
International Journal of Heat and Mass Transfer 194 (2022) 123043 

Contents lists available at ScienceDirect 

International Journal of Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/hmt 

Infrared radiation transfer through semitransparent windows 

supporting absorbing droplets 

Eylul Simsek 

a , Megan J. Williams a , Jack Hoeniges a , Keyong Zhu 

b , Laurent Pilon 

a , c , d , ∗

a Mechanical and Aerospace Engineering Department, University of California Los Angeles, Los Angeles, CA 90095-1597, USA 
b School of Aeronautical Science and Engineering, Beihang University, Beijing 100191, China 
c California NanoSystems Institute, University of California Los Angeles, Los Angeles, CA 90095, USA 
d Institute of the Environment and Sustainability, University of California Los Angeles, Los Angeles, CA 90095, USA 

a r t i c l e i n f o 

Article history: 

Received 17 December 2021 

Revised 20 April 2022 

Accepted 16 May 2022 

Keywords: 

Dropwise condensation 

Radiation transfer 

Solar transmittance 

Greenhouse cladding 

Solar still 

Solar photovoltaic panel 

a b s t r a c t 

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

due to rain or condensation. These droplets affect the systems’ efficiency and thermal load. This study ex- 

perimentally and numerically investigates infrared radiation transfer through semitransparent windows 

covered with droplets on their front or back sides. In order to validate our previously developed nu- 

merical code and to facilitate the systematic characterization of the samples, acrylic droplets (instead of 

water) were deposited onto glass windows with contact angle ranging from 26 to 76 ° and projected sur- 

face area coverage from 0% to 60%. The measured transmittance of glass 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 slightly absorbing droplets on the back with contact angles 

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

decreased by up to a factor 2 with increasing contact angle and surface area coverage. In the infrared 

spectral range when droplets were strongly absorbing, the window transmittance decreased by up to a 

factor 2.5 with increasing surface coverage for droplets either on the front or back sides. Experimen- 

tal measurements were in excellent agreement with numerical predictions obtained using the Monte 

Carlo ray-tracing method. Then, the experimentally-validated simulation tool was used to predict the so- 

lar transmittance and emittance of glass windows covered with water droplets. The solar transmittance 

was found to decrease significantly with water droplets on either side depending on the time of day 

while the emittance remained unchanged. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1

s  

l

[

[  

d

c

d

s

t

U

μ
1

c

e

r

i

t

b

1  

t

s

h

0

. Introduction 

Water droplets are commonly observed on the inner or outer 

urface of covers of solar stills [1–7] , solar water heaters [ 8 , 9 ], so-

ar photovoltaic panels [10–13] , solar collectors [14] , greenhouses 

15–20] , outdoor photobioreactors [21–23] , covered raceway ponds 

24] , and building windows [25–28] , as shown in Fig. 1 . Water

roplets may be present due to rain or as a result of dropwise 

ondensation when the temperature of a surface is lower than the 

ew point temperature of the surrounding air. In addition, these 

olar systems have an operating temperature ranging from 280 K 

o 320 K and emit thermal radiation at infrared wavelengths (4 
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m ≤ λ ≤ 40 μm) with a peak emissive power occurring around 

0 μm while being exposed, during the day, to solar radiation con- 

entrated in the spectral range 400 nm ≤ λ ≤ 3 μm [29] . The pres- 

nce of droplets on either side can alter the transmission of solar 

adiation and the emissivity of the covers and windows, thereby 

mpacting the energy input and the thermal load on the systems. 

The interaction between visible light and semitransparent plas- 

ic film or window covers supporting non-absorbing droplets has 

een studied both numerically [ 24 , 30–34 ] and experimentally [ 16–

8 , 35–38 ]. The reader is referred to Refs. [ 32 , 39 ] for a more de-

ailed review. In brief, the presence of such droplets has been 

hown to reduce the transmittance through the plastic covers or 

indows in the visible (400 nm ≤ λ ≤ 750 nm) and near-infrared 

750 nm < λ ≤ 3 μm) parts of the electromagnetic spectrum 

hereby decreasing the solar energy input available for photosyn- 

hesis [ 24 , 35 , 40–43 ] or for solar photothermal and photoelectric
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Water droplets on the surface of (a) a solar still cover (photo by Michael J Scheepers, Design Engineer, Teq Design Central, mickeys@teq-dc.com), (b) a solar photo- 

voltaic panel (credit: photograph reproduced with permission from GÜNAM, http://gunam.metu.edu.tr/), (c) a greenhouse cover (credit: photograph reproduced with permis- 

sion from ZipGrow Incorporated, www.ZipGrow.com), and of (d) a window. 
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nergy conversions [ 31 , 44 , 45 ]. This has been attributed to back-

cattering and/or absorption by droplets [ 30–32 , 46 , 47 ]. Moreover, 

he numerical simulations for glass windows supporting droplets 

n their back side have recently been validated experimentally in 

he visible and near-infrared (0.4–1.1 μm) for acrylic droplets de- 

osited on the back side of 3 mm-thick soda-lime glass slabs with 

r without hydrophobic coatings corresponding to droplet contact 

ngle θ c between 26 ° and 76 ° and surface area coverage f A be- 

ween 19% and 59% [38] . However, to the best of our knowledge, 

he impact of droplets on infrared radiation transfer through win- 

ows has not yet been investigated experimentally. 

The objective of this study is to experimentally and numeri- 

ally investigate infrared radiation transfer through semitranspar- 

nt glass windows covered with absorbing droplets on either their 

ack or front sides. To do so, glass windows supporting a large 

umber of polydisperse acrylic droplets with different surface area 

overages and contact angles were prepared and carefully charac- 

erized. For the first time, the spectral normal-hemispherical trans- 

ittance and reflectance of the droplet-covered glass windows 

ere measured in the infrared where both the glass window and 

he droplets were weakly to strongly absorbing. The experimen- 

al measurements were used to validate a numerical code based 

n the Monte Carlo ray-tracing (MCRT) method and the results of 

revious parametric studies when the droplets and/or the glass 

indows were absorbing [ 31 , 32 , 46 ]. Finally, the experimentally- 

alidated numerical code was used to predict the hourly solar 

ransmittance and total hemispherical emittance of the glass win- 

ows supporting water droplets on their back or front side. The 
2 
esults of this study can be used to optimize the thermal manage- 

ent and performance of buildings and solar energy conversion 

ystems affected by the presence of water droplets. 

. Materials and methods 

.1. Samples 

The same samples as those prepared and described in detail in 

ur previous study [38] were used in the present study to val- 

date experimentally the numerical code in the infrared part of 

he spectrum. In brief, all samples consisted of 3 mm-thick plane- 

arallel soda-lime glass slabs (Asahi Glass Corporation, Yokohama, 

apan) with a surface area of 2.5 × 2.5 cm 

2 . Nine different sam- 

les with or without hydrophobic coatings were prepared. Once 

he uncoated or coated glass slabs were prepared, droplets made 

f acrylic polymer (Loctite AA 349) were deposited onto the glass 

nd cured with a UV lamp (Blak-Ray B-100A, Thermo Scientific 

isher, USA) emitting at a wavelength 365 nm. Polymer droplets 

ere used instead of water droplets to avoid changes in the droplet 

ize distribution and surface area coverage during the measure- 

ents due to evaporation, coalescence, break off, and/or droplet 

otion. Acrylic was selected among other polymers because it is 

V-curable and does not undergo any color change upon curing. It 

s also relatively viscous thus preventing the droplets from merging 

uring deposition. The details of the sample preparation, droplet 

ize distribution, and droplet contact angle measurements were re- 

orted in Ref. [38] and need not to be repeated. 
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Table 1 

Summary of the acrylic droplet-covered glass samples used in this study [38] . 

Sample # Surface treatment Droplet contact angle θ̄c ( °) Projected diameter d̄ p ± σ ( μm) Surface area coverage f A (%) 

1 None 25.8 ± 2.2 413 ± 194 40 ± 5 

2 None 25.8 ± 2.2 614 ± 360 49 ± 5 

3 None 25.8 ± 2.2 507 ± 283 59 ± 5 

4 Rain-X® 37.1 ± 3.8 368 ± 740 45 ± 5 

5 perfluorinated silane 54.8 ± 4.6 606 ± 323 52 ± 5 

6 perfluorinated silane-treated silica nanoparticles 66.6 ± 4.5 250 ± 308 47 ± 5 

7 50 nm Teflon film 76.2 ± 1.6 428 ± 143 19 ± 5 

8 50 nm Teflon film 76.2 ± 1.6 271 ± 161 34 ± 5 

9 50 nm Teflon film 76.2 ± 1.6 312 ± 193 45 ± 5 
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Fig. 2. Semitransparent glass window supporting absorbing polydisperse droplets 

on its (a) back side and (b) front side. 
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Table 1 summarizes the measured mean droplet contact angle 
¯
c , the mean projected diameter d̄ p plus or minus one standard 

eviation d̄ p ± σ , and the surface area coverage f A of the samples 

sed in this study. The mean droplet contact angle θ̄c and diameter 

 ̄p varied between 26 ° and 76 ° and 250 μm and 614 μm, respec- 

ively. The projected surface area coverage f A varied between 19% 

nd 60%. 

.2. Infrared sample characterization 

The spectral normal-hemispherical transmittance T nh, λ and re- 

ectance R nh, λ of the dry glass and glass slabs supporting droplets 

ere measured using a nitrogen-purged Fourier transform infrared 

FTIR) spectrometer (Nicolet TM iS50, Thermo Scientific Fischer, 

SA) equipped with an integrating sphere (Upward IntegratIR 

TM , 

IKE Technologies, USA). A calcium fluoride (CaF 2 ) beamsplitter 

nd an indium gallium arsenide (InGaAs) detector were used in 

he spectral range from 1.35 to 2.5 μm and a potassium bromide 

KBr) beamsplitter and a liquid-nitrogen cooled mercury-cadmium- 

elluride (MCT) detector were used in the spectral range from 2 to 

0 μm. 

. Analysis 

.1. Problem statement 

Fig. 2 shows a schematic representation of a semitransparent 

lass window of thickness H and spectral complex index of refrac- 

ion m g, λ = n g, λ + i k g, λ, exposed to infrared radiation I λ incident

t an angle θ i with wavelength λ. The glass window supported 

olydisperse spherical cap-shaped droplets with contact angle θ c , 

rojected diameter d p = d cos θc for θc ≤ 90 ◦, and spectral com- 

lex index of refraction m d, λ = n d, λ + i k d, λ on either its (a) back

ide or (b) front side. For the back side configuration, the pho- 

ons were first incident on the semitransparent glass slab where 

hey could be reflected, absorbed, or transmitted. A fraction of the 

hotons transmitted through the glass slab reached the absorbing 

roplets. These photons could be (i) absorbed by the droplets, (ii) 

nternally reflected at the droplet/air interface, or (iii) transmitted 

hrough the droplet/air interface. For the front side configuration 

 Fig. 2 (b)], the photons were directly incident on either the glass 

r the droplets. In either case, photons were reflected or refracted 

t each interface and could be absorbed by either the droplets or 

he glass slab. Here also, internal reflection may occur on the back 

urface of the glass window. 

In order to rigorously validate our numerical code based on 

he MCRT method [ 31 , 46 ], the transmittance T nh, λ and reflectance 

 nh, λ of glass slabs supporting acrylic droplets were predicted us- 

ng the precisely measured coordinates and projected diameters of 

ll droplets deposited on the glass slab for (i) Sample 3 consisting 

f an uncoated glass slab covered with droplets with θ̄c = 25.8 °
nd f = 59% and (ii) Sample 9 featuring a glass slab coated with a
A 

3 
eflon film with θ̄c = 76.2 ° and f A = 45%. Both back and front side

onfigurations were simulated and compared with the experimen- 

al measurements in the infrared where both glass and acrylic are 

bsorbing. 

Once experimentally validated, the numerical code was used to 

redict the directional-hemispherical transmittance T dh, λ and re- 

ectance R dh, λ of the glass windows supporting water droplets on 

heir front or back sides. Here, the simulated water droplets were 

ssumed to be spherical cap-shaped with the same coordinates ( x, 

 ) and projected diameters d p = d cos θc as the acrylic droplets de- 

osited on Sample 3 with surface area coverage f A = 59%, in or- 

er to simulate a realistic droplet size distribution and surface area 

overage f A . 

The underlying assumptions of the numerical code developed 

n Refs. [ 31 , 46 ] to predict numerically the transmittance T dh, λ and

eflectance R dh, λ of the droplet-covered glass slabs were also used 

n this study and need not to be repeated. 
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Fig. 3. Spectral refractive n λ and absorption indices k λ of glass slabs retrieved from measurements of T nn,g, λ and R nn,g, λ and those taken from Ref. [52] 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. 
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.2. Optical properties of soda-lime glass, acrylic, and water 

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

lass slab of thickness H = 3 mm were retrieved from the normal- 

ormal transmittance T nn,g, λ and reflectance R nn,g, λ measurements 

n the spectral range from 1.35 to 20 μm by minimizing, for each 

avelength, the sum δλ of the relative errors between the exper- 

mental measurements ( T nn,g, λ, R nn,g, λ) and the theoretical predic- 

ions ( T ∗
nn,g,λ

, R ∗
nn,g,λ

) for the transmittance and reflectance defined 

s 

λ = 

∣
∣T nn,g,λ − T ∗

nn,g,λ

∣
∣

T nn,g,λ
+ 

∣
∣R nn,g,λ − R 

∗
nn,g,λ

∣
∣

R nn,g,λ
. (1) 

he pair ( n g, λ, k g, λ) that minimized δλ was found using the sequen-

ial quadratic programming (SQP) method [48] ensuring that δλ

 5 × 10 −2 . The analytical expressions for T ∗
nn,g,λ

and R ∗
nn,g,λ

can 

e found in Equation (2) in Ref. [38] . Fig. 3 shows n g, λ and k g, λ
4

etrieved from the measured transmittance T nn,g, λ and reflectance 

 nn,g, λ, of an uncoated glass slab between 1.35 and 20 μm. The 

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

ame wavelength range were also shown in Fig. 3 , as reported in 

he literature [49–51] . The refractive and absorption indices of the 

ir were taken as n a = 1.0 and k a = 0, respectively. As a reference,

 g, λ and k g, λ of the clear soda-lime glass reported in Ref. [52] were 

lso plotted. The retrieved refractive and absorption indices ( n g, λ, 

 g, λ) of the glass window used in our study were in good agree- 

ent with those reported in the literature [52] . The slight differ- 

nce can be attributed to the difference in the glass composition 

nd in particular in the iron content [53] . 

Then, to predict the directional-hemispherical transmittance 

 dh, λ and reflectance R dh, λ of the glass windows supporting water 

roplets, the spectral refractive and absorption indices of the soda- 

ime silica glass and water were taken from Refs. [52] and [59] , 

espectively. 
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Fig. 4. Transmittance T nh, λ and reflectance R nh, λ as functions of wavelength λ for dry glass and glass slabs supporting droplets on their back side with (a, b) θ̄c = 25.8 ° and 

f A = 40, 49, and 59% (Samples 1, 2, 3) and (c, d) θ̄c = 76.2 ° and f A = 19, 34, and 45% (Samples 7, 8, 9). 
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.3. Method of solution 

The numerical predictions of the transmittance T dh, λ and re- 

ectance R dh, λ of glass slabs covered with acrylic or water droplets 

n their back or front sides were obtained using the MCRT method 

escribed in detail in Refs. [ 31 , 46 ]. To ensure numerical conver-

ence, 10 7 photon bundles for each numerical simulation were 

raced until they were counted as reflected, transmitted, or ab- 

orbed by the simulated sample. 

. Results and discussion 

.1. Back side condensation 

.1.1. Spectral normal-hemispherical transmittance and reflectance 

Fig. 4 plots the spectral normal-hemispherical transmittance 

 nh, λ and reflectance R nh, λ measured between 1.35 and 5 μm for 
5 
lass slabs either dry or supporting acrylic droplets on their back 

ide with (a, b) θ̄c = 25.8 ° and f A = 40, 49, and 59% (Samples 1,

, 3) and (c, d) θ̄c = 76.2 ° and f A = 19, 34, and 45% (Samples 7, 8,

). It is evident that the presence of droplets with low contact an- 

le did not affect the transmittance T nh, λ for wavelengths λ < 2.1 

m when the droplet absorption index k d, λ was small [ Fig. 3 (b)]. 

hese results corroborate the findings of previous analytical studies 

 32 , 34 , 46 ] which established that transmittance and reflectance are 

naffected by the presence of pendant droplets when their con- 

act angle θ c is smaller than the critical angle for total internal 

eflection at the droplet/air interface defined as θ cr = sin 

−1 (n a / n d ) 

42.2 ° [54] . For the same reasons, Fig. 4 (b) also shows that the 

eflectance R nh, λ was unaffected by droplets with θ̄c = 25.8 ° at all 

avelengths. In fact, all droplet-covered samples had similar re- 

ectance as the dry sample. 

Furthermore, Fig. 4 (a) indicates that the presence of droplets 

ecreased the transmittance T nh, λ at wavelengths λ = 2.1 - 4 μm 
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Fig. 5. Normal-hemispherical reflectance R nh, λ as a function of wavelength λ be- 

tween 5 and 20 μm for dry glass and glass slabs supporting droplets on their back 

side with (a) θ̄c = 25.8 ° and f A = 40, 49, and 59% (Samples 1, 2, 3) and (b) θ̄c = 76.2 °
and f A = 19, 34, and 45% (Samples 7, 8, 9). In this wavelength range, T nh, λ = 0. 

s

s

s

μ

n

t

m

θ

4

or the different surface area coverages f A considered. This was at- 

ributed to the absorption of the radiation by the droplets since 

he acrylic droplets were strongly absorbing in this spectral range, 

s shown in Fig. 3 (b). In addition, the transmittance T nh, λ and re- 

ectance R nh, λ of the dry and droplet-covered glass slabs decreased 

harply at λ = 2.7 μm due to the sharp shoulder in k g, λ from 10 −5 

o 10 −4 around 2.7 μm [ Fig. 3 (b)] corresponding to Si-OH stretch- 

ng vibration [55] . Similarly, the transmittance T nh, λ of the droplet- 

overed glass slabs reached a local minimum at λ = 3.4 μm due 

o the peak in the absorption index of acrylic. However, for wave- 

engths λ > 4 μm, the presence of droplets did not change the 

ransmittance T nh, λ. This can be attributed to the fact that only a 

elatively small fraction of incident photons reached the back side 

f the glass slab due to its strong absorption index at λ > 4 μm. 

he few photons reaching the droplets did not experience back- 

cattering due to the small droplet contact angle ( ̄θc < θcr ). In fact, 

he transmittance T nh, λ of all samples vanished for λ ≥ 4.8 μm, as 

he glass absorption index k g, λ further increased . Fig. 4 (a) and 4(b) 

lso compare the numerically predicted and measured transmit- 

ance T nh, λ and reflectance R nh, λ of Sample 3 ( ̄θc = 25.8 °, f A = 59%),

espectively. They indicate that the numerical predictions were in 

ood agreement with measurements of T nh, λ and R nh, λ across the 

ntire spectral range considered. By contrast, Fig. 4 (c) and 4(d) in- 

icate that, for droplet contact angle θ̄c = 76.2 °, T nh, λ decreased 

nd R nh, λ increased significantly with f A for λ < 2.7 μm. This was 

ttributed to total internal reflection at the droplet/air interface 

ince the droplet contact angle was larger than the critical angle, 

.e., θ̄c ≥ θcr ≈ 42.2 ° and the glass did not absorb significantly ( k g, λ

10 −5 ). 

However, for λ > 2.7 μm, increasing the droplet surface area 

overage f A had a negligible effect on the reflectance R nh, λ while 

he transmittance T nh, λ still decreased with increasing f A . This was 

ue to the large absorption indices of glass k g, λ and acrylic k d, λ

ausing most photons to be absorbed by the glass window and 

hose transmitted to be partially absorbed by the small droplets. 

Moreover, Fig. 4 (c) and 4(d) compare the simulated and mea- 

ured transmittance T nh, λ and reflectance R nh, λ between 1.35 and 5 

m for Sample 9 ( ̄θc = 76.2 °, f A = 45%), respectively. Both figures

how relatively good agreement between measurements and nu- 

erical predictions. The discrepancies between the predicted and 

easured reflectance R nh, λ can be attributed to the fact that the 

CRT simulations did not account for the Teflon film coating on 

he back side of the glass slab. In fact, Fig. 4 shows the measured

c) transmittance T nh,g, λ and (d) reflectance R nh,g, λ of glass slab with 

nd without a 50 nm thick Teflon film, respectively. They indicate 

hat T nh, λ of the glass slab slightly increased while R nh, λ decreased 

ue to the presence of the Teflon film for wavelengths λ < 2.7 μm. 

ere, the Teflon film ( n ≈ 1.29 ) [56] reduced the refractive index 

ismatch at the glass/air interface ( n g = 1.5, n a = 1) resulting in

 decrease in the glass slab reflectance [38] . Thus, by ignoring the 

eflon film, the MCRT simulations slightly overestimated the re- 

ectance R nh, λ of Sample 9. 

Fig. 5 plots the reflectance R nh, λ between 5 and 20 μm for the 

ry glass and glass slabs supporting droplets with (a) θ̄c = 25.8 °
nd f A between 40% and 60% (Samples 1-3) and (b) θ̄c = 76.2 ° and 

 A between 19% and 45% (Samples 7-9). Note that the transmit- 

ance T nh, λ between 5 and 20 μm is not shown since it vanished 

or wavelengths λ ≥ 4.8 μm beyond which the glass window was 

paque ( k g, λ ≥ 10 −3 ). First, Fig. 5 (a) indicates that the reflectance of

he dry glass R nh,g, λ initially decreased with increasing wavelength 

. R nh,g, λ reached zero at λ = 7.8 μm due to the absence of a re-

ractive index mismatch at the glass/air interface, i.e., n g, λ = 1 at 

= 7.8 μm, as illustrated by the blue dot in Fig. 3 (c). In addition,

he reflectance R nh,g, λ of the dry glass then reached a maximum at 

= 9.7 μm before decreasing to a minimum at λ = 12 μm re- 

R

6 
pectively attributed to the peak at λ = 9.7 μm (purple dot) and 

ubsequent trough at λ = 12 μm (yellow dot) in the spectral ab- 

orption index k g, λ of the glass slab [ Fig. 3 (d)]. 

Fig. 5 also indicates that, for wavelengths between 5 and 20 

m, the reflectance R nh, λ of the glass slabs supporting droplets was 

early independent of f A regardless of the contact angle θ̄c . Finally, 

he numerical simulations were in excellent agreement with the 

easurements for the dry and droplet-covered samples for both 

¯
c = 25.8 ° and 76.2 °. 

.1.2. Effect of droplet contact angle θ̄c 

Fig. 6 plots (a) the transmittance T nh, λ and (b) the reflectance 

 nh, λ as functions of θ̄c for glass slabs supporting droplets with f A 
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Fig. 6. Normal-hemispherical (a) transmittance T nh, λ and (b) reflectance R nh, λ as 

functions of contact angle θ̄c for glass slabs supporting droplets with f A ≈ 48 ± 4% 

(Samples 2, 4-6, 9) at wavelength λ = 1.6 ( k d, λ = 10 −5 , k g, λ = 10 −6 ), 2.5 ( k d, λ = 10 −3 , 

k g, λ = 10 −6 ), and 3.4 μm ( k d, λ = 3 × 10 −2 , k g, λ = 10 −4 ). 
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48 ± 4% (Samples 2, 4–6, 9) at wavelength λ = 1.6, 2.5, and 3.4 

m. These wavelengths were selected to illustrate the effect of the 

bsorption indices of the droplet and glass on the transmittance 

 nh, λ and reflectance R nh, λ. The absorption index of the acrylic 

roplets k d, λ at wavelength λ = 1.6, 2.5, and 3.4 μm was equal to 

0 −5 (slightly absorbing), 10 −3 (absorbing), and 3 × 10 −2 (strongly 

bsorbing) and that of the glass k g, λ was equal to 10 −6 , 10 −6 , and

0 −4 , respectively. First, at wavelength λ = 1.6 μm, the transmit- 

ance T nh, λ increased while the reflectance decreased with increas- 

ng θ̄c . This was due to the antireflecting effects of the slightly 

bsorbing droplets reducing the index mismatch at the glass/air 

ack surface. Second, the transmittance T nh, λ at wavelength λ = 1.6 
7

m decreased with increasing θ̄c for θ̄c > θ cr as the droplets were 

eakly absorbing. Simultaneously, the reflectance R nh, λ at wave- 

ength λ = 1.6 μm increased. These observations can be attributed 

o total internal reflection occurring at the droplet/air interface, as 

iscussed previously. Fig. 6 (a) also indicates that the larger droplet 

bsorption index k d, λ at λ = 2.5 μm caused the transmittance T nh, λ

o decrease with increasing θ̄c even before reaching the critical an- 

le θ cr . On the other hand, the corresponding reflectance R nh, λ in- 

reased only slightly. This can be attributed to absorption by the 

roplets whose volume increased with increasing contact angle, as 

xplained in Ref. [46] . Total internal reflection at the droplet/air in- 

erface also contributed to the increase in R nh, λ and the associated 

ecrease in T nh, λ at λ = 2.5 μm for contact angles θ̄c > θ cr . Finally, 

he transmittance T nh, λ and reflectance R nh, λ at λ = 3.4 μm of the 

roplet-covered glass slabs remained constant and independent of 
¯
c when the glass window was strongly absorbing and only a small 

raction of photons reached the droplets. 

.1.3. Effect of droplet surface area coverage f A 
Fig. 7 plots (a) the transmittance T nh, λ and (b) the reflectance 

 nh, λ as functions of f A for the dry glass and glass slabs support- 

ng droplets with θ̄c = 76.2 ° (Samples 7, 8, 9) at λ = 1.6, 2.5, and

.4 μm. First, the transmittance T nh, λ decreased with increasing f A 
t all wavelengths considered. This was attributed to total internal 

eflection at the droplet/air interface at λ = 1.6 μm and to absorp- 

ion by the droplets and the glass slab at λ = 3.4 μm. 

The steepest decrease in transmittance with increasing f A was 

bserved at λ = 2.5 μm as both total internal reflection and 

roplet absorption occurred. Moreover, Fig. 7 (b) indicates that, at 

= 1.6 μm when droplets were weakly absorbing, the reflectance 

 nh, λ increased almost linearly with increasing f A thanks to total in- 

ernal reflection at the droplet/air interface. On the other hand, at 

= 3.4 μm when the glass was strongly absorbing, the reflectance 

 nh, λ remained constant and independence of f A . At λ = 2.5 μm 

hen the glass slab was weakly absorbing and the droplets slightly 

bsorbing, R nh, λ remained constant and independent of f A . This can 

e attributed to the fact that photons were absorbed by either the 

lass or the droplets after being refracted at the glass/air interface 

r backscattered at the droplet/air interface. 

.2. Front side condensation 

.2.1. Spectral normal-hemispherical transmittance and reflectance 

Fig. 8 plots the transmittance T nh, λ and reflectance R nh, λ be- 

ween 1.35 and 5 μm for the dry glass and glass slabs supporting 

roplets on their front side with (a, b) θ̄c = 25.8 ° and f A = 40%,

9%, and 59% (Samples 1, 2, 3) and (c, d) θ̄c = 76.2 ° and f A = 19,

4, and 45% (Samples 7, 8, 9). For θ̄c = 25.8 °, the transmittance 

 nh, λ slightly increased while the reflectance R nh, λ decreased in the 

resence of droplets for λ < 2.1 μm. These trends were ampli- 

ed for droplets with contact angle θ̄c = 76.2 ° [ Fig. 8 (c) and 8(d)].

hese observations were due to the fact that droplets had an an- 

ireflection effect by reducing the refractive index mismatch at the 

ir/droplet interface ( n a = 1, n d = 1.47) compared to that at the 

ir/glass interface ( n a = 1, n g = 1.51). Moreover, Fig. 8 (a) and 8(c)

ndicate that the transmittance T nh, λ decreased with increasing f A 
or wavelengths between 2.1 and 4 μm due to absorption by the 

roplets for both contact angles considered, as explained in Ref. 

31] . In fact, the transmittance T nh, λ featured ripples between 3.4 

nd 3.6 μm similar to those observed in the spectral absorption 

ndex k d, λ of acrylic plotted in Fig. 3 (b). 

Similarly, the Teflon film coating on the front side acted as an 

nti-reflective coating ( n ≈ 1.29). In fact, the presence of a 50 nm 

eflon film on the dry glass window increased its transmittance 

nd decreased its reflectance, particularly for λ < 2.7 μm. In ad- 

ition, the increase in the transmittance T nh, λ for wavelengths λ < 
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Fig. 7. Spectral normal-hemispherical (a) transmittance T nh, λ and (b) reflectance 

R nh, λ as functions of surface area coverage f A for glass slabs supporting droplets 

on their back side with mean contact angle θ̄c = 76.2 ° (Samples 7, 8, 9) at 

λ = 1.6 ( k d, λ = 10 −5 , k g, λ = 10 −6 ), 2.5 ( k d, λ = 10 −3 , k g, λ = 10 −6 ), and 3.4 μm 

( k d, λ = 3 × 10 −2 , k g, λ = 10 −4 ). 
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.1 μm was more pronounced for Samples 7-9 than for Samples 1- 

 due to the presence of the Teflon film. Note that, for λ > 2.7 μm, 

 nh, λ remained nearly independent of f A for θ̄c = 25.8 ° as shown in 

ig. 8 (b). It decreased only so slightly for θ̄c = 76.2 ° [ Fig. 8 (d)]. 

Finally, Fig. 8 (a) and 8(b) establish that the numerical predic- 

ions were in very good agreement with the measurements of the 

ransmittance T nh, λ and reflectance R nh, λ of Sample 3 ( ̄θc = 25.8 °
nd f A = 59%) across the IR spectrum considered. This further con- 

rms the validity of the simulation tools for absorbing droplets 

resent on the front side of a semitransparent window. Similarly, 

ig. 8 (c) and 8(d) compare numerical predictions and experimen- 

al measurements of the transmittance T nh, λ and reflectance R nh, λ

or Sample 9 ( ̄θc = 76.2 ° and f = 45%), respectively. The measured 
A 

8 
ransmittance T nh, λ and reflectance R nh, λ were respectively larger 

nd smaller than the numerical predictions for wavelengths λ < 

.7 μm. Here again, these discrepancies can be attributed to the 

resence of the Teflon coating. 

Fig. 9 plots the reflectance R nh, λ between 5 and 20 μm for the 

ry glass and glass slabs supporting droplets on their front side 

eaturing (a) θ̄c = 25.8 ° and f A between 40% and 60% (Samples 1, 

, 3), and (b) θ̄c = 76.2 ° and f A between 19% and 45% (Samples 

, 8, 9). Unlike for back side droplets ( Fig. 5 ), the reflectance R nh, λ

or front side droplets decreased significantly with increasing f A for 

avelengths between 8 and 15 μm due to the droplets antireflect- 

ng effect. In addition, R nh, λ for samples with droplet contact angle 
¯
c = 76.2 ° further decreased due to the presence of the Teflon film 

nd its additional antireflecting effect. Finally, Fig. 9 shows good 

greements between measurements and numerical predictions of 

eflectance R nh, λ. 

.3. Impact of water droplets on radiometric properties 

To assess the impact of water droplets on the thermal load and 

adiometric properties of windows and covers used in buildings 

nd solar energy conversion systems, the solar transmittance T sol 

nd the total hemispherical emittance ε of the dry and glass win- 

ows covered with cap-shaped water droplets on their front or 

ack sides were predicted for a horizontal window exposed to di- 

ect and collimated solar radiation in Los Angeles, CA, USA (lati- 

ude: 34.07 ° N; longitude: 118.44 ° W) throughout the day on June 

1 st . First, the solar transmittance T sol can be defined as [ 19 , 57 ] 

 sol ( θz ( t ) ) = 

∫ 3 μm 

0 . 3 μm 

T dh,λ( θz ( t ) ) G sol,λ( θz ( t ) ) dλ

∫ 3 μm 

0 . 3 μm 

G sol,λ( θz ( t ) ) dλ
. (2) 

ere, θ z (t) is the time-dependent solar zenith, T dh, λ is the cor- 

esponding spectral directional-hemispherical transmittance, and 

 sol, λ is the spectral solar irradiation (in W/m 

2 ·μm) incident on a 

orizontal window for the location and day of interest taken from 

ef. [58] . In order to evaluate T sol ( θ z (t)) , the spectral directional-

emispherical transmittance T dh, λ was predicted numerically for 

ater droplets using the previously experimentally-validated MCRT 

ode in the visible [38] and infrared parts of the electromagnetic 

pectrum. The spectral range between 0.3 and 3 μm was consid- 

red because it accounts for 95% of the solar radiation. Fig. 10 plots 

he hourly solar transmittance T sol calculated from the spectral 

irectional-hemispherical transmittance T dh, λ(t) (see Supplemen- 

ary Material) for dry and droplet-covered glass windows support- 

ng water droplets on their (a) back side and (b) front side with 

roplet contact angle θ c = 30 °, 60 °, and 90 °, and surface area cov-

rage f A = 59% on June 21 st in Los Angeles, CA. 

The solar transmittance of the glass windows decreased by up 

o 26% due to the presence of droplets on their back side for con- 

act angles θ c = 60 ° and 90 ° because of total internal reflection at 

he droplet/air interface and absorption by the water droplets. Note 

hat, the solar transmittance T sol remained unchanged between 11 

M and 3 PM in the presence of droplets with θ c = 30 °. This can

e explained by the fact that during this time, solar incident an- 

les were near-normal ( θ i ≤ 30 °) and the droplet contact angle θ c 

as smaller than the critical angle θ cr ≈ 48.8 ° [54] . 

For glass windows supporting droplets on their front side, T sol 

as divided by up to a factor 2 in the presence of water droplets 

ue to the increase in reflection and absorption by the water 

roplets between 7 AM and 11 AM and from 3 PM to 7 PM. Here

lso, T sol remained unchanged in the presence of water droplets 

etween 11 AM and 3 PM due to the near-normal solar zenith an- 

les ( θ z ≤ 30 °). Note that in the early morning before 7 AM and 

vening after 7 PM when the solar radiation was incident at an- 

les θ z > 80 °, the glass windows supporting water droplets on 
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Fig. 8. Transmittance T nh, λ and reflectance R nh, λ as functions of wavelength λ for dry glass and glass slabs supporting droplets on their front side with (a, b) θ̄c = 25.8 ° and 

f A = 40, 49, and 59% (Samples 1, 2, 3) and (c, d) θ̄c = 76.2 ° and f A = 19, 34, and 45% (Samples 7, 8, 9). 
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heir front side featured a larger solar transmittance T sol than the 

ry glass window as the water droplets scattered the photons back 

owards the glass window [31] . Moreover, for θ c = 90 °, the solar 

ransmittance T sol reached a minimum at 6:30 PM and then in- 

reased with increasing time until it reached a peak at 7:30 PM. 

his can be attributed to the decrease in total internal reflection 

t the back glass window/air interface and to the increase in total 

nternal reflection at the water droplet/air interfaces [ 31 , 44 ]. 

Moreover, the above-mentioned systems operate at tempera- 

ures between 280 and 320 K and emit thermal radiation at in- 

rared wavelengths that affects the thermal load on these systems. 

or an opaque medium, the spectral normal emittance ε n,λ given 

y Kirchhoff’s law [ 19 , 62 ] 

 n,λ = αn,λ = 1 − R nh,λ (3) 

here αn, λ is the spectral normal absorptance. The total hemi- 

pherical emittance ε does not differ considerably from the total 

ormal emittance ε n for dielectric materials [29] , therefore ε can 
9 
e calculated as [ 19 , 29 ] 

 ≈ ε n = 

∫ 50 μm 

5 μm 

ε n,λE b,λ( T o ) dλ

∫ 50 μm 

5 μm 

E b,λ( T o ) dλ
. (4) 

ere, E b, λ( T o ) is the blackbody spectral emissive power (in 

/m 

2 ·μm) at temperature T o = 296 K. Note that the integrals in 

oth the numerator and denominator of Equation (4) were trun- 

ated to wavelengths between 5 and 50 μm spectral range where 

6% of their emissive power E b, λ( T o ) is concentrated and as the 

lass window was opaque for λ ≥ 4.8 μm. The validation of this 

pproach is presented in Supplementary Material. 

Fig. S3(c) in Supplementary Material shows the total hemi- 

pherical emittance ε [Equation (4)] as a function of droplet con- 

act angle θ c for water droplet-covered glass windows with sur- 

ace area coverage f A = 59%. It indicates that the total hemispheri- 

al emittance ε of the glass window remained unchanged (see Fig. 

3(a)) in the presence of water droplets on the back side. This was 
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Fig. 9. Spectral normal-hemispherical reflectance R nh, λ as a function of wavelength 

λ for dry glass with and without Teflon coating and glass slabs supporting droplets 

on their front side with (a) θ̄c = 25.8 ° and f A = 40, 49, and 59% (Samples 1, 2, 3) 

and (b) θ̄c = 76.2 ° and f A = 19, 34, and 45% (Samples 7, 8, 9). 
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Fig. 10. Solar transmittance T sol as a function of time t for a horizontal glass win- 

dow supporting polydisperse water droplets on its (a) back and (b) front side for 

droplet contact angle θ c = 30 °, 60 °, and 90 °, and surface area coverage f A = 59% on 

June 21 st , in Los Angeles, CA. 
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c

ue to the fact that the glass window was strongly absorbing in 

his spectral range and photons did not reach the droplets. By con- 

rast, ε increased slightly in the presence of water droplets on the 

ront side from 0.93 for f A = 0% to 0.96 for f A = 59%. This can be

ttributed to the (i) antireflecting effect and (ii) absorption of the 

R radiation by the water droplets. 

These results establish that the presence of water droplets on 

he back or front side of the glass windows can significantly re- 

uce the solar transmittance T sol at different times of the day and 

hereby the energy input and efficiency of solar energy conversion 

ystems while their emittance remained nearly unchanged. In ad- 

ition, hydrophilic coatings should be preferred to minimize the 

ffect of droplets. However, note that most of the previous studies 
10 
n the thermal modeling of solar energy conversion systems such 

s greenhouses [60] and solar stills [61] have not considered the 

resence of droplets and the hourly change in the solar transmit- 

ance of the cladding covered with droplets. 

. Conclusion 

This study demonstrated that the radiation transfer through 

lass windows supporting droplets on their back side was con- 

rolled by absorption by the droplets and/or the glass window and 

y total internal reflection at the droplet/air interface. More specif- 

cally, when the droplets and the glass window were slightly ab- 

orbing, the transmittance T nh, λ was independent of droplet surface 

rea coverage f A and increased slightly with increasing droplet con- 

act angle θ̄c for θ̄c < θ cr . However, for θ̄c ≥ θ cr , the transmittance 

 nh, λ decreased with increasing contact angle θ̄c and surface area 

overage f due to total internal reflection at the droplet/air inter- 
A 
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ace. Moreover, when the droplets were strongly absorbing and the 

lass was weakly absorbing, the transmittance T nh, λ decreased with 

ncreasing f A and θ̄c due to absorption by both the droplets and 

lass. Finally, when the glass window was strongly absorbing, the 

ransmittance T nh, λ vanished and the reflectance R nh, λ was inde- 

endent of f A and θ̄c as the radiation was reflected by the surface 

f the glass window and did not reach the droplets. 

Radiation transfer through glass windows supporting droplets 

n their front side was affected by the antireflecting effects of 

roplets which reduced the index mismatch between the window 

nd the air as well as by absorption by the droplets and/or the 

lass window. More specifically, when the droplets and the glass 

indow were slightly absorbing, the transmittance T nh, λ increased 

hile the reflectance R nh, λ decreased with increasing f A . More- 

ver, when the droplets were strongly absorbing and the glass was 

eakly absorbing, the transmittance T nh, λ of glass windows sup- 

orting droplets on their front side decreased with increasing f A 
nd θ̄c . Finally, when the glass window was strongly absorbing, the 

ransmittance T nh, λ vanished and the reflectance R nh, λ decreased 

ith increasing f A . 

The experimental results were successfully validated both qual- 

tatively and quantitatively by predictions from numerical sim- 

lations based on Monte Carlo ray-tracing method [ 31 , 46 ] for 

oth droplets on the back and front sides of glass windows. The 

xperimentally-validated numerical simulation tool was used to 

redict the hourly solar transmittance and total hemispherical 

mittance of horizontal glass windows supporting cap-shaped wa- 

er droplets on their back or front side in Los Angeles, CA on June 

1. In the presence of droplets on the back side, the solar trans- 

ittance of the glass window decreased by up to 26% for most 

f the day while the total hemispherical emittance remained un- 

hanged. However, for droplets on the front side, solar transmit- 

ance of glass window was divided by up to a factor 2 in the morn-

ng and evening while the total hemispherical emittance increased 

lightly. These results will be useful in selecting cover materials 

nd surface coatings to improve and model solar energy conver- 

ion systems. 
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