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a b s t r a c t 

This paper quantifies 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 treat- 

ment including perfluorinated silane, perfluorinated silane-coated silica nanoparticle monolayer, or Teflon 

coatings. The droplet contact angle θ c was varied between 26 ° and 76 ° and the projected surface area 

coverage reached up to 60%. For contact angle θ c smaller than the critical angle θ cr for total internal 

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

hemispherical transmittance and reflectance. However, for droplet contact angle θ cr ≤ θ c < 90 °, the 

normal-hemispherical transmittance decreased significantly with increasing droplet contact angle and/or 

surface area coverage while the normal-hemispherical reflectance increased. The measurements of the 

normal-hemispherical transmittance were in excellent agreement with numerical predictions obtained 

from Monte Carlo Ray Tracing method. These results further validate our previous numerical simulations 

and the different optical regimes identified. The results of this study 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. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Pendant water droplets are often observed at the inner surface 

f semi-transparent plastic films or window covers of flat-plate 

olar collectors [1] , outdoor photobioreactors [ 2 , 3 ], greenhouses 

4–10] , and solar desalination systems [11–13] , as illustrated in 

ig. 1 . The water droplets can appear as a result of dropwise 

ondensation where discrete droplets form and grow on the inner 

urface of the covers [14] . These water droplets have been shown 

o reduce light transmission through covers or windows due to 

bsorption and/or back-scattering of light [ 15 , 16 ]. However, solar 

adiation is the energy source driving these different processes. 

hus, the presence of droplets may negatively affect the perfor- 
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ance and overall energy efficiency of solar energy conversion 

ystems [ 4–9 , 11–13 , 17 , 18 ]. 

Experiments reproducing condensation on the cladding of 

reenhouses and measuring the cover transmittance under differ- 

nt experimental conditions have been reported in the literature 

 4–9 , 17 ]. However, the water droplets in these experiments were 

ifficult to characterize due to the dynamic nature of the con- 

ensation process and the outdoor conditions. Indeed, sufficiently 

arge droplets roll off the surface and entrain others in their wake. 

hus, the shape, size, location, and overall surface area coverage of 

he window by the water droplets change continuously during the 

ourse of the experiments and render droplet characterization and 

ptical measurements extremely difficult. Alternatively, numeri- 

al simulations have predicted the normal-hemispherical transmit- 

ance and reflectance of windows supporting one non-absorbing 

ap-shaped droplet [19] or an ensemble of (i) ordered or randomly 

istributed, (ii) monodisperse or polydisperse, (iii) non-absorbing 

https://doi.org/10.1016/j.jqsrt.2020.107493
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Fig. 1. Water droplets condensed on the inner surface of the glass cover of a 

(a) greenhouse (Credit: Photograph reproduced with permission from http://www. 

MikeSavad.com ) and (b) solar desalination (Photo by Deris Jeannette, ClearDome 

Solar Thermal and reproduced with permission). 
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Nomenclature 

d p droplet diameter ( μm ) 

f A droplet surface area coverage (%) 

H glass thickness (mm) 

I radiation incident intensity (W/m 

2 • sr) 

k absorption index 

L glass length (mm) 

m complex index of refraction, m = n + ik 

n refractive index 

R reflectance (%) 

T transmittance (%) 

W glass width (mm) 

Greek symbols 

θ c droplet contact angle ( °) 
θ cr critical angle for the droplet/air interface ( °) 
θ i incident angle ( °) 
κ absorption coefficient (1/m) 

λ wavelength (nm) 

ρ interface reflectivity 

σ standard deviation in droplet size distribution 

Subscription 

a refers to air 

ag refers to the air/glass interface 

d refers to droplet 

g refers to glass 

nh refers to normal-hemispherical 

nn refers to normal-normal 

w refers to glass pane of window 

λ refers to spectral variables 

r absorbing cap-shaped droplets [ 20 , 21 ]. Unfortunately, to the 

est of our knowledge, experimental validation of these complex 

umerical simulations has not been reported in the literature. 

The present study aims to assess experimentally the effects of 

endant droplets on light transfer through semi-transparent glass 

anes. Particular attention was paid to the effects of droplet con- 

act angle and surface area coverage. To do so, glass slabs support- 

ng droplets with different contact angles and projected surface 

rea coverages were prepared. The normal-hemispherical transmit- 

ance and reflectance of each sample was measured in the visible 

nd near-infrared part of the electromagnetic spectrum. The results 

an provide guidelines for the design and operation of energy effi- 

ient flat-plate solar collectors, photobioreactors, greenhouses, so- 

ar stills, and other solar energy conversion systems. 

. Background 

.1. Modeling 

Tow [19] used the Monte Carlo Ray Tracing (MCRT) method 

o numerically investigate light transfer through a 3 mm thick 

on-absorbing glass slab ( n g = 1.5) supporting non-absorbing 

nd ordered cap-shaped water droplets ( n d = 1.33) on its back 

ide. By virtue of symmetry, 1/12 of a cap-shaped droplet on a 

alf-equilateral triangle shaped glass surface was simulated. The 

roplet contact angle θ c varied between 0 ° and 90 ° while the 

roplet surface area coverage and diameter were constant and 

qual to f A = 55% and d p = 2.66 mm, respectively. The an- 

le of the collimated incident light varied between 0 ° and 80 °. 
he directional-hemispherical reflectance was found to decrease 

lightly in the presence of droplets with contact angles θ c ≤
5 °. However, for contact angles larger than the critical angle for 
2 
otal internal reflection at the droplet/air interface, the normal- 

emispherical reflectance increased significantly with increasing 

roplet contact angle. This was attributed to the fact that total in- 

ernal reflection at the droplet/air interface reduced the transmit- 

ance through the wet glass. The author also stated the need for 

xperimental measurements to validate the numerical simulations 

nd to assess the use of coatings to adjust the droplet contact an- 

le to minimize reflectance. 

More recently, Zhu et al. [20] presented a MCRT method to 

redict the directional-hemispherical transmittance through a 

on-absorbing glass pane ( n w 

= 1.5) supporting between 350 

nd 800 non-absorbing cap-shaped water droplets ( n d = 1.33) 

n its back side. Monodisperse or polydisperse droplets either 

andomly distributed or ordered in a hexagonal pattern on the 

lass pane surface were investigated. The droplet contact angle 

c varied between 0 ° and 180 ° and the projected surface area f A 
etween 0 and 90%. The thickness of the glass pane was 3 mm 

http://www.MikeSavad.com


E. Simsek, K. Zhu, G.N. Kashanchi et al. Journal of Quantitative Spectroscopy & Radiative Transfer 261 (2021) 107493 

a

a

t

a

o

a

t

a

n

o

i

<

t

a

<

a

i

i

a

r

t

a

m

s

(

p

a

t

t

r

0

a  

T

i

d

5

i

a

o

w

s

t

w

c

F

a

2

t

d  

t

r

c

(

l

g

s

a

w

t

a  

e

d

a

e

D

o

d

t

S

i

s

1  

t

a

t

c

m

t

h

d

f

p

v

a

i

d

e

t

t

o

t

t

n

s

d

u

t

p

d

n

g

s

w

d

t

t

m

w

T

P  

t

d

c

c

e

m

i

w

a

a

t

d  

m

c

a

nd the angle of the collimated incident light varied between 0 °
nd 90 °. The directional-hemispherical transmittance was found 

o be independent of droplet diameter and spatial distribution, 

lbeit for non-absorbing droplets [21] . However, it depended 

n (i) the incident angle θ i , (ii) the droplet contact angle θ c , 

nd (iii) the surface area coverage f A . In fact, the directional 

ransmittance decreased monotonously with increasing incident 

ngle. To describe the effect of droplet contact angle θ c on the 

ormal-hemispherical transmittance, the authors defined four 

ptical regimes with respect to the critical angle θ cr for total 

nternal reflection at the droplet/air interface. In both Regime I ( θ c 

 θ cr ) and Regime IV ( θ c ≥ 180 °- θ cr ), the normal-hemispherical 

ransmittance was found to be nearly independent of contact angle 

s the droplets scatter the photons forward. In Regime II ( θ cr ≤ θ c 

 90 °), the normal-hemispherical transmittance decreased rapidly 

nd reached a minimum at 90 °. This was attributed to the total 

nternal reflection occurring at the droplet/air interface. A further 

ncrease in contact angle between 90 ° and 180 °- θ cr resulted in 

 rapid increase in the normal-hemispherical transmittance, cor- 

esponding to Regime III. In addition, the normal-hemispherical 

ransmittance decreased with increasing surface area coverage in 

ll regimes except Regime I when it slightly increased. 

Zhu et al. [21] also predicted the normal-hemispherical trans- 

ittance and reflectance of semi-transparent glass pane ( n w 

= 1.5) 

upporting a large number of absorbing cap-shaped water droplets 

 n d = 1.33) condensed on their back side. The thickness of the 

ane was 3 mm and its absorption index k w 

varied between 0 

nd 5 × 10 −5 . Monodisperse or polydisperse droplets were dis- 

ributed either in an ordered hexagonal pattern or randomly on 

he back side of the pane and featured (i) absorption index k d 
anging between 0 and 5 × 10 −2 , (ii) contact angle θ c between 

 ° and 180 °, (iii) droplet projected diameter d p between 50 μm 

nd 250 μm , and (iv) surface area coverage f A from 30% to 55%.

he normal-hemispherical transmittance of glass panes support- 

ng non-absorbing droplets was found to be independent of the 

roplet spatial distribution. For slightly absorbing droplets ( k d ≤
 × 10 −2 ), the normal-hemispherical transmittance decreased with 

ncreasing droplet diameter and volume by virtue of the fact that 

bsorption is a volumetric phenomenon. In addition, the same four 

ptical regimes defined in Ref. [20] for non-absorbing droplets 

ere also observed for slightly absorbing droplets. However, for 

trongly absorbing droplets, the normal-hemispherical transmit- 

ance decreased sharply with increasing contact angle for θ c < 90 °, 
hile remaining constant and independent of the droplet diameter, 

ontact angle, and absorption index for contact angles θ c ≥ 90 °. 
inally, while the numerical simulations rely on few and realistic 

ssumptions, they have not been validated experimentally. 

.2. Experiments 

The effect of water droplets on the transmittance of semi- 

ransparent covers has often been investigated experimentally, un- 

er outdoor conditions [ 4–9 , 11–13 , 18 ]. Cemek et al. [9] measured

he total hemispherical transmittance of solar radiation through 

educed-scale greenhouses. The greenhouses were covered with a 

ladding made of a 150-micron thick film of (i) polyethylene (PE), 

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

ene (IR + PE), or (iv) double-layer polyethylene films (D-Poly). The 

reenhouses were aligned along the East-West direction in Sam- 

un (42 °N), Turkey. The roof of the greenhouses was inclined at 

n angle of 26 ° with respect to the horizontal and the sidewalls 

ere vertical. Photographs of the greenhouse roof indicated that 

he droplet surface area coverage of the roof made of PE, UV + PE, 

nd IR + PE films was 46%, 38%, and 29% with droplet mean diam-

ter of 2.6 mm, 2.0 mm, and 2.6 mm, respectively. Similarly, the 

roplet surface area coverage on the sidewalls made of PE, UV + PE, 
3 
nd IR + PE films was 48%, 23%, and 16% with droplet mean diam- 

ter of 1.2 mm, 1.2 mm, and 2.6 mm, respectively. Droplets on the 

-Poly covers were not characterized owing to the small amount 

f condensation. The total hemispherical transmittance of solar ra- 

iation in the visible was estimated by simultaneously measuring 

he photon flux density outside and inside the greenhouse using a 

unScan analyzer connected to a data logger. The largest decrease 

n the total hemispherical transmittance, with respect to their dry 

tate, was observed in August and reached about 13%, 11%, and 

1% for PE, UV + PE, and IR + PE films, respectively. The authors at-

ributed the decrease in transmittance to the high droplet surface 

rea coverage and volume. Note that the droplet contact angles on 

he different films were not reported. However, the expected small 

ontact angle on UV + PE films [22] might explain why their trans- 

ittance losses were similar to those with the IR + PE films even 

hough the droplet surface area coverage was larger. 

Stanghellini et al. [17] performed experiments inside a green- 

ouse with replaceable covers made of (i) single-pane glass, (ii) 

ouble-pane glass, (iii) glass with a pyramid-shaped textured sur- 

ace, (iv) single glass with antireflecting (AR) coating, (v) uncoated 

olycarbonate, and (vi) polycarbonate with an anti-drop coating fa- 

oring filmwise condensation. Quantum sensors were placed above 

nd below the greenhouse rooftop to measure the total hemispher- 

cal transmittance of the covers in the photosynthetically active ra- 

iation (PAR) region (40 0-70 0 nm). The transmittance of the cov- 

rs was determined by dividing the photon flux measured simul- 

aneously inside and outside the greenhouse. The results indicated 

hat the effect of droplets on the light transmittance depended 

n the cover material. Condensation did not affect the transmit- 

ance of the glass with a pyramid-shaped texture. This was at- 

ributed to the decrease in contact angle with increasing rough- 

ess favoring filmwise condensation instead of dropwise conden- 

ation. The total hemispherical transmittance of single-pane glass, 

ouble-pane glass, single glass with anti-reflective (AR) coating or 

ncoated polycarbonate decreased by 7%, 9%, 10%, or 18%, respec- 

ively, with respect to their dry state. The transmittance of the 

olycarbonate cover decreased more than that of the glass cover 

ue to the larger droplet contact angle around 84 ° [23] . Unfortu- 

ately, the size distribution, surface area coverage, and contact an- 

le of the water droplets were not reported. Finally, the total hemi- 

pherical transmittance of the anti-drop coated polycarbonate slab 

ith small contact angle and thickness of 16 mm increased by 3% 

ue to the presence of a water film. 

Bhardwaj et al. [13] performed outdoor tests of solar stills fea- 

uring a 2 mm thick cover made of (i) glass, (ii) polyethylene 

erephthalate (PET), (iii) polycarbonate (PC), or (iv) polymethyl 

ethacrylate (PMMA or acrylic). The covers were facing South and 

ere inclined at an angle of 30 ° with respect to the horizontal. 

he contact angle θ c of water droplets on the glass, PET, PC, and 

MMA covers were reported as 30 °, 71 °, 72.5 °, and 82 °, respec-

ively. The water production was found to decrease by 40% as the 

roplet contact angle increased from 30 ° to 82 °. The authors con- 

luded that the transmission of solar irradiation through the wet 

overs decreased with increasing droplet contact angle. Note, how- 

ver, that the droplet surface area coverage was not reported and 

ight have varied as droplets slid or dripped more or less depend- 

ng on the cover material. Similarly, the transmittance may change 

ith cover material due to their different optical properties. The 

uthors recommended the use of hydrophilic cover materials with 

 low droplet contact angle to maximize water production. 

The experimental observations reported to date confirmed that 

he transmittance in the visible decreased with dropwise con- 

ensation on the back side of windows [ 4–9 , 12 , 13 , 18 ]. However,

ost of the previous experimental studies have not systematically 

haracterized the water droplet contact angle, size, and surface 

rea coverage and/or investigated their effect on the window 
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ransmittance and reflectance. This might be due to experimental 

hallenges such as (i) uncontrollable and continuously changing 

utdoor weather conditions (humidity, temperature, dew point), 

ii) contamination on the cover material, and/or (iii) rolling off and 

ntrainment of droplets. These phenomena rendered difficult the 

easurements of contact angle and surface coverage and limited 

heir achievable range. 

The present study aims to experimentally investigate radiation 

ransfer through semi-transparent glass slabs supporting pendant 

roplets condensed at their back side. To do so, surface-treated 

lass slabs supporting acrylic droplets with different contact angles 

nd surface area coverages were prepared and systematically char- 

cterized. In particular, their normal-hemispherical transmittance 

nd reflectance were measured in the visible and near-infrared 

arts of the electromagnetic spectrum. The measurements were 

ompared with predictions by the previously developed Monte 

arlo Ray Tracing method [ 20 , 21 ] applied to our specific samples. 

. Materials and methods 

.1. Sample preparation 

Five different types of glass samples with different surface 

reatments were prepared to achieve different droplet contact an- 

les including (1) bare soda-lime glass, (2) soda-lime glass coated 

ith commercial water-repellent spray (Rain-X®, USA), (3) soda- 

ime glass coated with perfluorinated silane (tridecafluoro-1,1,2,2,- 

etrahydrooctyl)trichlorosilane, Gelest, USA) referred to as perflu- 

rinated silane, (4) soda-lime glass coated with a perfluorinated 

ilane-treated monolayer of silica nanoparticles, (5) soda-lime glass 

oated with Teflon AF-2400 (Chemours, USA). Plane-parallel soda- 

ime silicate glass slabs, 3 mm in thickness with a surface area of 

.5 × 2.5 cm 

2 , were kindly provided by Asahi Glass Corporation, 

okohama, Japan. All samples were cleaned with isopropyl alcohol 

IPA) prior to any surface treatment. 

First, the soda-lime glass slabs coated with water-repellent 

pray were prepared by spraying the commercial product Rain-X®

620115, 2-in-1 Exterior Detailer and Water Repellent) on a small 

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

Second, the glass samples coated with perfluorinated silane 

ere prepared by placing the glass slabs inside a closed container 

lled with silane vapor. Silane with chlorine substituent reacts 

ith hydroxyl groups ( −OH) present on the glass surface according 

o [24] 

i–Cl + HO–Si → Si–O–Si + HCl (1) 

ote that only reacting bonds are shown in Eq. (1) . This reaction 

ermanently grafts perfluorocarbon chains on the surface of the 

lass substrate to form a hydrophobic coating. 

Third, before coating the glass slabs with a monolayer of perflu- 

rinated silane-treated silica nanoparticles, the slabs were placed 

n a hot plate at 450 °C for 30 minutes to remove any oil, dirt,

nd organic residues. Silica nanoparticles with 307 ± 20 nm di- 

meter were synthesized by the Stöber process [ 25 , 26 ]. In this

rocess, tetraethyl orthosilicate (TEOS, 97.0 + %, TCI America TM ), 

thanol (EtOH, 200 proof, Rossville Gold Shield), ammonium hy- 

roxide (NH 4 OH, VWR Chemicals BDH), and deionized (DI) wa- 

er were used without any further purification. First, EtOH (8 mL), 

H 4 OH (0.31 mL), and DI water (1.4 mL) were mixed vigorously 

ith a magnetic stirrer under atmospheric conditions. After 2 min- 

tes of stirring, TEOS (1.5 mL) was quickly added in a single step. 

he solution was left to stir for 24 hours to allow for the com- 

lete growth of nanoparticles. Then, the ethanol/water-based sil- 

ca nanoparticle suspension was sonicated to break any nanoparti- 

le aggregate. The suspension was drop-casted onto the glass slabs 
4 
27] to obtain a monolayer of silica nanoparticles. Then, the glass 

lab was heat-treated at 450 °C for 1 hour to bond the nanopar- 

icles onto the glass surface and render the coating mechanically 

obust. Finally, the surface of the silica nanoparticle coating was 

endered hydrophobic by depositing perfluorinated silane using the 

ethod previously described. The silica nanoparticles before the 

ilane-treatment were characterized using a scanning electron mi- 

roscope (SEM) (JEOL, JSM-6700F) and an atomic force microscope 

AFM) (Bruker, Dimension FastScan). 

Fourth, some glass slabs were spin-coated with Teflon AF-2400 

ollowed by heat-treatment on a hot plate at 250 °C for an hour. 

inally, the sample was baked in a furnace at 340 °C for 3.5 hours 

o achieve a 50 nm thick Teflon film [28] . 

Following the preparation of the glass slabs with or without 

urface-treatment, thousands of transparent droplets made of ul- 

raviolet (UV) curable acrylic polymer (Loctite AA 349) were de- 

osited onto the glass substrate. The tip of the needle of a sy- 

inge was used to deposit liquid acrylic droplets from the container 

nto the glass substrate. This procedure was repeated until the de- 

ired droplet surface area coverage was achieved. Lastly, the acrylic 

roplets were cured with a UV lamp at 365 nm (Blak-Ray B-100A, 

hermo Scientific Fisher, USA). The use of polymer droplets instead 

f water droplets facilitated the handling of the samples and elim- 

nated the challenges caused by water droplet motion and evap- 

ration on the glass surface. In addition, the droplet surface area 

overage and size distribution could be carefully characterized for 

ach sample and remained the same throughout the experiments. 

he refractive index of acrylic falls between that of air and that 

f soda-lime glass [ 29 , 30 ]. Thus, the optical effects caused by the

resence of droplets are expected to be qualitatively similar to that 

f water droplets despite the difference in their refractive indices. 

.2. Droplet characterization 

The contact angle of acrylic droplets on the glass substrate was 

easured using a Drop Shape Analyzer (DSA100, Kruss Scientific, 

ermany). For each type of glass substrate, the contact angle mea- 

urements were repeated for 9 droplets to obtain the mean con- 

act angle θ̄c and the associated 95% confidence interval. In addi- 

ion, the projected droplet diameter d p and surface area coverage 

 A were measured from microscope images captured with a Leica 

MIL microscope (Leica Microsystems, USA) connected to a CCD 

amera (Spot Insight model 4.2, USA). The image analysis software 

mageJ was used to manually measure the droplets’ location and 

rojected diameter. 

.3. Optical characterization 

The normal-hemispherical transmittance and reflectance of the 

reviously described dry and droplet-covered glass slabs were 

easured using a double-beam ultraviolet-visible (UV-Vis) spec- 

rophotometer (iS50, Thermo Scientific Fisher, USA) equipped with 

n integrating sphere (EVO220, Thermo Scientific Fisher, USA). 

easurements were performed in the visible and near-infrared 

ange between 400 nm and 1100 nm in 1 nm increment. 

.4. Numerical simulations 

Fig. 2 shows a schematic of a semi-transparent glass slab of 

ength L , width W , and thickness H covered with polydisperse 

roplets with contact angle θ c and projected diameter d p . The 

omplex index of refraction of the semi-transparent glass was de- 

oted by m g, λ = n g, λ + i k g, λ while that of the droplets was denoted

y m d, λ = n d, λ + i k d, λ. In order to predict the normal-hemispherical

ransmittance and reflectance of droplet-covered glasses, the fol- 

owing main assumptions were made: (1) the droplets were 
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Fig. 2. Schematic of a semi-transparent glass supporting non-absorbing polydis- 

perse droplets (a) front view, (b) top view. 
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Fig. 3. (a) Photograph of the Teflon-coated glass sample covered with acrylic 

droplets with contact angle θ̄c = 76.2 ° and surface area coverage f A = 45% and (b) 

corresponding computer-generated droplets. 

a

n

R

H

κ

ap-shaped with a constant curvature, (2) all droplets had the 

ame contact angle, (3) all interfaces were optically smooth, and 

4) interferences and other wave effects were ignored. Numeri- 

al simulations of the normal-hemispherical transmittance and 

eflectance of non-absorbing droplet-covered glasses were per- 

ormed using the MCRT method. The algorithm was described in 

etail in Ref. [20] and need not be repeated. In all simulations, 

he total number of photon bundles simulated was 10 7 to ensure 

umerical convergence [20] . Note that simulations of the spectral 

ormal-hemispherical transmittance and reflectance of the Teflon 

F-2400 coated soda-lime glass slab with droplet mean contact 

ngle θ̄c = 76.2 ° and surface area coverage f A = 45% faithfully 

imulated the more than 20 0 0 polydisperse droplets with their 

recisely measured position and projected diameter, as illustrated 

n Fig. 3 . Other simulations assumed droplets to be polydisperse 

nd their diameter followed a normal distribution with an aver- 

ge diameter of d̄ p = 250 μm and standard deviation σ = 150 

m to ensure that the droplet diameter was much smaller than 

he capillary length and that Assumption 1 was satisfied. Note 

hat previous numerical simulations established that the droplet 

ize distribution had no effect on the directional-hemispherical 

ransmittance of glass panes supporting droplets on their back 

ide provided that the droplets were non-absorbing and their 

iameters were small to ensure that they were cap-shaped [ 20 , 21 ].

The spectral refractive n g, λ and absorption k g, λ indices of the 

are soda-lime silica glass slab used in all simulations were re- 

rieved from the measured normal-normal transmittance T nn,g, λ
5 
nd reflectance R nn,g, λ in the wavelength range from 400 to 1100 

m using the following analytical expressions [31] 

T nn,g,λ = 

(
1 − ρag,λ

)2 
e −κg,λH 

1 − ρ2 
ag,λ

e −2 κg,λH 
and 

 nn,g,λ = ρag,λ

( 

1 + 

(
1 − ρag,λ

)2 
e −2 κg,λH 

1 − ρ2 
ag,λ

e −2 κg,λH 

) 

. (2) 

ere, ρag , λ is the spectral reflectivity of the air/glass interface and 

g , λ is the spectral absorption coefficient of the glass slab ex- 
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Table 1 

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

Sample # Coating Droplet mean contact angle θ̄c ( °) Droplet surface area coverage f A (%) Droplet mean diameter d̄ 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 

Fig. 4. (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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ressed as [31] 

ag,λ = 

(
n g,λ − 1 

)2 + k 2 
g,λ(

n g,λ + 1 

)2 + k 2 
g,λ

and κg,λ = 

4 πk g,λ

λ
. (3) 

inally, the refractive n d, λ and absorption k d, λ indices of the acrylic 

ere taken from Refs. [29] and [32] , respectively. 

. Results and discussion 

.1. Sample characterization 

Fig. 4 shows (a) an SEM image of aggregates of the synthesized 

ilica nanoparticles and (b) an AFM image of the silica nanoparti- 
6 
le monolayer deposited onto a glass slab. The arithmetic average 

urface roughness of the coating was measured as 35 nm based on 

FM images. 

Table 1 summarizes the different droplet-covered and surface- 

reated glass slabs fabricated with different droplet mean con- 

act angle θ̄c and surface area coverage f A . The droplet mean con- 

act angle for the (i) bare glass slabs or glass slabs coated with 

ii) water-repellent, (iii) perfluorinated silane, (iv) perfluorinated 

ilane-treated monolayer of silica nanoparticles, and (v) Teflon AF- 

400 was θ̄c = 25.8 ± 2.2 °, 37.1 ± 3.8 °, 54.8 ± 4.6 °, 66.6 ± 4.5 °, and

6.2 ± 1.6 °, respectively. In addition, the droplet surface area cov- 

rage f A ranged between 19% and 59%. The droplet mean diameter 

aried between 250 μm and 614 μm . Finally, for the sake of com- 

leteness, measurements of the droplet contact angles are reported 

n Fig. S1 in Supplementary Material. Similarly, Fig. S2 shows rep- 

esentative microscope images of the different samples (Samples 2, 

-6, and 9) and Fig. S3 plots the droplet size distribution for each 

f the 9 samples presented in Table 1 . 

.2. Optical characterization 

.2.1. Optical properties of the soda-lime silicate glass slabs 

Fig. S4 in Supplementary Material plots the spectral refractive 

 g, λ and absorption k g, λ indices of the soda-lime silicate glass slabs, 

etrieved from spectral normal-normal transmittance T nn,g, λ and re- 

ectance R nn,g, λ, as functions of wavelength between 400 and 1100 

m. It also plots the refractive n d, λ and absorption k d, λ indices of 

crylic [ 29 , 32 ], as well as that of Teflon AF-2400 [ 33 , 34 ] over the

ame spectral window. Figure S4 indicates that the retrieved val- 

es of n g, λ and k g, λ differed slightly from those reported in the lit- 

rature [ 30 , 35 ] but featured similar trends with respect to wave-

ength. The difference can be attributed to variations in the glass 

omposition. 

.2.2. Spectral normal-hemispherical transmittance and reflectance 

Fig. 5 shows the measured spectral normal-hemispherical 

a) transmittance T nh, λ and (b) reflectance R nh, λ as functions of 

avelength λ for the dry and droplet-covered glass slabs featuring 

roplet mean contact angle θ̄c = 25.8 ° and surface area coverage 

 A = 40%, 49%, and 59% (Samples 1, 2, 3). Fig. 5 indicates that, 

or dry glass, the spectral normal-hemispherical transmittance 

nd reflectance decreased with increasing wavelength λ due 

o absorption attributed to the iron oxide content of the glass 

 35 , 36 ]. In addition, it establishes that the measured spectral 

ormal-hemispherical transmittance T nh,g, λ and reflectance R nh,g, λ

f the dry glass slab were in good agreement with predictions 

y Eqs. (2) and (3) . This observation confirms that the refractive 

nd absorption indices of the glass slabs were properly retrieved. 

oreover, Fig. 5 (a) shows that the presence of droplets did not 

ffect the spectral normal-hemispherical transmittance T nh, λ for 

roplet contact angle θ̄c = 25.8 ° and surface area coverage f A 
etween 40% and 60%. These results are consistent with numerical 



E. Simsek, K. Zhu, G.N. Kashanchi et al. Journal of Quantitative Spectroscopy & Radiative Transfer 261 (2021) 107493 

Fig. 5. Normal-hemispherical (a) transmittance T nh, λ and (b) reflectance R nh, λ as 

functions of wavelength λ for dry glass and droplet-covered samples with mean 

contact angle θ̄c = 25.8 ° ( < θ cr in Regime I) and surface area coverage f A = 40, 49, 

and 59%. 
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Fig. 6. Normal-hemispherical (a) transmittance T nh, λ and (b) reflectance R nh, λ as 

functions of wavelength λ for dry glass, dry glass with 50 nm Teflon coating, and 

samples with mean contact angle θ̄c = 76.2 ° (Regime II) and surface area coverages 

f A = 19, 34, and 45%. 
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redictions reported by Zhu et al. [20] for non-absorbing water 

roplets with small contact angle such that θ̄c < θ cr corresponding 

o Regime I, as previously discussed. Fig. 5 (b) shows that the spec- 

ral normal-hemispherical reflectance R nh, λ decreased slightly due 

o the presence of droplets, as predicted by Tow [19] . However, 

he spectral normal-hemispherical reflectance R nh, λ was found to 

e mostly independent of surface area coverage f A . This can be 

ttributed to the fact that acrylic droplets had a similar refractive 

ndex to that of the glass window. 

Fig. 6 plots the spectral normal-hemispherical (a) transmittance 

 nh, λ and (b) reflectance R nh, λ as functions of wavelength λ be- 

ween 400 and 1100 nm for dry and droplet-covered glass slabs 

ith droplet mean contact angle θ̄c = 76.2 ° and surface area cover- 

ge f A = 19, 34, and 45% (Samples 7, 8, 9). Unlike Fig. 5 (a) for θ̄c =
5.8 °, Fig. 6 (a) indicates that the spectral normal-hemispherical 

ransmittance T nh, λ decreased significantly with increasing droplet 

urface area coverage f across the spectral range considered. This 
A 

7 
ituation corresponds to Regime II defined by Zhu et al. [20] . 

ig. 6 (b) also indicates that the normal-hemispherical reflectance 

 nh, λ increased with increasing droplet surface area coverage f A 
ue to backscattering caused by total internal reflection at the 

roplet/air interface [4] . 

Moreover, Figs. 6 (a) and 6 (b) compare experimental measure- 

ents with predictions obtained from MCRT simulations. Excellent 

greement was obtained between experimental measurements and 

imulations for T nh, λ across the spectral window and for all val- 

es of surface area coverage f A considered. However, Fig. 6 (b) in- 

icates that the measured normal-hemispherical reflectance R nh, λ

as systematically smaller than the numerical predictions, partic- 

larly with increasing surface area coverage f A . This discrepancy 

an be attributed to the presence of the 50 nm thick Teflon coat- 

ng, which was not accounted for in the MCRT simulations based 

n geometric optics and ignoring wave effects and interferences 

ccurring in the Teflon thin film. Indeed, Figs. 6 (a) and 6 (b) also

how the spectral normal-hemispherical transmittance T nh, λ and 

eflectance R nh, λ of a 3 mm plane-parallel glass slab uncoated and 
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Fig. 7. Normal-hemispherical (a) transmittance T nh, λ and (b) reflectance R nh, 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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oated with a 50 nm thick Teflon film as predicted from elec- 

romagnetic wave theory using TFCalc software (Software Spec- 

ra, Inc., Portland, OR, USA) and the refractive index of Teflon AF- 

400 taken from Ref. [33] . These predictions, accounting for inter- 

erences, were in excellent agreement with experimental measure- 

ents for T nh, λ and R nh, λ of the dry window coated with 50 nm 

hick Teflon film. Fig. 6 indicates that the presence of the 50 nm 

eflon film slightly increased the normal-hemispherical transmit- 

ance but decreased the normal-hemispherical reflectance of the 

lass pane (n g ≈ 1.59) particularly for wavelengths less than 600 

m. Indeed, the presence of the Teflon film ( n ≈ 1.28) reduced the 

efractive index mismatch at the window/air interface (1.59/1) and 

hus reduced the amount of total internal reflection occurring at 

he back surface of the window. In fact, the slight gain in trans- 

ittance T nh, λ resulted in a similar reduction in reflectance R nh, λ. 

or the same reason, the reflectance of any of the dry coated sam- 

les was smaller than the uncoated dry glass pane. In fact, their 

bsorptance A nh , λ = 1 − T nh , λ − R nh , λ was nearly identical for 

ll samples with or without coating (see Fig. S5(c)). It increased 

onotonously with wavelengths above 550 nm to reach 13% at 

100 nm and closely followed the trend observed in the spec- 

ral absorption index of soda-lime silica glass [35] (Fig. S4). Sim- 

lar differences and trends can be observed between the measured 

nd predicted normal-hemispherical reflectance R nh, λ of droplet 

overed glass samples. The absorptance A nh, λ of the glass with 

roplets increased slightly with increasing contact angle and/or 

urface coverage. This was due to the fact that the acrylic droplets 

bsorbed light in a similar spectral window as the glass, albeit 

ith a smaller absorption index k d, λ. 

.2.3. Effect of droplet contact angle 

Fig. 7 shows the measured spectral normal-hemispherical (a) 

ransmittance T nh, λ and (b) reflectance R nh, λ as functions of wave- 

ength λ for dry glass and droplet-covered samples with differ- 

nt contact angles θ̄c ranging from 25.8 ° to 76.2 ° and similar sur- 

ace area coverage f A ≈ 48 ± 4% (Samples 2, 4-6, 9). Fig. 7 indi- 

ates that for contact angles θ̄c < θ cr , the normal-hemispherical 

ransmittance increased and reflectance decreased slightly with in- 

reasing contact angle. However, for contact angles θ̄c ≥ θ cr , the 

ormal-hemispherical transmittance decreased and the reflectance 

ncreased significantly with increasing contact angle. 

Moreover, Fig. 8 plots the measured and simulated normal- 

emispherical (a) transmittance T nh and (b) reflectance R nh at 

avelength λ = 410 nm as functions of contact angle θ̄c for dry 

nd droplet-covered glass slabs with surface area coverage f A ≈ 48 

4% (Samples 2, 4-6, 9). As a reference, the measured normal- 

emispherical transmittance T nh and reflectance R nh at 410 nm 

f the dry glass slabs with and without coatings were also plot- 

ed at their corresponding contact angle with acrylic droplets. 

his wavelength was selected because the sum of the normal- 

emispherical transmittance and reflectance of the samples ap- 

roached 100% so that absorption by the glass pane and the 

roplets could be neglected, as assumed by Zhu et al. [20] . Note 

hat the error bars associated with transmittance and reflectance 

easurements were 4.4% and 1.3%, respectively. They were esti- 

ated by considering two main sources of uncertainties during 

he experiments namely random and instrumentation uncertain- 

ies, as presented in Supplementary Material. First, Fig. 8 indicates 

hat, for dry glass slabs, the normal-hemispherical transmittance 

t λ = 410 nm increased only slightly by less than 2% due to the 

resence of coating while the normal-hemispherical reflectance 

ecreased accordingly. For the sake of completeness, Fig. S5 in 

upplementary Material plots the spectral normal-hemispherical 

ransmittance T nh, λ, reflectance R nh, λ, and absorptance A nh, λ of the 

ry glass slabs with and without coating. Moreover, Fig. 8 (a) in- 

icates that the normal-hemispherical transmittance T slightly 
nh 

8 
ncreased with increasing contact angle θ̄c in Regime I until it 

eached the critical angle for internal reflection at the droplet/air 

nterface predicted by Snell’s law as θcr = sin 

−1 (n a / n d ) ≈ 42.2 °
31] . In Regime II, corresponding to θcr ≤ θ̄c < 90 °, the mea- 

ured normal-hemispherical transmittance decreased rapidly with 

ncreasing contact angle θ̄c . For example, the normal-hemispherical 

ransmittance decreased from 89% to 71% as θ̄c increased from 

5.8 ° to 76.2 °. The normal-hemispherical transmittance of the glass 

upporting acrylic droplets is expected to be qualitatively similar 

o that with water droplets despite the difference in their refrac- 

ive indices ( ≈1.49 vs. 1.33). Indeed, our previous study [20] estab- 

ished that the normal-hemispherical transmittance of glass cover 

upporting droplets with surface area coverage f A = 90% followed 

he same trends and was quantitatively similar for droplets with 

efractive index n d equal to 1.33 or 1.6, as illustrated in Fig. S6. 

n addition, the optical Regimes I and II identified numerically by 

hu et al. [20] for water droplets were confirmed experimentally 

ith acrylic droplets ( Fig. 8 (a)). Moreover, Fig. 8 (b) shows that the 
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Fig. 8. Comparison of the measured and simulated normal-hemispherical (a) trans- 

mittance T nh and (b) reflectance R nh at 410 nm as functions of contact angle θ̄c for 

dry glass slabs with and without coatings and droplet-covered samples with differ- 

ent surface treatments (Samples 2, 4-6, 9) and droplet surface area coverage f A ≈
48 ± 4%. 
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Fig. 9. Comparison of the measured and simulated normal-hemispherical (a) trans- 

mittance T nh and (b) reflectance R nh at 410 nm as functions of surface area coverage 

f A for dry and droplet-covered samples with mean contact angle θ̄c = 25.8 ° (Sam- 

ples 1-3) and 76.2 ° (Samples 7-9). 
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ormal-hemispherical reflectance R nh initially decreased ( ̄θc < θcr ) 

nd then increased ( θcr ≤ θ̄c < 90 °) with increasing contact angle. 

his could be attributed to the total internal reflection occurring 

t the droplet/air interface resulting in a decrease in the number 

f transmitted photons and an increase in the number of back- 

cattered photons [20] . 

Figs. 8 (a) and 8 (b) also indicate that predictions of the normal- 

emispherical transmittance and reflectance, obtained assuming 

 w 

= k d = 0, qualitatively followed the same trends as the 

xperimental measurements. However, the measured and simu- 

ated reflectance differed quantitatively especially for samples with 

ontact angle θ cr < θ̄c ≤ 90 ° corresponding to Regime II. This dis- 

repancy can be attributed to the fact that, unlike in Regime I 

Samples 1-4), droplets in Regime II (Samples 5-9) reflected pho- 

ons at the droplet/air interface back through the absorbing acrylic 

roplets and soda-lime glass window, as illustrated in Figs. 8 (a) 

nd 8 (b) of Ref. [20] . As a result, more photons were not only re-
9 
ected but also absorbed by the droplets and the window in the 

resence of hydrophobic coating. In fact, Fig. S7 in Supplementary 

aterial plots the normal-hemispherical absorptance A nh, λ of the 

amples with the droplet contact angle (a) θ̄c < θ cr = 42 ° and 

b) θ cr < θ̄c ≤ 90 ° as well as that of the corresponding dry sam- 

le. Fig. S7 indicates that the normal-hemispherical absorptance 

 nh, λ of Samples 1–4 ( ̄θc < θ cr = 42 ° - Regime I) was close to 

hat of dry glass. However, the normal-hemispherical absorptance 

 nh, λ of Samples 5–9 ( θ cr < θ̄c ≤ 90 ° - Regime II) was larger than 

hat of the dry glass and followed similar trends as the increase 

n the absorption index spectra of the soda-lime glass and acrylic 

Figure S4(b)]. Other discrepancies could be attributed to other 

ffects such as the non-uniformity of the silane coating on the 

lass slab surface, as visually observed during the droplet depo- 

ition, resulting in variations in contact angle, reported in Table 1 . 
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ote also that the predicted normal-hemispherical transmittance 

nd reflectance remained constant for droplet contact angle vary- 

ng between 55 ° and 60 °. This could be attributed to the fact that 

hotons reflected at the droplet/air interface traveled through the 

roplet and the glass pane and experienced total internal reflection 

t the glass/air interface for contact angles 55 °< θ c < 60 °. They 

ere then transmitted through the glass/droplet and droplet/air in- 

erface. The droplet contact angle initiating total internal reflection 

t the glass/air interface was equal to θ c = 55.5 °, as explained in 

etail in Supplementary Material. 

.2.4. Effect of droplet surface area coverage 

Fig. 9 shows the normal-hemispherical (a) transmittance T nh 

nd (b) reflectance R nh at wavelength λ = 410 nm as functions 

f surface area coverage f A for dry and droplet-covered glass slabs 

ith mean contact angle θ̄c = 25.8 ° and 76.2 ° (Samples 1-3, 7- 

). Fig. 9 (a) indicates that, in Regime I ( ̄θc < θ cr ), the normal-

emispherical transmittance T nh increased slightly with increasing 

urface area coverage f A . By contrast, in Regime II ( θ cr ≤ θ̄c < 90 °),
he normal-hemispherical transmittance decreased almost linearly 

ith increasing surface area coverage f A due to total internal re- 

ection at the droplet/air interface, as explained in Ref. [20] . For 

xample, the normal-hemispherical transmittance decreased from 

1% to 71% as the surface area coverage increased from 19% to 45%. 

ere also, predictions by the MCRT simulations were in excellent 

greement with experimental data. 

Finally, Fig. 9 (b) shows that the normal-hemispherical re- 

ectance R nh at 410 nm decreased slightly with increasing surface 

rea coverage f A in Regime I ( ̄θc < θ cr ), and increased in Regime II

 θ cr ≤ θ̄c < 90 °), as predicted in Ref. [20] . The very good qualitative

nd quantitative agreements observed between numerical predic- 

ions and experimental measurements validate the numerical re- 

ults reported previously [ 20 , 21 ] as well as the conclusions drawn

ncluding the existence of the optical Regimes I and II. 

Hydrophobic coatings have been recommended in solar energy 

pplications such as greenhouses due to their anti-fogging [37] and 

elf-cleaning property [38–40] . However, the present results estab- 

ish that, strictly from a light transfer point of view, hydrophilic 

over with droplet contact angle θ̄c < θ cr should be preferred to 

aximize net solar energy input in applications such as solar col- 

ectors, photobioreactors, solar desalination, and greenhouses since 

ropwise (or filmwise) condensation of hydrophilic surface does 

ot affect solar transmittance significantly [ 13 , 16 , 37 ]. 

. Conclusion 

This study investigated experimentally the effects of pendant 

roplets on the back side of semi-transparent glass slabs on their 

ormal-hemispherical transmittance and reflectance. Soda-lime sil- 

ca glass slabs without and with surface-treatment and covered 

ith acrylic droplets were prepared with contact angle between 

6 ° and 76 ° and surface area coverage between 0 and 60%. For 

roplet contact angle θ̄c smaller than the critical angle θ cr for to- 

al internal reflection at the droplet/air interfaces (i.e., θ̄c < θ cr ), 

he spectral normal-hemispherical transmittance T nh, λ was inde- 

endent of surface area coverage and increased slightly with in- 

reasing contact angle. For droplet contact angle such that θ cr ≤
¯
c < 90 °, the normal-hemispherical transmittance decreased with 

ncreasing contact angle and surface area coverage. This was at- 

ributed to total internal reflection at the droplet/air interfaces re- 

ulting in back-scattering. Predictions of the normal-hemispherical 

ransmittance and reflectance, obtained using the Monte Carlo Ray 

racing method, were in good agreement with experimental mea- 

urements thus validating our simulation algorithm and confirm- 

ng previous conclusions [20] . In particular, this study confirms the 
10 
xistence of optical Regimes I ( ̄θc < θ cr ) and II ( θ cr ≤ θ̄c < 90 °) de-

ned by Zhu et al. [20] . In practice, to minimize the effect of drop-

ise condensation on the efficiency of solar energy conversion sys- 

ems, it is recommended to select durable hydrophilic cover mate- 

ials or apply transparent hydrophilic coatings. 
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