnh,λ. 

3.4.3 Impact of water droplets on radiometric properties  

To assess the impact of water droplets on the thermal load and radiometric properties of windows 

and covers used in buildings and solar energy conversion systems, the solar transmittance Tsol and 

the total hemispherical emissivity 𝜀 of the dry and glass windows covered with cap-shaped water 

droplets on their front or back sides were predicted for a horizontal window exposed to direct and 

collimated solar radiation in Los Angeles, CA, USA (latitude: 34.07° N; longitude: 118.44° W) 

throughout the day on June 21st. First, the solar transmittance Tsol can be defined as [5,96] 

 𝑇𝑠𝑜𝑙(𝜃𝑧(𝑡)) =  
∫ 𝑇𝑑ℎ,𝜆(𝜃𝑧(𝑡))

3 𝜇𝑚 
0.3 𝜇𝑚 𝐺𝑠,𝜆(𝜃𝑧(𝑡))𝑑𝜆

∫ 𝐺𝑠,𝜆(𝜃𝑧(𝑡))𝑑𝜆
3 𝜇𝑚

0.3 𝜇𝑚

. (3.2) 

Here, θz(t) is the time-dependent solar zenith, Tdh,λ is the corresponding spectral directional-

hemispherical transmittance, and Gs,λ is the spectral solar irradiation (in W/m2∙μm) incident on a 

horizontal window for the location and day of interest taken from Ref.[97]. In order to evaluate 

Tsol(θz(t)), the spectral directional-hemispherical transmittance Tdh,λ was predicted numerically for 

water droplets using the previously experimentally-validated MCRT code in the visible [59] and 

infrared parts of the electromagnetic spectrum. 
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Figure 3.8. Spectral normal-hemispherical reflectance Rnh,λ as a function of wavelength λ for dry 

glass with Teflon coating and glass slabs supporting droplets on their front side with (a) contact 

angle �̅�𝑐 = 25.8° and surface area coverage fA = 40, 49, and 59% (Samples 1, 2, 3) and (b) contact 

angle �̅�𝑐 = 76.2° and surface area coverage fA = 19, 34, and 45% (Samples 7, 8, 9).  
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The spectral range between 0.3 and 3 μm was considered because it accounts for 95% of the solar 

radiation. The spectral refractive and absorption indices of the soda-lime silica glass and water at 

this spectral range were taken from Refs.[80] and [98], respectively. In the MCRT simulations, the 

water droplets had the same coordinates (x, y) and projected diameters dp as the acrylic droplets 

deposited on Sample 3 with surface area coverage fA = 59% in order to simulate a realistic droplet 

size distribution and surface area coverage fA.  

Figure 3.9 plots the hourly solar transmittance Tsol calculated from the spectral directional-

hemispherical transmittance Tdh,λ(t) (see Appendix B.2) for dry and droplet-covered glass windows 

supporting water droplets on their (a) back side and (b) front side with droplet contact angle θc = 

30°, 60°, and 90°, and surface area coverage fA = 59% on June 21st in Los Angeles, CA. The solar 

transmittance of the glass windows decreased by up to 26% due to the presence of droplets on their 

back side for contact angles θc = 60° and 90° because of total internal reflection at the droplet/air 

interface and absorption by the water droplets. Note that, the solar transmittance Tsol remained 

unchanged between 11 AM and 3 PM in the presence of droplets with θc = 30°. This can be 

explained by the fact that during this time, solar incident angles were near-normal (θi ≤ 30°) and 

the droplet contact angle θc was smaller than the critical angle θcr ≈ 48.8° [81]. 

For glass windows supporting droplets on their front side, Tsol decreased by up to 43% in the 

presence of water droplets due to the increase in reflection and absorption by the water droplets 

between 7 AM and 11 AM and from 3 PM to 7 PM. Here also, Tsol remained unchanged in the 

presence of water droplets between 11 AM and 3 PM due to the near-normal solar zenith angles 

(θz ≤ 30°). Note that in the early morning before 7 AM and evening after 7 PM when the solar 

radiation was incident at angles θz > 80°, the glass windows supporting water droplets on their 

front side featured a larger solar transmittance Tsol than the dry glass window as the water droplets 
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scattered the photons back towards the glass window [64]. Moreover, for θc = 90°, the solar 

transmittance Tsol reached a minimum at t = 6:30 PM and then increased with increasing time until 

it reached a peak at t = 7:30 PM. This can be attributed to the decrease in total internal reflection 

at the back glass window/air interface and to the increase in total internal reflection at the water 

droplet/air interfaces [62,64]. These results establish that the presence of water droplets on the 

back or front side of the glass windows can significantly reduce the solar transmittance Tsol at 

different times of the day and thereby the energy input and efficiency of solar energy conversion 

systems. In addition, hydrophilic coatings should be preferred to minimize the effect of droplets. 

However, note that most of the previous studies on the thermal modeling of solar energy 

conversion systems such as solar stills [99] and greenhouses [100] have not considered the 

presence of droplets and the hourly change in the solar transmittance of the cladding covered with 

droplets.  

Moreover, the above-mentioned systems operate at temperatures between 280 and 320 K and emit 

thermal radiation at infrared wavelengths that affect the thermal load on these systems. For an 

opaque medium, the spectral normal emissivity 𝜀𝑛,𝜆 given by Kirchhoff’s law [5,101] 

 𝜀𝑛,𝜆 =  𝛼𝑛,𝜆 = 1 − 𝑅𝑛ℎ,𝜆 (3.3) 

where αn,λ is the spectral normal absorptance. The total hemispherical emissivity 𝜀 does not differ 

considerably from the total normal emissivity 𝜀𝑛 for dielectric materials [29], therefore 𝜀 can be 

calculated as [5,46] 

 𝜀 ≈ 𝜀𝑛 =  
∫ 𝜀𝑛,𝜆𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆

50 𝜇𝑚
5 𝜇𝑚

∫ 𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆
50 𝜇𝑚

5 𝜇𝑚

. (3.4) 

Here, Eb,λ(To) is the blackbody spectral emissive power (in W/m2∙μm) at temperature To = 296 K. 

Note that the integrals in both the numerator and denominator of Equation (3.4) were truncated to 

wavelengths between 5 - 50 μm spectral range where 96% of their emissive power Eb,λ(To) is 



63 

 

concentrated and as the glass window was opaque for λ  4.8 μm. The validation of this approach 

is presented in Appendix B. 

Figure B.3(c) in Appendix plots the total hemispherical emissivity 𝜀 [Equation (3.4)] as a 

function of droplet contact angle θc for water droplet-covered glass windows with surface area 

coverage fA = 59%. It indicates that the total hemispherical emissivity 𝜀 of the glass window 

remained unchanged (see Figure B.3(a)) in the presence of water droplets on the back side. This 

was due to the fact that the glass window was strongly absorbing in this spectral range and photons 

did not reach the droplets. By contrast, total hemispherical emissivity 𝜀 increased slightly in the 

presence of water droplets on the front side from 0.93 for surface area coverage fA = 0% to 0.96 

for surface area coverage fA = 59%. This can be attributed to the (i) antireflecting effect and (ii) 

absorption of the IR radiation by the water droplets.  
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Figure 3.9. Solar transmittance Tsol as a function of time t for a horizontal glass window supporting 

polydisperse cap-shaped water droplets on its (a) back side and (b) front side for droplet contact 

angle θc = 30°, 60°, and 90°, and surface area coverage fA = 59% on June 21st, in Los Angeles, CA. 
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3.5 Conclusion 

Radiation transfer through glass windows supporting droplets on their back side was controlled by 

absorption by the droplets and/or the glass window and by total internal reflection at the droplet/air 

interface. More specifically, when the droplets and the glass window were slightly absorbing, the 

spectral normal-hemispherical transmittance Tnh, was independent of droplet surface area 

coverage fA and increased slightly with increasing droplet contact angle �̅�𝑐 smaller than the critical 

angle θcr for total internal reflection. However, for droplet contact angles �̅�𝑐  θcr, the normal-

hemispherical transmittance Tnh, decreased with increasing contact angle �̅�𝑐 and surface area 

coverage fA due to total internal reflection at the droplet/air interface. Moreover, when the droplets 

were strongly absorbing and the glass was weakly absorbing, the spectral normal-hemispherical 

transmittance Tnh, decreased with increasing droplet surface area coverage fA and contact angle �̅�𝑐 

due to absorption by both the glass and the droplets. Finally, when the glass window was strongly 

absorbing, the spectral normal hemispherical transmittance Tnh, vanished and the spectral normal 

hemispherical reflectance Rnh, was independent of surface area coverage fA and contact angle �̅�𝑐 

as the radiation was reflected by the surface of the glass window and did not reach the droplets. 

Radiation transfer through glass windows supporting droplets on their front side was affected 

by the antireflecting effects of droplets which reduced the index mismatch between the window 

and the air as well as by absorption by the droplets and/or the glass window. More specifically, 

when the droplets and the glass window were slightly absorbing, the spectral normal-hemispherical 

transmittance Tnh, increased while the reflectance Rnh, decreased with increasing surface area 

coverage fA. Moreover, when the droplets were strongly absorbing and the glass was weakly 

absorbing, the spectral normal-hemispherical transmittance Tnh, of glass windows supporting 

droplets on their front side decreased with increasing droplet surface area coverage fA and contact 
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angle �̅�𝑐. Finally, when the glass window was strongly absorbing, the transmittance Tnh, vanished 

and the reflectance Rnh, decreased with increasing droplet surface area coverage fA.  

The experimental results were successfully validated both qualitatively and quantitatively by 

predictions from numerical simulations based on Monte Carlo ray-tracing method [64,66] for both 

droplets on the back and front sides of glass windows. The experimentally-validated numerical 

simulation tool was used to predict the hourly solar transmittance and total hemispherical 

emissivity of horizontal glass windows supporting cap-shaped water droplets on their back or front 

side in Los Angeles, CA on June 21. In the presence of droplets on the back side, the solar 

transmittance of the glass window decreased by up to 26% for most of the day while the total 

hemispherical emissivity remained unchanged. However, for droplets on the front side, solar 

transmittance decreased by up to 40% in the morning and evening while the total hemispherical 

emissivity increased slightly. These results will be useful in selecting cover materials and surface 

coatings to improve and model the solar energy conversion systems.    
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Chapter 4: Effect of Dew and Rain on Photovoltaic 

Solar Cell Performances 

This chapter investigates experimentally the impact of droplets on the performance of solar 

photovoltaic (PV) cells due to dropwise condensation or rain falling on their cover. Dew formation 

occurs frequently in various climates including in semi-arid regions suitable to PV cell 

deployment. Then, droplets present on the cover of solar cells can negatively affect the cell power 

generation and efficiency due to optical effects. Here, semi-transparent glass covers were prepared 

without or with surface treatments and covered with acrylic droplets with contact angle ranging 

between 25° and 77° and surface area coverage between 19% and 49%. The results of this chapter 

highlight the importance of selecting durable hydrophilic solar cell cover. 

4.1 Background  

Outdoor PV solar panels are exposed to elements including dust, rain, and/or dew that can reduce 

their efficiency, power output, and lifetime [102–105]. The adverse effect of soiling by dust on 

solar cell performance has been widely documented [106–110]. Jiang et al.[106] showed 

experimentally that the conversion efficiency of amorphous silicon PV cells can be reduced by 

26% for a dust deposition density of 22 g/m2 of PV cell under normally incident irradiance of 760 

W/m2 supplied by a solar simulator. Pavan et al.[107] compared the power output of 

polycrystalline silicon PV cells built on either sandy (more dusty) or compact (less dusty) soils. 

The power output losses, compared with clean PV cells, were 6.9% and 1.1% for sandy and 

compact soil sites, respectively. In addition, a few studies considered the effect of rainfall on the 

dust-covered PV solar cell performance [108–110]. These studies showed that rain helps wash off 
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the dust accumulated on the cells and thus improves their performance compared with the dust-

covered PV solar cells [108–110]. 

To the best of our knowledge, only a few studies have investigated the effect of dropwise 

condensation on the performance of PV cells [27,39,111,112]. Ilse et al.[39] reported frequent dew 

formation on the surface of outdoor PV modules in arid regions with high concentrations of 

airborne dust. The presence of dew was found to increase dust and particle adhesion onto the 

surface of the PV cells and thus reduce their performance and increase maintenance costs. Figgis 

et al.[112] also demonstrated experimentally that dew formed on soiled PV modules even when 

the PV module surface temperature was higher than the dew point temperature. This was attributed 

to the fact that hygroscopic materials such as salt, nitrate, and sulfate found in the dust particles 

serve as nucleation sites for dropwise condensation of atmospheric water vapor. The power output 

of the PV solar cells was also shown to decrease under high relative humidity weather conditions 

due to the scattering of solar radiation by the water vapor in the atmosphere and by condensed 

droplets formed on the solar cell surface [113]. 

Hosseini et al.[29] investigated experimentally the effect of dew formation on the performance 

of monocrystalline and polycrystalline silicon solar cells. LEDs were used to provide radiation 

between 400 and 1,100 nm with total irradiation up to 309 W/m2 under normal incidence onto 

horizontal solar cells. Humidifier and heater/cooler units were used to regulate the humidity and 

temperature of the air in the test chamber. The relative humidity was varied from 45 to 75%. The 

chamber temperature was imposed above the dew point temperature of 25 °C to study dry solar 

cells and (ii) below 25 °C to investigate solar cells covered with droplets with surface area coverage 

ranging between 45-84%. The maximum power output of the module was found to increase by 

3.5% and 7% in the presence of droplets at a relative humidity of 75% for monocrystalline and 
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polycrystalline cells, respectively. This was attributed to the increase in the number of photons 

reaching the solar cell since the scattering of the incident radiation by water vapor in the ambient 

air decreased with dew formation. Finally, the maximum power decreased by about 9% for a 

polycrystalline solar cell as the droplet surface area coverage increased from 45% to 84% by 

increasing the relative humidity from 45% to 75%, respectively. Unfortunately, despite the 

valuable insights, the contact angle and size distribution of the droplets were not reported in this 

study. Also, the droplet surface area coverage could vary during the experiments due to 

evaporation and/or condensation. In addition, the droplet contact angle and/or surface area 

coverage might have been different for the monocrystalline and polycrystalline solar cells. This 

could explain why the percentage increase in the maximum power output of the polycrystalline 

solar cells was greater than the monocrystalline solar cells under the same relative humidity. 

Finally, all the performance metrics reported corresponded to normal incidence radiation when the 

effect of droplets on the transmittance of the glass cover has been shown to be relatively limited 

[64]. 

4.2 Materials and Methods 

4.2.1 Materials preparation and characterization 

Bare polycrystalline silicon solar cells (Aoshike, China) with a surface area of 3.8 x 3 cm2 and a 

maximum power of 175 W/m2 were used as representative of commercially available solar cells 

deployed in the field. Three types of solar cell assembly were tested including (1) the bare solar 

cell as received, (2) the solar cell covered with a clear soda-lime glass cover, and (3) the bare solar 

cell with a clear soda-lime glass cover without or with surface treatment and covered with acrylic 

droplets. 
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Commercial 3 mm thick plane-parallel slabs of soda-lime architectural glass with a surface 

area of 2.5 x 2.5 cm2 were used as cover. The glass covers were placed on top of the bare solar cell 

and the rest of the solar cell was covered with opaque black tape to match the glass size. Three 

different surface-treatment conditions were investigated to achieve different droplet contact angles 

including (A) clean soda-lime glass cover, (B) soda-lime glass cover coated with a silane-treated 

monolayer of silica nanoparticles, and (C) soda-lime glass cover coated with Teflon AF-2400 

(Chemours, USA). First, all glass covers were cleaned with isopropyl alcohol (IPA) prior to any 

surface treatment or droplet deposition. Before coating the glass covers with a monolayer of silane-

treated silica nanoparticles, the covers were placed on a hot plate at 450 °C for 30 minutes to 

remove any oil, dirt, and organic residues. Silica nanoparticles with 307  20 nm diameter were 

synthesized by the Stöber process [75,76]. The details of the silica nanoparticle synthesis are given 

in Appendix C. The ethanol/water-based silica nanoparticle suspension was sonicated to break 

down any nanoparticle aggregate. Then, the suspension was drop-casted onto the glass covers [77] 

to obtain a monolayer of silica nanoparticles with an arithmetic average surface roughness of 35 

nm measured with Atomic Force Microscope (Bruker, Dimension FastScan). The coated glass 

covers were heat-treated on a hot plate at 450 °C for 1 hour to bond the nanoparticles onto the 

glass surface and make the coating mechanically robust. Finally, silane was deposited on top of 

the monolayer of silica nanoparticles by placing the glass covers inside a closed container filled 

with silane vapor. The silane reacted with the available hydroxyl group (OH) and permanently 

grafted perfluorocarbon chains on the surface of the nanoparticles and glass substrate to form a 

hydrophobic monolayer [74]. The third type of glass covers were spin-coated with Teflon AF-

2400 followed by heat-treatment on a hot plate at 250 °C for an hour. Finally, the sample was 

baked in a furnace at 340 °C for 3.5 hours to achieve a 50 nm thick Teflon film [78]. 
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Following the preparation of the glass covers without or with surface treatment, thousands of 

transparent acrylic droplets made of ultraviolet (UV) curable acrylic polymer (Loctite AA 349) 

were deposited onto the glass covers with a syringe and cured with a UV lamp at 365 nm (Blak-

Ray B-100A, Thermo Scientific Fisher, USA). The use of polymer droplets instead of water 

droplets facilitated the handling of the solar cell assemblies and eliminated the challenges caused 

by the dynamic nature of dropwise condensation and water evaporation. In addition, when handling 

the solar cell or tilting it to simulate non-normal incidence, the water droplets would merge and/or 

roll off from the glass surface. Acrylic presented the benefit of being relatively viscous to avoid 

excessive spreading and merging among droplets during deposition over the glass substrate and 

was easily UV-curable without any color change. Overall, by using acrylic droplets, the surface 

area coverage and size distribution could be carefully characterized for each sample and remained 

the same throughout the experiments.  

The contact angle of acrylic droplets on the glass cover was measured using a Drop Shape 

Analyzer (DSA100, Kruss Scientific, Germany). For each type of glass substrate, the contact angle 

measurements were repeated for 9 different droplets and the mean contact angle �̅�c was calculated. 

The projected diameter dp and surface area coverage fA of the droplets were measured using 

microscope images captured by a Leica LMIL microscope (Leica Microsystems, USA) connected 

to a CCD camera (Spot Insight model 4.2, USA). The image analysis software ImageJ was used 

in manual mode to measure the location and projected diameter of a large number of droplets. 

Figure 4.1(a) schematically shows a solar cell with a semi-transparent glass cover supporting 

droplets along with the geometric parameters characterizing the droplets. The acrylic droplets had 

a refractive index nd of about 1.49 in the visible [79] falling between that of air (na = 1) and that 

of soda-lime glass (ng ≈ 1.53) [80]. Thus, the optical effects caused by the presence of the acrylic 
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droplets are expected to be qualitatively similar to that of water droplets despite the difference in 

their refractive indices (1.49 vs. 1.33). Indeed, our previous study [64] established that the 

directional-hemispherical transmittance of glass cover supporting droplets with contact angle θc = 

90° and surface area coverage fA = 50% followed the same trends and was quantitatively similar for 

droplets with refractive index nd equal to 1.33 or 1.5, as illustrated in Figure C.1. The 

polycrystalline silicon solar cells had a refractive index nc of about 3.90 and absorption index kc 

of about 0.03 in the visible [114]. Figure 4.1(b) shows a side view of the acrylic droplets with 

droplet mean contact angle �̅�c = 76.2°. Finally, Figures 4.1(c) and 4.1(d) present the photograph 

and microscope image of the Teflon-coated semi-transparent glass cover with acrylic droplets with 

droplet mean contact angle �̅�c = 76.2° and surface area coverage fA = 45%.  
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Figure 4.1. (a) Schematic of a solar cell with a semi-transparent glass cover supporting transparent 

polydisperse droplets, (b) side view photograph of acrylic droplets with mean contact angle �̅�c = 

76.2°, (c) photograph, and (d) microscope image of the Teflon AF-2400 coated semi-transparent 

glass cover with acrylic droplets with droplet mean contact angle �̅�c = 76.2°  and surface area 

coverage fA = 45%. 

4.2.2 Solar cell performance characterization 

Figures 4.2(a) and 4.2(b) show the experimental setup consisting of (i) a polycrystalline silicon 

solar cell assembly mounted on (ii) a goniometer (OptoSigma, USA) with a custom made sample 

holder, (iii) a solar simulator (TriSol TS-300, OAI, USA) providing collimated simulated solar 
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radiation in the wavelength range between 400 and 1,100 nm with total radiation flux incident on 

a surface perpendicular to the collimated simulated radiation of Sc = 1 kW/m2, and (iv) a 

potentiostat (BioLogic VSP-300, France) used to collect the current vs. voltage curves (i-V curves) 

of the different solar cell assemblies investigated under different angles of incidence. 

 

Figure 4.2. (a) Photograph of the experimental setup with the solar simulator (TriSol TS-300, OAI, 

USA) and the sample holder, (b) goniometer supporting a polycrystalline silicon solar cell 

assembly, and (c) detailed schematic of the goniometer stage. 
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Figure 4.2(c) shows the detailed schematic of the goniometer stage and of the sample holder 

used to vary the incident angle θi of the simulated solar radiation. Before any measurement, each 

solar cell assembly was securely taped flat onto the sample holder.  

Finally, two metrics were considered to assess the performance of any given solar cell 

assembly namely (a) the maximum power Pmax and (ii) the energy conversion efficiency  defined 

as [101] 

 𝑃𝑚𝑎𝑥 = 𝑀𝑎𝑥(𝑖𝑉) and  =
𝑃𝑚𝑎𝑥

𝐺𝑠 
. (4.1) 

Here, Gs is the solar irradiation incident on the PV cell at incident angle θi and expressed as Gs = 

Sccosθi. The solar cell temperature remained constant at near room temperature (~ 22 oC) 

throughout the experiments. In fact, the i-V curve for the bare solar cell was recorded regularly to 

verify that the solar cell temperature and incident simulated solar irradiation remained constant 

throughout the experiment, as documented in Figure C.2 in Appendix.  

4.3 Results and discussion 

4.3.1 Droplet characterization 

The different glass covers were characterized in our previous study [90]. Table 4.1 summarizes 

the mean contact angle �̅�c and surface area coverage fA for the seven different solar cell assemblies 

tested under simulated solar irradiation Gs with incident angle θi varying between 0 (normal 

incidence) and 85o corresponding to Gs varying between 1 kW/m2 and 0.087 kW/m2, respectively. 

The droplet mean contact angle on (A) clean, (B) silane-treated silica nanoparticle-coated, and (C) 

Teflon-coated glass covers were �̅�c = 25.8°, 66.6°, and 76.2°, respectively. The droplet mean 

projected diameter dp on different glass covers varied between 250 μm and 614 μm while the 

surface area coverage fA ranged between 19% and 49% [90]. 
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Table 4.1. Summary of the solar cell assemblies tested in this chapter. 

Sample 

# 
Sample details 

Incident 

angle 

θi (°) 

Droplet 

contact angle 

�̅�𝒄 (°) 

Droplet surface 

area coverage 

fA (%) 

Droplet 

projected 

diameter 

�̅�𝒑 (μm) 

1 Cell without glass 0-85 N/A N/A N/A 

2 Cell with dry glass 0-85 N/A 0 N/A 

3 
Cell with droplet-

covered glass 
0-85 76.2 45 312 

4 
Cell with droplet-

covered glass 
0-85 76.2 34 271 

5 
Cell with droplet-

covered glass 
0-85 76.2 19 428 

6 
Cell with droplet-

covered glass 
0-85 66.6 47 250 

7 
Cell with droplet-

covered glass 
0-85 25.8 49 614 

 

4.3.2 Solar cell performance 

4.3.2.1 i-V curves 

Figure 4.3 compares the i-V curves obtained from (i) a bare solar cell, (ii) a solar cell with a dry 

glass cover, and (iii) a solar cell with glass covers supporting droplets with mean contact angle �̅�c 

= 25.8°, 66.6°, and 76.2° for (a) incident angle θi = 0° and irradiation Gs = 1 kW/m2, (b) θi = 30° 

and Gs = 0.86 kW/m2, (c) θi = 50° and Gs = 0.64 kW/m2, and (d) θi = 70° and Gs = 0.34 kW/m2. 

Here, the droplet surface area coverage fA of the glass covers was around fA = 472% for all solar 

cell assemblies considered to isolate the effects of θi and �̅�c on the solar cell performance.  
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Figure 4.3. Current as a function of voltage for (a) incident angle θi = 0° and irradiation Gs = 1 

kW/m2, (b) θi = 30° and Gs = 0.86 kW/m2, (c) θi = 50°and Gs = 0.64 kW/m2, and (d) θi = 70° and 

Gs = 0.34 kW/m2. 
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First, for all incident angles, the bare solar cell systematically featured the largest current i for 

any potential V. Thus, it can serve as a reference to assess the effects of the glass cover and droplets 

on the solar cell performance. Figures 4.3(a) and 4.3(b) indicate that the glass cover reduces the 

generated current across the potential window of the solar cell by about 15%. This relatively large 

decrease was due to the iron content of the conventional soda-lime glass used and can be 

considered as an upper bound. In fact, a thinner and/or ultra-clear glass cover would reduce 

significantly the effect of the dry glass cover. In addition, the presence of droplets did not affect 

the i-V curve of the solar cells under near-normal incident radiation (θi ≤ 30°). This can be 

explained by the fact that most of the collimated light incident at angle θi ≤ 30° was transmitted 

through the glass cover supporting droplets, as established numerically by Zhu et al.[64]. These 

experimental results also corroborate the experimental observations reported in the literature 

indicating that the droplets did not significantly affect the performance of solar cells under normal 

incidence [115,116].  

By contrast, Figures 4.3(c) and 4.3(d) establish that, for incident angles θi = 50° and 70°, the 

generated current i decreased significantly due to the presence of droplets, particularly as the 

droplet contact angle �̅�c increased from 25.8° to 76.2°. This observation can be attributed to the 

decrease in the number of photons reaching the photovoltaic solar cell surface due to the increase 

in reflectance caused by the presence of droplets [101,117]. Additional experiments were 

performed by spraying water droplets, using a push spray bottle, on the glass cover of the same 

solar cell used throughout (see Appendix C.4). The results established that the i-V curves of the 

solar cell with glass cover sprayed with water droplets were quantitatively similar to those obtained 

when the glass cover supported acrylic droplets, as illustrated in Figure C.3. However, the droplet 

surface area coverage fA and projected diameter dp could not be determined as they varied due to 
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rapid droplet evaporation at near-normal incident angles and/or droplet merger and roll-off for 

larger incident angles. 

Figure 4.4 schematically illustrates light transfer through the solar cell assembly with (a) dry 

glass cover and (b) droplet-covered glass cover under normal collimated incident radiation. 

Photons that reached the air/glass interface with incident angle θi were refracted through the 

air/glass interface with the transmission angle θt,1 before reaching the glass/solar cell interface. 

The latter has a reflectivity to unpolarized light expressed as [81] 

 Rgc = (Rs+Rp)/2 (4.2) 

where Rs and Rp are the reflectivities of the interface for s-polarized and p-polarized light predicted 

by Fresnel equations considering the glass to be non-absorbing and the solar cell to be absorbing 

[81]. 

The reflectivity Rgc of the glass/solar cell interface remained nearly constant around 19% for 

incident angle θi ranging from 0 to 85o (see Appendix C.5). In absence of droplets, the photons 

reflected by the glass/solar cell interface traveled through the glass window and were reflected 

back towards to solar cell due to internal reflection at the glass/air interface with critical angle θcr,ga 

= sin-1(na/ng) ≈ 41° [81] [Figure 4.4(a)]. The multiple reflections through the glass cover increase 

the probability of the photons to eventually be absorbed by the solar cells. By contrast, in presence 

of droplets, the reflected photons were transmitted into the droplets through the glass/droplet 

interface because of the small index mismatch between the glass and the droplets corresponding 

to a large critical angle θcr,gd = sin-1(nd/ng) ≈ 77° [81] [Figure 4.4(b)]. Then, due to the droplet 

curvature, the photon reached the droplet/air interface at an angle smaller than the critical angle of 

that interface θcr,da = sin-1(na/nd) ≈ 39° and were transmitted through the interface. Note that 

reflection losses were very similar at the air/glass and air/droplet interface so the number of 
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photons entering the solar cell assembly was not significantly affected by the presence of droplets. 

In addition, reflection loss at the droplet/glass interface was negligible due to the very small index 

mismatch. Overall, the presence of droplets resulted in back-scattering of incident photons instead 

of trapping and photovoltaic conversion. 

 

Figure 4.4. Schematic of a solar cell with (a) dry glass cover and (b) droplet-covered glass cover 

to explain the effect of droplets on the light transmittance and a solar cell with droplet-covered 

glass cover having (c) small droplet contact angle and (d) large droplet contact angle to 

demonstrate the effect of droplet contact angle on the light transmittance under collimated incident 

radiation at angle θi. 
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Furthermore, Figures 4.3(c) and 4.3(d) indicate that, for surface coverage fA ≈ 47% and large 

incident angle θi  50o, the generated current decreased with increasing droplet mean contact angle 

�̅�c. Figures 4.4(c) and 4.4(d) schematically illustrate the effect of the droplet contact angle on the 

number of photons reaching the solar cell surface. The number of photons transmitted through the 

droplet/air interface increased with increasing droplet contact angle due to the fact that the photon 

incident angle on the droplet/air interface decreased with decreasing droplet radius of curvature 

defined as 𝑟𝑐 = d/2sin �̅�𝑐. As a result, less photons were reflected back towards the solar cell and 

the generated cell current decreased. Note that, only for droplet contact angles �̅�c  76.2o, the 

photons that were incident at large angles could experience total internal reflection at the 

droplet/air interface and then reached the solar cell. Zhu et al.[64] numerically showed that, for 

water droplets condensed at the frontside of windows, total internal reflection at the droplet/air 

interface occurred for droplet contact angles θc  70o and large incident angles, i.e. for θc = 70o 

total internal reflection occurred for incident angles θi > 80 o. 

4.3.2.2 Maximum power  

Figure 4.5(a) shows the maximum power Pmax generated by the solar cell as a function of the 

incident angle θi for the three different assemblies considered. Here also, the droplet mean contact 

angles considered were �̅�c = 25.8°, 66.6°, or 76.2° while the surface area coverage fA was 

maintained around 47  2 %. Figure 4.5(a) indicates that, for a solar cell, bare or with a dry glass 

cover, the maximum power Pmax decreased with increasing incident angle θi [118]. In fact, the 

maximum power generated by the solar cell closely follows the same trend as the incident solar 

irradiation Gs = Sc cosθi and has been expressed as [119]  

 Pmax(θi) = Pmax(θi = 0)cosθi.  (4.3) 
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Figure 4.5(a) establishes that the measured maximum power of bare solar cell Pmax was in 

excellent agreement with the predictions of Equation (4.3). However, the measured maximum 

power of solar cells with a dry glass cover slightly deviated from Equation (4.3) for θi  50°. This 

can be attributed to the increase in the reflection losses for incident angle θi larger than the Brewster 

angle θB. Indeed, the reflectivity of the air/glass interface to incident unpolarized light remained 

nearly constant for θi < θB and then increased sharply for θi > θB where the Brewster angle is equal 

to θB,ag = tan-1(ng/na) ≈ 57° [81]. On the other hand, the Brewster angle for the bar solar cell was 

θB,ac = tan-1(nc/na) ≈ 74°. In addition, the maximum power Pmax of the solar cells was unchanged 

for dry and droplet-covered glass covers under normal incidence (θi = 0°). These results 

corroborate the observations of Hosseini et al.[29] for monocrystalline solar cells. Figure 4.5(a) 

also establishes that, in the presence of droplets, the maximum power Pmax decreased with 

increasing �̅�c for θi > 30° because of the optical phenomena invoked previously [Figure 4.4]. 

4.3.2.3 Solar cell energy conversion efficiency  

Figure 4.5(b) shows the solar cell energy conversion efficiency η [Equation (4.1)] as a function of 

the incident angle θi for the same three configurations considered previously with similar surface 

area coverage fA around 47% but different droplet contact angles �̅�c between 25.8° and 76.2°. 

Figure 4.5(b) indicates that for 0°  θi  30°, the energy conversion efficiency η remained constant 

and identical for all solar cell assemblies with a glass cover with or without droplets. However, for 

θi > 30°, the energy conversion efficiency η decreased with increasing incident angle θi and droplet 

contact angle �̅�c. For example, for θi = 60°, the energy conversion efficiency decreased from η = 

10 % for a dry glass cover to 9% and 5% for droplet mean contact angle �̅�c of 25.8° and 76.2°, 

respectively. This decrease in the energy conversion efficiency can be attributed to the decrease in 

the maximum power output of the PV solar cell, as previously discussed [Figure 4.5(a)]. 
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Figure 4.5. (a) Maximum power Pmax and (b) energy conversion efficiency η as functions of 

incident angle θi for the solar cell without glass cover, with dry glass cover, and with droplet-

covered glass cover droplet mean contact angle �̅�𝑐= 25.8°, 66.6°, and 76.2° and surface area 

coverages fA = 45, 47, and 49%, respectively. 
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Moreover, it is interesting to note that, for �̅�c = 76.2° and fA = 45%, the solar cell energy 

conversion efficiency η decreased with increasing incident angle θi until it reached a minimum at 

θi = 80° beyond which it increased. This was due to the fact that transmittance of the solar 

irradiance through the glass cover supporting droplets increased at large incident angles (θi > 80°), 

thus improving the energy conversion efficiency. In fact, this behavior was also observed by Zhu 

et al.[64] in the numerically predicted directional hemispherical transmittance through a 3 mm 

thick glass slab supporting water droplets with contact angle θc  70°. The authors attributed this 

behavior to the decrease in total internal reflection at the back window/air interface and to the 

increase in internal reflection at the droplet/air interfaces for glazing incident angles θi [64].  

To isolate the effect of droplet surface area coverage fA on the solar cell efficiency η, we define 

the efficiency ratio ηr(θi, �̅�c, fA) as the ratio of the energy conversion efficiency of the solar cell 

with droplet-covered glass η(θi, �̅�c, fA) to that of the dry glass cover η(θi, fA = 0) under the same 

incident angle θi, i.e., 

 ηr(θi, �̅�c, fA) = η(θi, �̅�c, fA)/η(θi, fA=0).  (4.4) 

Figure 4.6 plots the energy conversion efficiency ratio ηr(θi, �̅�c, fA) as a function of incident 

angle θi for a solar cell with a droplet-covered glass cover with �̅�c = 76.2° and fA = 19, 34, and 

45%. Figure 4.6 indicates that the efficiency ratio ηr decreased significantly due to the presence of 

droplets for θi > 30°. The decrease was more significant for larger fA. In fact, the presence of 

droplets caused the solar cell efficiency to decrease by up to 50-70% compared to a dry glass cover, 

for the range of fA considered. This was due to the fact that an increasingly large fraction of the 

incident light was back-scattered as fA increased, as previously explained. Note that for θi > 80°, 

the solar cell with a droplet-covered glass cover with fA = 45% featured a slightly higher efficiency 

than the solar cell with a dry glass cover as droplets scattered the light back towards the solar cell. 



85 

 

 

Figure 4.6. Energy conversion efficiency ratio ηr as a function of incident angle θi for solar cell 

with droplet-covered glass cover having a droplet contact angle �̅�𝑐 = 76.2° and surface area 

coverages fA = 19, 34, 45%. 

4.3.3 Impact of dew formation on hourly energy generation 

Dew formation occurs at night [43,44] and is frequently observed on PV modules in the morning 

hours [120–122]. For certain locations/seasons, dew formation can persist during the daytime 

depending on weather conditions such as high humidity and wind speed [45,123], and field 

conditions such as the presence of hygroscopic dust [112]. To assess the impact of droplets on the 

power generation of solar cells deployed in the field, let us consider a field of PV solar cells located 

in San Francisco, CA (latitude: 37°N; longitude: 122°W) in December. San Francisco was selected 

for the widespread deployment of residential solar PV power generation in California [124] and 
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the frequent dew formation [125]. In order to predict the energy generated per unit surface area of 

PV solar cells, the following assumptions were made: (i) PV solar cells were facing South with 

the optimum tilt angle of θT = 30° [126,127], (ii) the PV solar cell temperature Tc (in °C) was 

predicted according to [128] 

 Tc(t) = 0.943Ta(t)+0.028Gs(t)–1.528uw(t)+4.3.  (4.5) 

Here, Ta is the ambient air temperature (in °C) and uw is the wind velocity (in m/s). The average 

hourly solar irradiation and incident angle for a 30° tilted PV solar cell in San Francisco were taken 

from Refs.[129] and [130], respectively. The hourly weather hygrometric and wind speed data for 

San Francisco averaged over several years were taken from Ref.[131]. 

Moreover, the average hourly electrical energy production rate Ph (in W/m2) can be expressed 

as  

 Ph(θi(t)) = Gs(θi)η(θi, �̅�c, fA).  (4.6) 

where the incident angle θi(t) depends on the time of the day and η(θi, �̅�c, fA) is the energy 

conversion efficiency previously measured for the different solar cell assembly configurations.  

Figure 4.7 shows the hourly (a) ambient air Ta(t), dew point, and PV cell Tc(t) temperatures (in 

°C) and (b) average hourly electrical energy production rate (W/m2) predicted by Equation (4.6) 

for a solar cell with (i) dry glass cover and (ii) droplet-covered glass cover with droplet mean 

contact angle �̅�c = 76.2° and surface area coverage fA = 19, 34, and 45% on December 3. The use 

of hydrophobic coatings has been recommended for PV module glass covers [132–136] as a 

practical way to reduce dust adhesion [134–137] and remove soiling during droplet roll-off [138–

140]. In addition, hydrophobic coatings inhibit condensation [112] and can be designed to reduce 

light reflection [138]. Therefore, the droplet contact angle �̅�c = 76.2° was taken as a baseline for 

our calculations.  
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Figures 4.7(a) and 4.7(b) indicate that the dew formation resulted in a drop in the average 

hourly electrical energy production rate in the morning and afternoon. For example, the energy 

generation at 9:00 am decreased by 14%, 38%, and 53% for droplet mean contact angle �̅�c = 76.2° 

and surface area coverage fA = 19, 34, and 45% compared with the solar cells with dry glass covers, 

respectively. Note that cleaning of the dust accumulated on hydrophobic PV modules thanks to 

dew roll-off and/or rain was not considered. In addition, the temporal changes in the droplet surface 

area coverage due to the evaporation and/or condensation and tilting the PV module were not 

considered. Finally, differences in the droplet surface area coverage for hydrophilic and 

hydrophobic glass covers were not accounted for.  

Overall, these results suggest that dew or rain can significantly affect the performance of solar 

cells particularly in the morning or afternoon when the solar radiation is incident at angle θi > 30°. 

Hydrophilic covers or coatings can limit the negative effect of droplets provided their 

hydrophilicity can be maintained throughout the lifetime of the solar cells. 
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Figure 4.7. Hourly (a) ambient, dew point, and solar cell temperatures and (b) energy production 

rate on December 3 as functions of the hour in San Francisco, CA. 



89 

 

4.4 Conclusion 

This chapter investigated experimentally the effect of droplets on the performance of PV solar 

cells due to dropwise condensation or rain falling on their glass cover. Polydisperse acrylic droplets 

were deposited on glass covers subjected to different surface treatments. The droplet contact angle 

was varied between 25° and 77° and their surface area coverage between 19% and 49%. The 

photovoltaic solar cells with a dry or droplet-covered glass cover were exposed to collimated 

simulated solar radiation with radiation flux up to 1 kW/m2 with incident angle θi ranging between 

0 to 85. For incident angle θi ≤ 30°, the droplets had no effect on the generated current, the 

maximum power, and the energy conversion efficiency of the solar cells. However, for incident 

angle θi >30°, the droplet significantly decreased the solar cell performance, particularly for large 

droplet contact angle and/or the surface area coverage. This was attributed to the fact that the 

incident light was back-scattered through the droplets instead of being trapped due to total internal 

reflection at the cover/air interface before being eventually absorbed by the solar cell. In addition, 

the chapter showed that the hourly energy production may decrease significantly with dew 

formation on the solar cell cover, based on actual weather conditions. These results highlight the 

importance of selecting durable hydrophilic solar cell cover.  
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Chapter 5: Dropwise Condensation Enhances 

Emittance and Reduces Selectivity of Radiative 

Cooling Surfaces 

Dew formation occurs frequently on the radiative cooling surfaces used for cooling of buildings 

and for harvesting atmospheric water as a result of dropwise condensation. These condensed 

droplets can alter both the emittance and spectral selectivity of radiative cooling surfaces. This 

study experimentally investigates the impact of dropwise condensation on the emittance and 

selectivity of a radiative cooling surface. Here, selective emitters supporting a large number of 

polydisperse acrylic droplets contact angle ranging between 39° and 62° and surface area coverage 

between 20% and 52% were prepared and characterized. Spectral characterization revealed that 

the spectral emittance of the radiative cooling surfaces increased and broadened significantly in 

the presence of droplets. This was attributed to the absorption by the acrylic droplets. The 

emittance inside the long-wavelength infrared (LWIR) atmospheric transparency window 

increased slightly while the emittance outside increased significantly with increasing surface area 

coverage and droplet contact angle. As a result of the loss of spectral selectivity and the resulting 

heat gain from radiation exchange outside the LWIR, droplet-covered emitters attained a higher 

sub-ambient cooling relative to the dry surfaces. 

5.1 Materials and Methods 

5.1.1 Sample preparation  

The radiative cooling samples used in this study consisted of 60 µm-thick 3M Scotch™ Long-

Lasting (SLL) tape (3M, USA) on 20 µm-thick aluminum (Al) foil with a surface area of 2.5 x 2.5 
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cm2. The reference radiative cooling surface consisted of two layers of scotch tape manually 

applied to the Al foil, with care taken to prevent the formation of air bubbles below and between 

the layers. Nine different samples with or without hydrophobic coatings were prepared to achieve 

different droplet contact angles and projected surface area coverages including (1) the reference 

sample with droplet surface area coverage fA ranging between 0% and 100% (Samples 1, 2, 3, 4, 

5), (2) the reference sample coated with commercial water-repellent spray paint (NeverWet™, 

Rust-Oleum, USA) with fA ranging between 0% and 51% (Samples 6, 7A, 7B), and (3) the 

reference sample coated with monolayer of perfluorinated silane (tridecafluoro-1,1,2,2,-

tetrahydrooctyl)trichlorosilane (Gelest, USA) with fA ranging between 0% and 52% (Samples 8, 

9, 10A, 10B). The reference sample was used to represent the hydrophilic radiative cooling surface 

while NeverWet™ and perfluorinated silane coated samples were representatives of hydrophobic 

radiative cooling surfaces. 

Samples 6 and 7 were made by coating the reference sample with water-repellent spray paint. 

First, NeverWet™ Step 1 Base Coat (275185, industrial size multi-purpose liquid repelling 

treatment kit) was sprayed directly on the sample surface and waited for one hour to dry. Then, 

NeverWet™ Step 2 Top Coat (275185, industrial size multi-purpose liquid repelling treatment kit) 

was sprayed onto the surface of the sample and left to for 12 hours.  

Samples 8, 9, and 10A were prepared by coating the reference sample with perfluorinated 

silane. To do so, samples were placed inside a closed container with liquid perfluorinated silane. 

The silane vaporized and reacted with hydroxyl groups (−OH) present on the cellulose acetate - 

the main group of the non-sticking side of the SLL tape - and formed a hydrophobic coating on 

the surface of the sample [141].  
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Lastly, thousands of droplets made of acrylic polymer (Loctite AA 349, Henkel Adhesives, 

USA) were deposited manually with the tip of a needle on the surface of the uncoated and coated 

samples. After the deposition, acrylic droplets were cured with a UV lamp (Blak-Ray B-100A, 

Thermo Scientific Fisher, USA) emitting at a wavelength of 365 nm. Figure 5.1 shows the 

photograph of the reference sample supporting acrylic droplets with droplet mean contact angle �̅�c 

= 39°  and surface area coverage fA = 50%. In addition, an acrylic film 300 μm in thickness was 

deposited on an uncoated sample using a film applicator (EQ-Se-KTQ-150, MTI Corporation, 

USA) to achieve surface area coverage fA = 100% to be used as a reference. Polymer droplets 

rather than water droplets were used to eliminate any change in the droplet diameter and surface 

area coverage throughout the measurements due to evaporation, rolling off, and/or merging of the 

droplets. As a result, the droplet size distribution and surface area coverage of each sample 

remained constant and could be thoroughly characterized. Both of the acrylic and water are 

transparent in the visible and near-infrared for wavelengths up to 1.2 µm and are broadband 

thermal emitters. Therefore, the optical effects caused by the presence of the acrylic droplets are 

expected to be similar to that of water droplets despite the difference in their refractive and 

absorption indices. A detailed comparison of the acrylic and water in terms of optics and thermal 

emissions have been presented in Section 5.2. 

5.1.2 Droplet characterization 

The contact angle of the acrylic droplets deposited on the uncoated and coated radiative cooling 

surfaces was measured with a goniometer (VCA-3000S, AST Products, USA). The mean droplet 

contact angle �̅�𝑐 was measured by averaging the contact angle measurements for at least 5 droplets. 

The images of droplet-covered samples were captured with a camera and analyzed with ImageJ 
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(National Institutes of Health, USA) to determine the surface area coverage fA and the droplet 

projected diameter �̅�𝑝. 

 

Figure 5.1. Photograph of a reference sample supporting acrylic droplets with droplet mean contact 

angle �̅�𝑐 = 39° and surface area coverage fA = 50%. 

5.1.3 Infrared characterization 

A nitrogen-purged Fourier transform infrared (FTIR) spectrometer (NicoletTM iS50, Thermo 

Scientific Fischer, USA) equipped with an integrating sphere (Upward IntegratIRTM, PIKE 

Technologies, USA) was used to measure the spectral normal-hemispherical reflectance Rnh,λ of 

the dry and droplet-covered samples. The spectral directional-hemispherical reflectance Rdh,λ of 

the samples were measured using a FTIR spectrometer (INVENIO®, Bruker) equipped with a 

custom-made integrating sphere. For both measurements, a potassium bromide (KBr) beamsplitter 

and a liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector were used in the spectral 

range between 2 and 20 μm.  
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5.1.3.1 Spectral directional emittance 

For opaque samples, the spectral directional emittance εd,λ is given by Kirchhoff’s law expressed 

as [46] 

 𝜀𝑑,𝜆 =  𝛼𝑑,𝜆 = 1 − 𝑅𝑑ℎ,𝜆 (5.1) 

where αd,λ is the spectral directional absorptance and Rdh,λ is the directional-hemispherical 

reflectance. Note that, the directional spectral emittance in the normal direction θi = 0° is equal to 

the normal spectral emittance denoted by εn,λ, i.e. εd,λ(θi = 0°) = εn,λ. 

5.1.3.2 Total directional emittance 

The total directional emittance εd can be calculated as [46]  

 𝜀𝑑 =
∫ 𝜀𝑑,𝜆𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆

∞
0

∫ 𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆
∞

0

≈  
∫ 𝜀𝑑,𝜆𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆

20 𝜇𝑚
2 𝜇𝑚

∫ 𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆
20 𝜇𝑚

2 𝜇𝑚

 (5.2) 

where Eb,λ(To) is the blackbody spectral emissive power (in W/m2∙μm) at temperature To = 296 K. 

The integrals in both the numerator and denominator of Equation (5.2) were truncated to 

wavelengths between 2 - 20 μm as the samples were opaque in this spectral range. Here also, the 

directional emittance εd in the normal direction θi = 0° is the normal emittance denoted by εn so 

that εd,(θi = 0°) = εn.  

5.1.3.3 Directional emittance inside and outside the atmospheric window 

The directional emittance εd,LWIR inside the atmospheric transparency window, defined by the 

wavelength range between 8 - 13 μm [142], was defined as [31] 

 𝜀𝑑,𝐿𝑊𝐼𝑅 =  
∫ 𝜀𝑑,𝜆𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆

13 𝜇𝑚
8 𝜇𝑚

∫ 𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆
13 𝜇𝑚

8 𝜇𝑚

. (5.3) 

Similarly, the directional emittance outside the atmospheric transparency window εd,non-LWIR was 

defined as [31]  
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 𝜀𝑑,𝑛𝑜𝑛−𝐿𝑊𝐼𝑅 =  
∫ 𝜀𝑑,𝜆𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆

20 𝜇𝑚
2 𝜇𝑚  − ∫ 𝜀𝑑,𝜆𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆

13 𝜇𝑚
8 𝜇𝑚

∫ 𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆
20 𝜇𝑚

2 𝜇𝑚  − ∫ 𝐸𝑏,𝜆(𝑇𝑜)𝑑𝜆
13 𝜇𝑚

8 𝜇𝑚

. (5.4) 

5.1.4 Outdoor nighttime demonstration 

Outdoor nighttime experiments were conducted to assess the effect of droplets on the temperature 

of the radiative cooling surface under actual outdoor conditions. The experiments were performed 

at night to prevent differences in solar absorptance of the dry and droplet-covered samples from 

interfering with the effect of thermal emittance.  

Figure 5.2(a) shows the experimental setup consisting of (i) dry and droplet covered samples 

used for outdoor experiments with a surface area of A = 10 x 10 cm2, (ii) a data logger (RDXL6SD-

USB, OMEGA Engineering, USA) used to record the temporal evolution of the samples’ 

temperature, and (iii) a thermometer combined with a hygrometer (TP59, ThermoPro, USA) to 

measure the temperature and relative humidity of the ambient air.  

Two different samples were prepared for outdoor experiments including a dry and a droplet-

covered sample with droplet surface area coverage fA = 52% and contact angle �̅�𝑐 = 39°, as shown 

in Figure 5.2(b). Samples were placed in an open-top Styrofoam casing to ensure thermal 

insulation from the horizontal support, as schematically illustrated in Figure 5.2(c). In addition, 

the top surface of the casing was covered with an infrared transparent low-density poly(ethylene) 

(PE) film to limit convective heat transfer. A calibrated T-type thermocouple (OMEGA 

Engineering, USA) was placed at the bottom of the sample and sealed with thermal tape. All 

experiments were conducted at nighttime on the rooftop of a parking lot in Los Angeles, California 

so that horizontal samples had an unobstructed view of the sky.  
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Figure 5.2. Photographs of the (a) experimental setup and of (b) uncoated dry and droplet-covered 

radiative cooling surfaces. (c) Schematic of the setup used in the outdoor nighttime experiments. 



97 

 

5.2 Analysis 

In order to justify the use of acrylic droplets as a substitute for water droplets in terms of optics 

and thermal emissions, two different approaches were followed. First, the spectral normal 

emissivities of a semi-infinite slab made from acrylic or water were calculated and compared. 

Second, the spectral normal emittance of a slab supporting polydisperse acrylic or water droplets 

on its front side was numerically predicted using the Monte Carlo ray-tracing (MCRT) method 

previously developed [64,66] and experimentally validated in the visible [90] and infrared [143] 

parts of the electromagnetic spectrum.  

5.2.1 Spectral normal emissivity of a semi-infinite slab 

The normal-normal reflectance Rnn,s,λ of an optically smooth semi-infinite slab with spectral 

refractive index nd,λ and absorption index kd,λ, made of acrylic or water, is given by [81] 

 𝑅𝑛𝑛,𝑠,𝜆 =
(𝑛𝑑,𝜆−1)2+𝑘𝑑,𝜆

2

(𝑛𝑑,𝜆+1)2+𝑘𝑑,𝜆
2  (5.5) 

Then, the normal spectral emissivity εn,s,λ of the semi-infinite slabs was calculated using Equation 

(5.1). 

5.2.2 Spectral normal emittance of a surface supporting droplets 

5.2.2.1 Problem statement 

Figure 5.3 shows the schematic of an opaque slab with a complex refractive index ms,λ = ns,λ + iks,λ 

supporting polydisperse droplets on its front side with contact angle θc, projected diameter dp, and  

complex refractive index md,λ = nd,λ + ikd,λ. The droplet-covered surface is exposed to collimated 

and normally incident infrared radiation intensity Iλ at wavelength λ. To have realistic droplet size 

and surface area coverage fA, the projected diameter dp and coordinates (x, y) of 528 droplets 

deposited and characterized on Sample 10B with fA = 52% were used in the numerical simulations. 
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Two different surfaces simulated namely soda-lime glass surface due to its high emissivity and 

aluminum surface due to its low emissivity [46].  

 

Figure 5.3. Schematic of a simulated horizontal semi-infinite opaque slab supporting polydisperse 

droplets on its front side. 

5.2.2.2 Assumptions 

The numerical simulations were performed based on the following assumptions: (1) all interfaces 

were optically smooth such that Fresnel equation and Snell’s law were valid. (2) All droplets were 

cap-shaped with identical contact angle θc and constant curvature. (3) The droplet size and slab 

dimensions were much larger than the wavelength λ of the infrared radiation Iλ such that geometric 

optics prevailed. 

5.2.2.3 Optical properties of droplets and substrates 

The spectral refractive ns,λ and absorption ks,λ indices of the slab made from soda-lime glass and 

aluminum were taken from Refs.[80] and [144], respectively. Similarly, the spectral refractive nd,λ 

and absorption kd,λ indices of the droplets made from acrylic and water were taken from Refs.[92] 

and [98], respectively. 
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5.2.2.4 Method of solution 

The normal-hemispherical reflectance Rnh,λ the opaque substrate supporting acrylic or water 

droplets on its front side was numerically predicted using the Monte Carlo ray-tracing (MCRT) 

method described in Ref.[64]. Here, 106 photon bundles were used in each simulation to achieve 

numerical convergence. After determining the normal-hemispherical reflectance Rnh,λ, the spectral 

emittance εn,s,λ of the droplet covered slabs was calculated from Equation (5.1).  

5.2.3 Results and discussion 

Figure 5.4 compares the spectral normal emissivity εn,λ of acrylic and water for wavelengths λ 

between 2.4 µm and 20 µm. It indicates that water had an emittance εn,λ slightly larger than the 

acrylic for λ < 15 µm and slightly lower for λ > 15 µm.  

 

Figure 5.4. Spectral normal emissivity 𝜀𝑛,𝜆 of the water and acrylic for wavelengths between 2.4 

and 20 µm. 
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However, the total normal emissivities εn of the water and acrylic were both large, similar, and 

equal to 0.97 and 0.96, respectively. In addition, the total normal emissivities εn,LWIR inside the 

atmospheric transparency window of the water and acrylic slabs were 0.99 and 0.96, respectively. 

Similarly, the ratio of the total normal emissivity inside and outside of the atmospheric 

transparency window (εn,LWIR/εn,non-LWIR) for water and acrylic were near unity, indicating that both 

water and acrylic are broadband emitters.  

Figure 5.5 shows the spectral normal emittance εn,λ of the dry soda-lime glass and soda-lime 

glass supporting acrylic or water droplets on their front side with droplet contact angle (a) θc = 

30°, (b) θc = 60°, and (c) θc = 90° and surface area coverage fA = 52% for wavelengths λ between 

5 µm and 20 µm. Figure 5.5 indicates that the emittance εn,λ of the dry glass increased slightly in 

the presence of acrylic or water droplets. In addition, it shows that the glass surface had slightly 

larger emittance εn,λ when covered with water droplets than with acrylic droplets for droplet contact 

angle θc = 30°. However, for θc = 60° and θc = 90°, the emissivities εn,λ of the glass surface 

supporting water or acrylic droplets were nearly identical. This was due to the fact that absorption 

of the radiation by the acrylic droplets increased with increasing contact angle θc as the droplet 

volume increased. Table 5.1 summarizes the total normal emittance εn and the emittance εn,LWIR 

inside the atmospheric transparency window of the dry glass and glass supporting acrylic or water 

droplets.  
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Figure 5.5. Spectral normal emittance εn,λ of dry glass and glass covered with water or acrylic 

droplets with fA = 52% and (a) θc = 30°, (b) θc = 60°, and (c) θc = 90°. 
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Table 5.1. Emittances of the dry glass and glass supporting acrylic or water droplets. 

 

 

Droplet 

Droplet 

contact angle 

θc (°) 

Total normal 

emittance 

εn 

Emittance in atmospheric 

transparency window 

𝜺𝒏,𝑳𝑾𝑰𝑹 (-) 

N/A N/A 0.91 0.87 

Acrylic 30 0.93 0.91 

Acrylic 60 0.94 0.92 

Acrylic 90 0.94 0.92 

Water 30 0.95 0.92 

Water 60 0.95 0.93 

Water 90 0.95 0.93 

 

Similarly, Figure 5.6 plots the spectral normal emittance εn,λ of the dry aluminum and aluminum 

supporting acrylic or water droplets on their front side with (a) θc = 30°, (b) θc = 60°, and (c) θc = 

90° and fA = 52% for wavelengths λ between 2 µm and 20 µm. Figure 5.6 indicates that the 

emittance εn,λ of the dry aluminum increased drastically in the presence of either acrylic or water 

droplets. It also indicates that aluminum had larger spectral emittance εn,λ when covered with water 

droplets than with acrylic droplets for θc = 30°. The difference in the emittance εn,λ of the acrylic 

and water droplet covered surfaces decreased with increasing contact angle θc. Table 5.2 

summarizes the total normal emittance εn and the emittance εn,LWIR inside the atmospheric 

transparency window of the dry aluminum and aluminum supporting acrylic or water droplets. 

Overall, these results demonstrate that the optical effect caused by the presence of water droplets 

on the radiative cooling surface is similar to that of acrylic droplets. Thus, acrylic droplets can be 

used as an easier surrogate to water droplets. 
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Figure 5.6. Spectral normal emittance εn,λ of dry aluminum (Al) and Al covered with water or 

acrylic droplets with fA = 52% and (a) θc = 30°, (b) θc = 60°, and (c) θc = 90°. 
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Table 5.2. Emittances of the dry aluminum and aluminum supporting acrylic or water droplets. 

 

 

Droplet 

Droplet 

contact angle 

θc (°) 

Total normal 

emittance 

εn 

Emittance in atmospheric 

transparency window 

𝜺𝒏,𝑳𝑾𝑰𝑹 (-) 

N/A N/A 0.01 0.01 

Acrylic 30 0.37 0.45 

Acrylic 60 0.47 0.49 

Acrylic 90 0.46 0.47 

Water 30 0.48 0.49 

Water 60 0.49 0.49 

Water 90 0.48 0.48 

 

5.3 Results and discussion 

5.3.1 Sample characterization 

Table 5.3 summarizes the mean droplet contact angle �̅�𝑐, projected diameter dp, and surface area 

coverage fA of the dry and droplet-covered samples investigated in this chapter. The droplet mean 

contact angle was (i) �̅�𝑐= 39.0  2.9° for the uncoated Samples 1-5, (ii) �̅�𝑐= 50.2  1.4° for Samples 

6-7B coated with NeverWet™, and (iii) �̅�𝑐= 62.3  4.0°for Samples 8-10B coated with 

perfluorinated silane. The droplet contact angle measurements of the samples are reported in 

Figure D.1 in Appendix. The droplet surface area coverage fA of the droplet-covered samples 

ranged between 20% and 52% while the droplet mean diameter ranged between 384 μm and 711 

μm. The next two sections discuss the experimental measurements of the emittance and the outdoor 

nighttime temperature of the dry and droplet-covered samples. 
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Table 5.3. Summary of the characteristics of the dry and acrylic droplet-covered radiative cooling samples used in this chapter. 

 

 

Sample #  

 

 

Surface treatment 

Droplet 

contact angle 

�̅�𝒄 (°) 

Surface area 

coverage 

fA (%) 

Projected 

diameter 

�̅�𝒑 ± 𝝈 (μm) 

Total normal 

emittance 

𝜺𝒏,𝒕 (-) 

Emittance in 

atmospheric 

transparency 

window 

𝜺𝒏,𝑳𝑾𝑰𝑹 (-) 

1 None N/A 0 - 0.69 0.88 

2 None N/A 100 300 (film) 0.95 0.96 

3 None 39.0  2.9 22  5 541  158 0.74 0.89 

4 None 39.0  2.9 40  5 417  163 0.79 0.90 

5 None 39.0  2.9 50  5 384  166 0.81 0.91 

6 NeverWet™ 50.2  1.4 0 - 0.75 0.89 

7A NeverWet™ 50.2  1.4 40  5 711  212  0.81 0.91 

7B NeverWet™ 50.2  1.4 51  5 575  293 0.83 0.92 

8 perfluorinated silane 62.3  4.0 0 - 0.71 0.88 

9 perfluorinated silane 62.3  4.0 20  5 462  137 0.76 0.90 

10A perfluorinated silane 62.3  4.0 40  5 475  196 0.81 0.91 

10B perfluorinated silane 62.3  4.0 52  5 412  212 0.84 0.93 
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5.3.2 Infrared characterization 

5.3.2.1 Spectral normal emittance 

Figure 5.7 plots the spectral normal emittance 𝜀𝑛,𝜆 between 2 and 20 μm for the dry radiative 

cooling surface (Sample 1), the sample covered with a 300 mm thick acrylic film (Sample 2), and 

acrylic droplet-covered samples with (a) �̅�𝑐 = 39° and fA = 22, 40, and 50% (Samples 3, 4, 5), (b) 

�̅�𝑐 = 50.2° and fA = 0, 40, and 51% (Samples 6, 7A, 7B), and (c) �̅�𝑐 = 62.3° and fA = 0, 20, 40, and 

52% (Samples 8, 9, 10A, 10B). Figure 5.7(a) shows that the reference sample (Sample 1) had a 

high spectral normal emittance 𝜀𝑛,𝜆 in the atmospheric transparency window (8 μm ≤ λ ≤ 13 μm) 

while it featured a lower 𝜀𝑛,𝜆 in the rest of the spectrum. It establishes that the dry sample was a 

selective emitter. Figure 5.7 indicates that increasing the droplet surface area coverage fA increased 

the emittance 𝜀𝑛,𝜆 for any given contact angle considered. This was attributed to the fact that the 

number of photons absorbed by the acrylic droplets increased as the droplet surface area coverage 

fA and the volume of droplets deposited increased. Note that the presence of droplets did not 

significantly increase the spectral normal emittance 𝜀𝑛,𝜆 for wavelength λ between 7 and 11 μm as 

the dry sample already featured a large emittance. In addition, Figure 5.7(a) shows that the spectral 

normal emittance 𝜀𝑛,𝜆 was constant and approached unity for wavelengths λ  6 μm for surface 

area coverage fA = 100%. For the sake of completeness, Figure D.2 in Appendix plots the measured 

spectral normal-hemispherical reflectance Rnh,λ of all samples.  
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Figure 5.7. Spectral normal emittance εn,λ as a function of wavelength λ for dry sample (Sample 

1), sample covered with 300 mm thick acrylic film (Sample 2), and droplet-covered samples with 

(a) contact angle �̅�𝑐 = 39° and surface area coverage fA between 22% and 50% (Samples 3 - 5), (b) 

�̅�𝑐 = 50.2° and fA between 0% and 51% (Samples 6 - 7B), and (b) �̅�𝑐 = 62.3° and fA between 0% 

and 52% (Samples 8 - 10B).  
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Figure 5.8 plots the spectral normal emittance 𝜀𝑛,𝜆 as a function of wavelength λ for the dry 

and droplet-covered samples with droplet contact angles �̅�𝑐 ranging from 39 to 62.3 and surface 

area coverage (a) fA = 0% (Sample 1, 6, 8), (b) fA = 40% (Sample 3, 7A, 10A), and (c) fA  51  

1% (Sample 4, 7B, 10B). Figure 5.8(a) indicates that the presence of silane coating did not affect 

significantly the spectral normal emittance 𝜀𝑛,𝜆 of the SLL tape on Al sample. By contrast, the 

spectral normal emittance 𝜀𝑛,𝜆 of the SLL tape on Al sample increased for λ  13 μm when coated 

with NeverWet™. Moreover, Figures 5.8(b) and 5.8(c) indicate that, for a given surface area 

coverage fA, the spectral normal emittance 𝜀𝑛,𝜆 increased as the droplet contact angle �̅�𝑐 increased 

from 39 to 62.3. This was attributed to absorption by the droplets since the volume of the droplets 

increased with increasing contact angle �̅�𝑐.  

5.3.2.2. Total and atmospheric normal emittance 

Figure 5.9 plots the calculated (a) total normal emittance 𝜀𝑛, (b) normal emittance 𝜀𝑛,𝐿𝑊𝐼𝑅 inside 

the atmospheric transparency window, (c) normal emittance outside the atmospheric transparency 

window 𝜀𝑛,𝑛𝑜𝑛−𝐿𝑊𝐼𝑅, and (d) ratio of 𝜀𝑛,𝐿𝑊𝐼𝑅 to 𝜀𝑛,𝑛𝑜𝑛−𝐿𝑊𝐼𝑅 as functions of surface area coverage 

fA for dry sample (Sample 1), sample covered with 300 mm thick acrylic film (Sample 2) and 

droplet-covered samples with droplet contact angle �̅�𝑐 = 39° (Samples 3, 4), �̅�𝑐 = 50.2° (Samples 

5, 6, 7A, 7B), and �̅�𝑐 = 62.3° (Samples 8, 9, 10A, 10B). Figure 5.9(a) indicates that the total normal 

emittance 𝜀𝑛 [Equation (5.2) for θi = 0°] increased almost linearly with increasing droplet surface 

area coverage fA for all droplet contact angles considered, as illustrated with the solid line 

connected the emittance for Sample 1 and 2. This was attributed to the fact that absorption by the 

droplets increased with increasing surface area coverage fA.  
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Figure 5.8. Spectral normal emittance εn,λ for (a) dry samples (Samples 1, 6, 8) and droplet-covered 

samples with contact angle �̅�𝑐 = 39°, 50.2°, and 62.3° and surface area coverage, (b) fA = 40% 

(Samples 4, 7A, and 10A), and (c) fA ≈ 51 ± 1% (Samples 5, 7B, and 10B).  
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Figure 5.9. (a) Total normal emittance εn (b) normal emittance εn,LWIR inside the atmospheric 

transparency window, (c) normal emittance εn,non-LWIR outside the atmospheric transparency 

window, and (d) ratio of the emittance εn,LWIR/εn,non-LWIR as functions of surface area coverage fA for 

contact angles �̅�𝑐= 39°, 50.2°, and 62.3°. 

In addition, Figure 5.9(b) indicates that the emittance 𝜀𝑛,𝐿𝑊𝐼𝑅 inside the atmospheric 

transparency window increased slightly in the presence of droplets as the dry sample had already 

a large emittance 𝜀𝑛,𝐿𝑊𝐼𝑅 of 0.88. Larger emittance inside the atmospheric transparency window 

𝜀𝑛,𝐿𝑊𝐼𝑅 is desired as it increases the radiative cooling [145]. Note that Table 5.3 summarizes the 
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total normal emittance 𝜀𝑛 and the emittance 𝜀𝑛,𝐿𝑊𝐼𝑅 inside the atmospheric transparency window 

of the samples used in this chapter. Figure 5.9(c) shows that the normal emittance 𝜀𝑛,𝑛𝑜𝑛−𝐿𝑊𝐼𝑅 

outside the atmospheric transparency window [Equation (5.4) for θi = 0°] increased significantly 

with increasing surface area coverage fA. An increase in 𝜀𝑛,𝑛𝑜𝑛−𝐿𝑊𝐼𝑅 is undesired as it increases 

the absorption of radiation from ambient [31]. 

Figures 5.9(a) and 5.9(b) also show that dry samples (fA = 0%) had different emittances 𝜀𝑛 and 

𝜀𝑛,𝐿𝑊𝐼𝑅 [Table 5.3] due to the presence of the NeverWet™ and silane coatings. This could be due 

to the fact that the silane (�̅�𝑐= 62.3˚) and NeverWet™ (�̅�𝑐= 50.2˚) coatings applied on the samples 

are themselves either broadband emissive or may have an antireflection effect. Moreover, to 

evaluate the selectivity of the radiative emitters [146], the ratio of emittance inside to outside the 

atmospheric transparency window [𝜀𝑛,𝐿𝑊𝐼𝑅 𝜀𝑛,𝑛𝑜𝑛−𝐿𝑊𝐼𝑅⁄ ] was plotted in Figure 5.9(d). It indicates 

that the ratio of emittance inside to outside the atmospheric transparency window 

[𝜀𝑛,𝐿𝑊𝐼𝑅 𝜀𝑛,𝑛𝑜𝑛−𝐿𝑊𝐼𝑅⁄ ] decreased in the presence of the droplets due to the larger increase in 

𝜀𝑛,𝐿𝑊𝐼𝑅. In the atmospheric transparency window (8 μm ≤ λ ≤ 13 μm), photons were mostly 

absorbed by the SLL tape on Al sample. However, for the wavelength λ > 13 μm, photons that 

reached the SLL tape on the Al sample were mostly reflected towards the droplets. As a result of 

the multiple reflections, more photons were absorbed by the droplets resulted in a larger increase 

in 𝜀𝑛,𝑛𝑜𝑛−𝐿𝑊𝐼𝑅. The ratio of emittance inside to outside the atmospheric transparency window 

[𝜀𝑛,𝐿𝑊𝐼𝑅 𝜀𝑛,𝑛𝑜𝑛−𝐿𝑊𝐼𝑅⁄ ] decreased to unity as surface area coverage fA reached 100% such that the 

radiative emitter turns from selective to the broadband emitter.  

5.3.2.3 Total and atmospheric directional emittance 

Figure 5.10 shows the calculated (a, b) total directional emittance 𝜀𝑑 and (c,d) directional emittance 

𝜀𝑑,𝐿𝑊𝐼𝑅 inside the atmospheric transparency window as functions of incident angle 𝜃𝑖 for the dry 
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and droplet-covered samples with (a) �̅�𝑐 = 39° and fA ranging from 0% to 50% (Sample 1, 3, 5) 

and �̅�𝑐 = 62.3° and fA between 0% and 52% (Sample 8, 9, 10B).  

 

Figure 5.10. (a, b) Total directional emittance εd and (c, d) directional emittance in the atmospheric 

transparency window εd,LWIR as functions of incident angle θi for dry and droplet-covered samples 

with droplet contact angle �̅�𝑐= 39°and 62.3° and surface area coverage between fA = 0% and 52%. 

Note that the spectral directional emittances 𝜀𝑑,𝜆 at incident angles θi = 0°, 20°, 40°, and 60° used 

to compute 𝜀𝑑 and 𝜀𝑑,𝐿𝑊𝐼𝑅 are plotted in Figure D.3 in Appendix. Figures 5.10(a) and 5.10(b) 

indicate that the total directional emittance 𝜀𝑑 of the dry and droplet-covered samples initially 
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increased with increasing incident angle θi and reached a maximum at θi = 40° before decreasing 

at θi = 60°. These results are qualitatively consistent with measurements reported by Huang et 

al.[68] for the reference sample. The emittance for the dry sample peaking at incident angle θi = 

40° is likely due to two competing effects namely (i) its surface reflectivity increased with incident 

angle θi and (ii) its emittance increasing with incident angle θi due to the increased in optical 

thickness of the emissive SLL tape. In addition, the total directional emittance 𝜀𝑑 increased with 

increasing surface area coverage fA for all incident angles θi considered due to absorption by 

droplets. However, directional emittance inside the atmospheric transparency window 𝜀𝑑,𝐿𝑊𝐼𝑅 

remained unchanged in the presence of droplets for all incident angles θi considered, as shown in 

Figures 5.10(c) and 5.10(d). Moreover, Figure 5.10 indicates that SLL tape on Al sample had large 

𝜀𝑑,𝐿𝑊𝐼𝑅 even at larger incident angles.  

5.3.3 Outdoor nighttime demonstration 

Figure 5.11 shows the measured temperature T of the dry and droplet-covered samples as a 

function of time t for �̅�𝑐 = 39° and fA = 52% on (a) April 28, (b) May 21, (c) September 1, and (d) 

October 12, 2021. Note that the outdoor nighttime experiments were conducted on different 

months with different sky and humidity conditions to explore a wide range of realistic situations. 

Figure 5.11 indicates that the dry and droplet-covered samples had a lower temperature than the 

air due to the radiative cooling under the clear sky and partially cloudy conditions. The dry and 

droplet-covered samples had a slightly higher temperature than the air under cloud coverage, as 

observed in Figure 5.11(b). This could be attributed to the fact that the clouds obstructed the view 

to the sky. Then, the radiative heat transfer exchanges occurred between the samples and the clouds 

that were warmer than the clear sky, resulting in a higher sample temperature.  
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Figure 5.11. Temperature T as a function of time t of the dry (fA = 0%) and droplet-covered sample 

with contact angle �̅�𝑐 = 39° and fA = 52% at different days. 

Moreover, Figure 5.11 indicates that the dry sample had a lower temperature than the droplet-

covered sample. The temperature difference between the droplet-covered and dry sample reached 

1.7°C, as illustrated in Figure 5.11(d). This can be attributed to the higher selectivity of the dry 

sample, which prevents undesirable heat gain from the relatively warm atmosphere. Although the 

dry sample was a selective emitter, it acted as a broadband emitter in the presence of the droplets, 
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as previously explained. Lower temperatures can be achieved by using a selective emitter, as 

explained in Refs.[31,142,147]. 

5.3.4 Extension to vertical radiative cooling surfaces 

While this chapter has shown that dropwise condensation can affect the spectral properties of the 

radiative cooling surfaces to impart a broadband emittance, the dew formation depends on several 

factors such as the orientation of the surface. Horizontal, sky-facing radiative cooling surfaces that 

primarily have the sky in view can cool down to low temperatures and collect more dew due to 

their orientation. Vertically-oriented radiative emitters, which are exposed to both the cold sky and 

the warm earth, may not sufficiently cool down for dew formation on the surface or condensed 

droplets may roll-off due to gravity. This was experimentally demonstrated by exposing 

horizontally and vertically oriented uncoated SLL tape on Al sample to the sky on a humid night 

in Los Angeles.  

 

Figure 5.12. Photograph of the selectively emitter taped on a broadband emitter paper box, taken 

on a humid night in Los Angeles (September 28, 2021, 02:00 AM, Ta = 16°C, RH = 80%). The 

samples had been exposed to the sky for 2 hours. 
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Figure 5.12 shows that the horizontal section of the radiative cooling surface facing only the sky 

was covered with condensed water droplets. However, only a very little amount of water 

condensation was observed on the vertically oriented section of the radiative cooling surface even 

after being exposed to a highly humid environment for 2 hours. This is particularly important for 

building cooling applications, since broadband emitters are sufficiently good radiative cooling 

surfaces for sky-facing roofs [37], and their use instead of selective emitters would mean that 

dropwise condensation has little impact. By contrast, broadband emitters on vertical facades like 

walls and windows suffer from undesirable summertime terrestrial heat gains and wintertime 

losses. Selective emitters can mitigate this effect to achieve relative seasonal thermoregulation 

[146], and since dew formation appears unlikelier on vertical surfaces, enable this benefit in both 

humid and dry environments.  

5.4 Conclusion 

This chapter experimentally investigated the effect of dropwise condensation on the emittance and 

selectivity of radiative cooling surfaces. Radiative cooling surfaces with and without hydrophobic 

coatings were covered with acrylic droplets with droplet surface area coverage fA between 0 and 

52% and droplet mean contact angle �̅�𝑐 between 39° and 62°. This chapter demonstrated that the 

droplets significantly increased the spectral normal emittance 𝜀𝑛,𝜆 of the radiative cooling surfaces. 

It increased with increasing droplet surface area coverage fA and droplet contact angle �̅�𝑐. This was 

attributed to the fact that the absorption by the acrylic droplets increased as the volume of the 

droplets increased with increasing droplet surface area coverage fA and/or droplet contact angle �̅�𝑐. 

The emittance 𝜀𝑛,𝐿𝑊𝐼𝑅 inside the atmospheric transparency window increased slightly while the 

emittance 𝜀𝑛,𝑛𝑜𝑛− 𝐿𝑊𝐼𝑅 outside the atmospheric transparency window increased significantly in the 

presence of droplets. Radiation transfer through droplet-covered selective radiative emitter was 
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controlled by absorption by the SLL tape on Al inside the atmospheric transparency window while 

it was controlled by absorption by the droplets outside the atmospheric transparency window 

especially for λ > 13 μm. In addition, outdoor nighttime experiments showed that the temperature 

of the radiative cooling surface increased in the presence of droplets due to the undesirable heat 

gain from the atmosphere. Overall, these results establish dropwise condensation can significantly 

affect the emittance and selectivity of the radiative cooling surfaces. Hydrophilic coating can be 

applied to the selective emitters especially for harvesting atmospheric water as it can limit the 

negative effect of the droplets and facilitate condensation. However, for cooling of vertical facades 

of buildings, a hydrophobic coating can be preferred as it can keep the selective emitter dry by 

inhibiting condensation [112]. 
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Chapter 6: Conclusions and Future Work 

6.1 Conclusions  

The objectives of this dissertation were (1) to investigate the effect of the droplets on the light 

transmittance through semitransparent glass windows supporting pendant droplets on their back 

side, (2) to investigate the effect of the droplets on the infrared radiation transfer through 

semitransparent glass windows supporting droplets on their back or front sides, (3) to validate the 

numerical simulations based on the Monte Carlo ray-tracing method, and to extend this 

investigation to important applications including (4) power generation by PV solar cells and (5) 

water production by radiative cooling surfaces. 

The first objective was achieved by depositing acrylic droplets on the soda-lime glass windows 

with or without hydrophobic surface treatment. The droplet-covered glass windows were 

systematically characterized and the normal-hemispherical transmittance and reflectance of these 

samples were measured in the visible and near-infrared parts of the electromagnetic spectrum when 

window and droplets are non-absorbing. The spectral normal-hemispherical transmittance Tnh, 

was independent of surface area coverage fA and increased slightly with increasing contact angle 

�̅�𝑐 for droplet contact angle �̅�𝑐 smaller than the critical angle θcr for total internal reflection at the 

droplet/air interface. However, for droplet contact angle such that θcr  �̅�𝑐< 90°, the transmittance 

Tnh, decreased while the reflectance Rnh, increased with increasing contact angle �̅�𝑐 and surface 

area coverage fA due to total internal reflection at the droplet/air interfaces. 

The second objective was achieved by measuring the normal-hemispherical transmittance and 

reflectance of the glass windows supporting droplets on their back or front side in the infrared part 

of the electromagnetic spectrum. Radiation transfer through glass windows supporting droplets on 
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their back side was dominated by total internal reflection at the droplet/air interface and absorption 

by the glass window and/or the droplets. In the spectral range when the droplets and the glass 

window were slightly absorbing, the normal-hemispherical transmittance Tnh, was independent of 

droplet surface area coverage fA and increased slightly with increasing droplet contact angle �̅�𝑐 

smaller than the critical angle θcr. However, for droplet contact angles �̅�𝑐  θcr, the transmittance 

Tnh, decreased with increasing contact angle �̅�𝑐 and surface area coverage fA due to total internal 

reflection at the droplet/air interface. In the spectral range when the droplets were strongly 

absorbing and the glass was weakly absorbing, the transmittance Tnh, decreased with increasing 

droplet contact angle �̅�𝑐 and surface area coverage fA due to absorption by both the droplets and 

the glass. In the spectral range when the glass window was strongly absorbing, the transmittance 

Tnh, vanished while the reflectance Rnh, was independent of droplet contact angle �̅�𝑐 and surface 

area coverage fA. Radiation transfer through glass windows supporting droplets on their front side 

was controlled by the antireflecting effects of droplets and by absorption by the droplets and/or 

the glass window. In the spectral range when the droplets and the glass window were slightly 

absorbing, the transmittance Tnh, increased while the reflectance Rnh, decreased with increasing 

surface area coverage fA. In the spectral range when the glass was weakly absorbing and the 

droplets were strongly absorbing, the transmittance Tnh, decreased with increasing droplet contact 

angle �̅�𝑐 and surface area coverage fA. In the spectral range when the glass was strongly absorbing, 

the transmittance Tnh, vanished and the reflectance Rnh, decreased with increasing droplet surface 

area coverage fA.  

The third objective was achieved by predicting the spectral normal-hemispherical 

transmittance Tnh,λ and reflectance Rnh,λ in the visible and infrared by using previously developed 

numerical code based on the Monte Carlo ray-tracing (MCRT) method. The numerically predicted 
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transmittance and reflectance of the droplet-covered glass windows were in good agreement with 

experimental measurements obtained in both the visible and infrared parts of the spectrum. 

The fourth objective was achieved by measuring the current vs. voltage curves of 

polycrystalline silicon solar cells with dry and droplet-covered glass covers under simulated solar 

irradiation under different incidence angles. The droplets had no effect on the generated current, 

the maximum power, and the energy conversion efficiency of the solar cells for incident angle θi 

≤ 30°. However, for incident angle θi >30°, the solar cell performance decreased significantly in 

the presence of droplets. This was due to the fact that incident light was back-scattered through 

the droplets instead of being trapped due to total internal reflection at the cover/air interface. 

The final objective was achieved by preparing and characterizing selective emitters supporting 

acrylic droplets with different droplet contact angles and surface area coverages. The spectral 

directional-hemispherical reflectance of the prepared samples was measured in the infrared part of 

the electromagnetic spectrum. The spectral normal emittance 𝜀𝑛,𝜆 of the radiative cooling surfaces 

increased with increasing droplet contact angle �̅�𝑐 and surface area coverage fA. This was due to 

the fact that the absorption by the droplets increased as the volume of the droplets increased. In 

the presence of droplets, the emittance inside the atmospheric transparency window increased 

slightly while the emittance outside the atmospheric transparency window increased significantly. 

In addition, outdoor nighttime experiments showed that the temperature of the radiative cooling 

surface increased in the presence of droplets due to the undesirable radiative heat gain from the 

atmosphere.  
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6.2 Future work 

6.2.1 Improving existing numerical code  

Numerical simulations have been performed to predict the radiation transfer through droplet-

covered substrates by using a previously-developed numerical code based on the Monte Carlo ray-

tracing method (MCRT) [55,64,66]. The existing numerical code ignores the presence of the 

coating on the substrate surface. However, experimental measurements reported in Chapters 2 and 

3 established that the normal-hemispherical transmittance and reflectance of the droplet-covered 

substrates were altered by the presence of coatings especially in the visible part of the 

electromagnetic spectrum. Thus, it will be beneficial to extend the existing numerical code to 

account for optical interferences occurring in the coatings.  

6.2.2 Extending the discussion for superhydrophobic surfaces 

Hydrophobic surface treatments including perfluorinated silane, perfluorinated silane-coated silica 

nanoparticle monolayer, or Teflon coatings have been applied to the glass windows to achieve 

droplet contact angle ranging from 26° to 77°. Chapter 2 confirmed the existence of optical 

Regimes I (�̅�𝑐< θcr) and II (θcr  �̅�𝑐< 90°) observed in the normal-hemispherical transmittance and 

reflectance measurements, as defined by Zhu et al.[55]. However, Zhu et al.[55] established the 

existence of two more regimes, Regime III (90°  θc < 180°-θcr) and Regime IV (θc  180°-θcr), 

that have not yet been validated experimentally. Thus, additional transmittance and reflectance 

measurements should be performed in the visible to confirm the existence of optical Regimes III 

and IV By depositing different superhydrophobic coatings and micro/nanostructures onto glass 

windows.  
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6.2.3 Extending the discussion for non-cap shaped droplets 

In this dissertation, the experimental measurements were used to validate the previously developed 

numerical code that assumed droplets to be cap-shaped. However, condensation may occur over 

the course of hours and the droplets may merge such that the droplets cannot be assumed to be 

cap-shaped. Recently, Hoegnies et al.[56] used a numerical code based on the Monte Carlo ray-

tracing method to predict the light transfer through horizontal and titled transparent windows 

supporting pendant non-absorbing and non-cap shaped droplets. This study showed that assuming 

droplets to be cap-shaped caused the transmittance to be overestimated by up to 37% for droplet 

volumes V > 10 µL and contact angles θc > θcr. However, the experimental validation of this 

numerical simulation has not been reported in the literature. Thus, it will be beneficial to 

experimentally validate the existing numerical code that predicts the normal-hemispherical 

transmittance of glass windows supporting pendant non-cap-shaped droplets. To do that, larger 

droplets need to be deposited onto the glass slabs with or without surface treatments. This can be 

achieved by using a larger tip of the needle. After the deposition, the droplet-covered glass slabs 

will be placed on a sample holder coupled with a goniometer to alter the tilt angle of the glass slab. 

Then, this sample holder will be placed under the UV lamp and droplets will be cured. As a result, 

horizontal and titled glass slabs supporting polydisperse non-cap shaped droplets will be prepared 

and characterized optically. 

6.2.4 Extending the applications to solar stills 

In this dissertation, the effect of the presence of droplets on the performance of photovoltaic solar 

cells and the emittance of radiative cooling surfaces have been investigated experimentally. 

Another suggestion is to investigate the effect of the droplets on the performance of solar stills that 

use solar energy to desalinate saline water [148]. To do that, laboratory-scale simulated solar still 
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will be fabricated and will be placed under the solar simulator. Glass covers with or without surface 

treatment will be used as a cover for a solar simulator to investigate the effect of the droplet contact 

angle and surface area coverage. During the experiments, photographs of the glass covers will be 

taken to estimate the droplet size distribution and surface area coverage by using image analysis 

software ImageJ. Extending the applications to solar still will be beneficial to understand how 

droplets affect the transmittance of the glass cover and to improve water production. 
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APPENDIX A: Supplementary Materials for 

Chapter 2 

A.1 Droplet contact angle   

Figure A.1 shows the droplet contact angle of the (i) bare glass slab, and glass slabs coated with 

(ii) Rain-X®, (iii) perfluorinated silane, (iv) perfluorinated silane-treated monolayer of silica 

nanoparticles, and (v) Teflon. The contact angles of the several droplets were averaged to find the 

mean contact angle �̅�c. 

 

Figure A.1. Droplet contact angle θc of the (a) bare glass slab and glass slab coated with (b) Rain-

X, (c) perfluorinated silane, (d) perfluorinated silane-treated silica nanoparticle monolayer, and (e) 

Teflon.  
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A.2 Microscope images of Sample 2, 4-6, and 9  

Figure A.2 shows the microscope images of the acrylic droplets on the (i) bare glass slab and glass 

slabs coated with (ii) Rain-X®, (iii) perfluorinated silane, (iv) perfluorinated silane-treated 

monolayer of silica nanoparticles, and (v) Teflon. 

 

Figure A.2. Microscope images of the acrylic droplets on the (a) clean glass, (b) Rain-X, (c) 

perfluorinated silane, (d) perfluorinated silane-treated silica nanoparticle monolayer, and (e) 

Teflon coated glass slabs.  
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A.3 Droplet size distribution  

Figure A.3 shows the droplet size distribution on the bare glass slabs with (a) fA = 40%, (b) fA = 

49%, (c) fA = 59%, and (d) Rain-X® coated glass slab, (e) perfluorinated silane coated glass slab, 

(f) perfluorinated silane-treated silica nanoparticle monolayer coated glass slab, and Teflon coated 

glass slabs with (g) fA = 19%, (h) fA = 34%, and (i) fA = 45%. 
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Figure A.3. Droplet size distribution on the bare glass slabs with surface area coverage (a) fA = 

40%, (b) fA = 49%, (c) fA = 59%, (d) Rain-X coated glass slab, (e) perfluorinated silane coated 

glass slab, (f) perfluorinated silane-treated silica nanoparticle monolayer coated glass, Teflon 

coated glass slabs with (g) fA = 19%, (h) fA = 34%, and (i) fA = 45%.  
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A.4 Complex index of refraction  

Figure A.4 shows the spectral (a) refractive index and (b) absorption index of the soda-lime glass, 

Teflon AF-2400, acrylic, and air. The refractive index of Teflon AF-2400 was taken from Ref. 

[83] and its absorption index was retrieved from the measured normal-normal transmittance of a 

6.3 mm thick Teflon AF-2400 slab reported in Ref. [84]. 

 

Figure A.4. Spectral (a) refractive index and (b) absorption index ng,λ and kg,λ of soda-lime glass 

obtained from measurements and taken from the literature [85] as well as nd,λ and kd,λ for acrylic 

obtained from the literature [79,82] along with Teflon AF-2400 [83,84].  
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A.5 Transmittance, reflectance, and absorptance of dry glass samples 

Figure A.5 shows the spectral normal-hemispherical (a) transmittance Tnh,λ and (b) reflectance 

Rnh,λ, and (c) the absorptance 𝐴𝑛ℎ,𝜆 =  1 − 𝑇𝑛ℎ,𝜆 − 𝑅𝑛ℎ,𝜆 of the dry glass samples without coating 

and with Rain-X, perfluorinated silane, perfluorinated silane-treated silica nanoparticles, and 

Teflon coating.  

Figures A.5 (a) and A.5(b) indicate that the normal-hemispherical transmittance increased 

while the normal-hemispherical reflectance decreased in presence of the coating. This can be 

attributed to the fact that the presence of the perfluorinated silane (n = 1.32) [149] and Teflon film 

(n = 1.28) [83] reduced the index mismatch at the window/air interface and thus reduced the 

amount of total internal reflection at the back surface of the window. In addition, Figures A.5(c) 

shows that the absorptance 𝐴𝑛ℎ,𝜆 =  1 − 𝑇𝑛ℎ,𝜆 − 𝑅𝑛ℎ,𝜆  for the dry glass slabs with coating was 

approximately equal to that of dry glass without coating. It also indicates that absorption by the 

glass window increased monotonously with wavelengths above 550 nm to reach 13% at 1100 nm. 
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Figure A.5. Spectral normal-hemispherical (a) transmittance Tnh,λ, (b) reflectance Rnh,λ, and (c) 

absorptance Anh,λ as functions of wavelength λ for dry glass with and without coating.  
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A.6 Effect of droplet refractive index on transmittance 

Figure A.6 plots the normal-hemispherical transmittance as a function of droplet contact angle θc 

for windows supporting droplets on their back side with refractive index nd = 1.33 or 1.6, and 

surface area coverage fA = 90% [55]. 

It indicates that the normal-hemispherical transmittance features the same trends and similar 

magnitude for both values of nd considered. Note that the critical angle for internal reflection at 

the droplet/air interface (θcr = sin-1(na/nd)) decreased with increasing droplet refractive index. In 

addition, the normal-hemispherical transmittance decreased with increasing droplet refractive 

index in all regimes. 

 

Figure A.6. Comparison of the normal-hemispherical transmittance Tnh of droplet-covered 

windows as a function of droplet contact angle θc for droplet refractive index nd = 1.33 or 1.6, as 

computed in Ref.[55]. In both cases, the surface area coverage was fA = 90% and the window 

refractive index was nw = 1.5.  
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A.7 Absorptance of droplet-covered glass samples 

Figure A.7 shows the normal-hemispherical absorptance Anh,λ of the samples with the droplet 

contact angle (a) �̅�𝑐 < θcr = 42° and (b) θcr < �̅�𝑐 ≤ 90° as well as the corresponding dry sample. 

The normal-hemispherical absorptance Anh,λ of Samples 1–4 (�̅�𝑐 < θcr = 42° - Regime I) was close 

to that of dry glass, as shown in Figure 0.7(a). However, the normal-hemispherical absorptance 

Anh,λ of Samples 5–9 (θcr < �̅�𝑐 ≤ 90° - Regime II) was larger than that of the dry glass.  

The observation that, in Regime II, both Rnh,λ and Anh,λ increase with increasing droplet surface 

area coverage can be attributed to the fact that, unlike in Regime I, droplets in Regime II reflected 

photons at the droplet/air interface back through the absorbing acrylic droplets and soda-lime glass 

window, as illustrated in Figures 8(a)-8(b) of Ref.[55]. As a result, more photons were not only 

reflected but also absorbed by the droplets and the window in the presence of a hydrophobic 

coating. Note also that the increase in the normal-hemispherical absorptance Anh,λ follow similar 

trends as the increase in the absorption index spectra of the soda-lime glass and acrylic, as shown 

in Figure A.4(b). 
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Figure A.7. Normal-hemispherical absorptance Anh,λ of the samples with a droplet contact angle 

(a) �̅�𝑐 < θcr = 42° and (b) θcr < �̅�𝑐 ≤ 90°.  
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A.8 Uncertainty analysis 

Two main sources of uncertainty, instrumentation and random variation, were considered. 

Instrumentation uncertainty of the transmittance and reflectance measurements were calculated 

from the specifications of the UV-Vis spectrophotometer. The accuracy of the contact angle 

measurements was taken from the specifications of Drop Shape Analyzer. Random variation 

uncertainty 𝑢𝑟 was expressed as [150] 

 ur = σ/√𝑁. (A.1) 

Here, 𝜎 is the standard deviation and 𝑁 is the total number of measurements. Individual 

instrumentation and random variation uncertainties were combined as [150] 

 ucom = √𝑢𝑖
2 +  𝑢𝑟

2. (A.2) 

where ucom is the combined uncertainty. Expanded uncertainty 𝑈 was expressed as [150]  

 U = aucom. (A.3) 

where a is a coverage factor for a confidence level of 95%. Table A.1 shows the calculated 

expanded uncertainties of the contact angle, normal-hemispherical transmittance, and reflectance. 

Expanded uncertainty of the surface area coverage was taken as 5% for all samples. 
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Table A.1. Uncertainty analysis at wavelength λ = 410 nm. 

Sample 

 # 

Contact 

angle 

θc (°) 

Surface area 

coverage 

fA (%) 

Contact angle 

uncertainty 

Uc (°) 

Transmittance 

uncertainty 

UT (%) 

Reflectance 

uncertainty 

UR (%) 

Dry glass N/A N/A N/A 1.8 0.6 

1 25.8 40 2.2 2.3 0.5 

2 25.8 49 2.2 2.5 0.5 

3 25.8 59 2.2 2.3 0.4 

4 37.1 52 3.8 2.7 0.5 

5 54.8 47 4.6 4.4 0.5 

6 66.6 47 4.5 2.1 0.9 

7 76.2 19 1.6 2.3 0.9 

8 76.2 34 1.6 2.2 0.9 

9 76.2 45 1.6 2.9 1.3 
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A.9 Detailed explanation of the total internal reflection at the glass/air interface 

Figure A.8 schematically illustrates light transmittance through a glass window featuring pendant 

droplets on its backside for droplet contact angle (a) 55°< θc < 60° and (b) θc = 60°. For both cases, 

the droplet contact angle was larger than the critical angle for total internal reflection at the 

droplet/air interface (θcr = sin-1(na/nd) ≈ 42.2°). For 55°< θc < 60° [Figure A.8 (a)], photons were 

reflected back towards to glass/droplet or glass/air interface due to the total internal reflection at 

the glass/air interface.  

The droplet contact angle for total internal reflection at the glass/air interface was predicted 

using Snell’s law [81] 

 nd sin(4θc - 180°) = ng sinθi = na. (A.4) 

Here, 4θc - 180° and θi are the incident angles at the droplet/glass interface and glass/air interface, 

respectively. The contact angle initiating total internal reflection at the glass/air interface predicted 

by Equation (A.4) was θc = 55.5°. In the end, the photons were transmitted through the glass and 

droplet, thus normal-hemispherical transmittance and reflectance remained constant. For θc = 60° 

[Figure A.8(b)], photons were internally reflected at the droplet/air interface and then entered 

vertically into the glass. As a result, the normal-hemispherical transmittance decreased.  
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Figure A.8. Schematic of a glass having pendant droplets on their backside with droplet contact 

angle (a) 55°< θc < 60° and (b) θc = 60°. 

Further simulations were performed to investigate the effect of the glass and droplet refractive 

index on the starting contact angle for the constant normal-hemispherical transmittance and 

reflectance. Figure A.9 shows the normal-hemispherical transmittance Tnh of droplet-covered glass 

as a function of contact angle θc between 50° and 65°for non-absorbing droplet-covered glass slabs 

with (i) ng= 1.61 and nd = 1.49, (ii) ng = 1.61 and nd = 1.33, and (iii) ng = 1.50 and nd = 1.33 with 

surface area coverage fA = 45%. Figure A.9 indicates that for glass slabs with ng = 1.61 and nd = 

1.49, the normal-hemispherical transmittance Tnh remained constant for contact angles 55.5° ≤ θc 

< 60°, as also observed experimentally.  
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However, for glass slabs with ng = 1.61 and nd = 1.33, and ng = 1.50 and nd = 1.33, the normal-

hemispherical transmittance Tnh remained constant for contact angles 57.2° ≤ θc < 60°. Figure A.9 

indicates that the starting contact angle for the constant normal-hemispherical transmittance and 

reflectance was independent of the refractive index of the glass ng and depended on the refractive 

index of the droplet nd. 

 

Figure A.9. Normal-hemispherical transmittance Tnh as a function of droplet contact angle θc for 

droplet-covered samples with ng = 1.61 or 1.5, nd = 1.49 or 1.33, and fA = 45%.   
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APPENDIX B: Supplementary Materials for 

Chapter 3 

B.1 Optical properties of soda-lime silica glass window and water 

Figure B.1 plots the spectral refractive nλ and absorption kλ indices of soda-lime silica glass and 

water between 0.3 and 50 μm taken from Refs.[80,98], respectively.  

 

Figure B.1. Spectral refractive nλ and absorption indices kλ of the glass and water taken from 

Refs.[80] and [98], respectively for λ between (a, b) 0.3 and 3 μm and (c, d) 5 and 50 μm   
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B.2 Spectral directional-hemispherical transmittance 

Figure B.2 plots the predicted directional-hemispherical transmittance Tdh,λ between 0.3 and 3 μm 

for the glass window supporting water droplets on its (a, b, c) back side or (d, e, f) front side with 

droplet contact angle θc = 30°, 60°, and 90°, and surface area coverage fA = 59% on June 21st in 

Los Angeles between 8 AM and 5 PM.  

For back side condensation, the directional-hemispherical transmittance Tdh,λ decreased with 

increasing droplet contact angle θc at all wavelengths and times considered. This was caused by 

increased reflection by the droplets at wavelengths λ  1.2 μm when the absorption index kd,λ of 

water was small, as shown in Figure B.1.  

However, for front side condensation, Tdh,λ was independent of contact angle θc at t = 11 AM 

and 2 PM for wavelengths λ  1.2 μm due to the small values of kd,λ and the near-normal solar 

zenith angles (θz ≤ 30°). For λ > 1.2 μm, Tdh,λ of the glass window supporting water droplets on its 

either back or front side decreased with increasing θc due to the fact that the volume of the droplets 

increased and that water was strongly absorbing in this spectral window, as shown in Figure B.1. 

The transmittance Tdh,λ reached a local minimum at λ = 2 μm due to the peak in the water absorption 

index kd,λ for both back and front side configurations at all times considered. In addition, Tdh,λ was 

minimum at t = 8 AM and reached a maximum at t = 2 PM as the solar zenith angle θz decreased 

from 64° to 18°. 

 



141 

 

 

Figure B.2. Directional-hemispherical transmittance Tdh,λ as a function of wavelength λ for glass 

window with water droplets on its (a, b, c) back and (d, e, f) front side for droplet contact angle θc 

= 30°, 60°, and 90°, and surface area coverage fA = 59% on June 21st, in Los Angeles, CA. 
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B.3 Truncation approach for total hemispherical emissivity calculation 

Table B.1 shows the total hemispherical emissivity of the soda-lime glass calculated for different 

upper integration limits of Equation (5.6) by using reported refractive and absorption indices of 

the soda-lime silica glass [80]. 

Table B.1. The total hemispherical emissivity of soda-lime glass calculated for different upper 

integration limits. 

Lower integration 

limit (μm) 

Upper integration 

limit (μm) 

Total hemispherical 

emissivity, 𝜺 

5 50 0.8956 

5 100 0.8940 

5 200 0.8937 

5 300 0.8937 
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B.4 Reflectance and total hemispherical emissivity 

Figure B.3 plots Rnh,λ for the dry and glass windows with water droplets on their (a) back and (b) 

front side with θc = 30°, 60°, and 90° and fA = 59% and (c) 𝜀 as a function θc with fA = 59%. 

 

Figure B.3. Reflectance Rnh,λ for the glass windows supporting water droplets on their (a) back and 

(b) front for θc = 30°, 60°, and 90° and (c) emissivity 𝜀 as a function of θc. Here, fA = 59%.  
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APPENDIX C: Supplementary Materials for 

Chapter 4 

C.1 Silica nanoparticle synthesis 

For the silica nanoparticle synthesis, tetraethyl orthosilicate (TEOS, 97.0+%, TCI AmericaTM), 

ethanol (EtOH, 200 proof, Rossville Gold Shield), ammonium hydroxide (NH4OH, VWR 

Chemicals BDH), and deionized (DI) water were used without any further purification. EtOH (8 

mL), NH4OH (0.31 mL), and DI water (1.4 mL) were mixed under vigorous magnetic stirring 

under atmospheric conditions. After 2 minutes of stirring, TEOS (1.5 mL) was added in a single 

step. The solution was left to stir for 24 hours to allow for the complete growth of nanoparticles.  
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C.2 Effect of droplet refractive index on the transmittance 

Figure C.1 plots the directional-hemispherical transmittance as a function of incident angle θi for 

windows supporting droplets on their frontside with refractive index nd = 1.33 or 1.5, contact angle 

θc = 90°, and surface area coverage fA = 50% [64]. The results indicate that the directional-

hemispherical transmittance features the same trends and similar magnitude for both values of nd 

considered. 

 

Figure C.1. Comparison of the directional-hemispherical transmittance Tdh of droplet-covered 

windows as a function of incident angle θi for droplet refractive index nd = 1.33 or 1.5, as reported 

in Ref.[64]. In both cases, the droplet contact angle was θc = 90°, the surface area coverage was fA 

= 50%, and the window refractive index was nw = 1.5.  
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C.3 i-V curve 

Figure C.2 shows the i-V curve for the bare solar cell at incident angle θi = 0° and irradiation Gs = 

1 kW/m2 at different times during the experiment. Figure C.2 indicates that the solar irradiation 

supplied by the solar simulator did not fluctuate during the experiments.  

 

Figure C.2. i-V for the bare solar cell at incident angle θi = 0° and irradiation Gs = 1 kW/m2 at 

different times during the experiments.  
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C.4 i-V curve of solar cell with glass cover supporting droplets 

In order to demonstrate the impact of water droplets on the performance of solar cells, the glass 

cover was placed on top of the bare solar cell and water droplets were sprayed on it using a push 

spray bottle. The contact angle of water droplets on the glass cover was measured using a Drop 

Shape Analyzer (DSA100, Kruss Scientific, Germany). The contact angle measurements were 

repeated for 7 different droplets. The mean contact angle of water droplets on the clean glass cover 

was �̅�c = 33.2° ± 5.3°. For each value of incident angle θi, all droplets were wiped out, new water 

droplets were sprayed on the solar cell glass cover, and the current vs. voltage curves (i-V curves) 

were collected over a duration of 5 minutes. Figure C.3 compares the i-V curves obtained from (i) 

a bare solar cell, (ii) a solar cell with a dry glass cover, (iii) a solar cell with glass covers supporting 

acrylic droplets with mean contact angle �̅�c = 25.8° and surface area coverage fA = 45%, and (iv) 

a solar cell with glass covers supporting water droplets with mean contact angle �̅�c = 33.2° for (a) 

incident angle θi = 0° and irradiation Gs = 1 kW/m2, (b) θi = 30° and Gs = 0.86 kW/m2, (c) θi = 50° 

and Gs = 0.64 kW/m2, and (d) θi = 70° and Gs = 0.34 kW/m2. Figures C.3(a) and C.3(b) indicate 

that the presence of water and acrylic droplets did not affect the i-V curve of the solar cells for θi 

≤ 30°. However, Figures C.3(c) and C.3(d) show that the generated current i decreased for both 

acrylic and water droplets for incident angles θi = 50° and 70°. The current i generated by the solar 

cell covered with water droplets was smaller than that covered with acrylic droplets. This may be 

attributed to the larger surface area coverage fA and/or droplet contact angle θc of the water droplets. 

Furthermore, Figure C.3(d) indicates that, for the solar cell with water droplets, the generated 

current i increased at low voltages due to the decreases in surface area coverage fA as the droplet 

evaporated. The surface area coverage fA of the water droplets decreased during the course of the 

experiments due to droplet evaporation, merger, and/or roll-off from the glass surface. 
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Figure C.3. Current i as a function of voltage V for (a) incident angle θi = 0° and irradiation Gs = 

1 kW/m2, (b) θi = 30° and Gs = 0.86 kW/m2, (c) θi = 50° and Gs = 0.64 kW/m2, and (d) θi = 70° 

and Gs = 0.34 kW/m2. 
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C.5 The reflectivity of the glass/solar cell interface 

Figure C.4 shows reflectivity Rgc of the glass/solar cell interface as a function of incident angle θi 

ranging between 0 and 85o. Figure C.4 indicates that reflectivity Rgc of the glass/solar cell interface 

remained nearly constant around 19%.  

 

Figure C.4. Reflectivity of the glass/solar cell Rgc interface as a function incident angle θi.  
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APPENDIX D: Supplementary Materials for 

Chapter 5 

D.1 Droplet contact angle on radiative cooling surfaces 

Figure D.1 shows the contact angle of the acrylic droplets on the radiative cooling surfaces. 

 

Figure D.1 Droplet contact angle θc measurements of the (a) uncoated sample and samples coated 

with (b) NeverWet and (c) perfluorinated silane.  
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D.2 Reflectance measurements of radiative cooling surfaces 

Figure D.2 plots the reflectance Rnh,λ of the dry and droplet-covered samples (a) without coating, 

(b) with NeverWet™, and (c) silane coating with �̅�𝑐 = 39°, 50.2°, and 62.3°, respectively. 

 

Figure D.2. Spectral normal-hemispherical reflectance Rnh,λ for dry and droplet-covered samples 

(a) without coating, coated with (b) NeverWet™, and (c) silane with �̅�𝑐 = 39°, 50.2°, and 62.3°.   
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D.3 Spectral directional emittance of radiative cooling surfaces 

Figure D.3 plots the spectral directional emittance 𝜀𝑑,𝜆 between 2 and 20 μm for the droplet-

covered samples with (a) droplet mean contact angle �̅�𝑐 = 39° (Sample 5) and (b) �̅�𝑐 = 62.3° 

(Sample 10B) and surface area coverage fA ≈ 51 ± 1% at incident angles θi = 0°, 20°, 40°, and 60°.  

 

Figure D.3. Spectral directional emittance εd,λ for dry and droplet-covered samples with contact 

angle (a) �̅�𝑐 = 39° (Sample 5) and (b) �̅�𝑐= 62.3° (Sample 10B) with surface area coverage fA ≈ 51 

± 1% for incident angles θi = 0°, 20°, 45°, and 60°.   
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