Journal of Quantitative Spectroscopy & Radiative Transfer 194 (2017) 98-107

N

Journal of Quantitative Spectroscopy & Radiative Transfer |

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

Contents lists available at ScienceDirect

ournal of
uantitative
pectroscopy &

ransfer

Transmittance of transparent windows with non-absorbing @CwssMark
cap-shaped droplets condensed on their backside

Keyong Zhu?, Yong Huang?, Jeremy Pruvost®, Jack Legrand ®, Laurent Pilon “*

e

2 Beihang University School of Aeronautical Science and Engineering, No. 37, Xueyuan Road, Beijing 100191, China
> LUNAM Université, Université de Nantes, CNRS, GEPEA, UMRG6144, Blvd de I'Université, CRTT - BP 406, 44602 Saint-Nazaire Cedex, France
€ University of California, Los Angeles Mechanical and Aerospace Engineering Department, 420 Westwood Plaza, Los Angeles, CA 90095-1597, USA

ARTICLE INFO

Article history:

Received 14 December 2016
Received in revised form

8 February 2017

Accepted 6 March 2017
Available online 7 March 2017

Keywords:
Transmittance
Condensation
Windows
Greenhouses
Solar desalination

ABSTRACT

This study aims to quantify systematically the effect of non-absorbing cap-shaped droplets condensed on
the backside of transparent windows on their directional-hemispherical transmittance and reflectance.
Condensed water droplets have been blamed to reduce light transfer through windows in greenhouses,
solar desalination plants, and photobioreactors. Here, the directional-hemispherical transmittance was
predicted by Monte Carlo ray-tracing method. For the first time, both monodisperse and polydisperse
droplets were considered, with contact angle between 0 and 180°, arranged either in an ordered hex-
agonal pattern or randomly distributed on the window backside with projected surface area coverage
between 0 and 90%. The directional-hemispherical transmittance was found to be independent of the
size and spatial distributions of the droplets. Instead, it depended on (i) the incident angle, (ii) the optical
properties of the window and droplets, and on (iii) the droplet contact angle and (iv) projected surface
area coverage. In fact, the directional-hemispherical transmittance decreased with increasing incident
angle. Four optical regimes were identified in the normal-hemispherical transmittance. It was nearly
constant for droplet contact angles either smaller than the critical angle 0., (predicted by Snell’s law) for
total internal reflection at the droplet/air interface or larger than 180°-0.. However, between these
critical contact angles, the normal-hemispherical transmittance decreased rapidly to reach a minimum at
90° and increased rapidly with increasing contact angles up to 180°-8,,. This was attributed to total
internal reflection at the droplet/air interface which led to increasing reflectance. In addition, the nor-
mal-hemispherical transmittance increased slightly with increasing projected surface area coverage for
contact angle was smaller than ... However, it decreased monotonously with increasing droplet pro-
jected surface area coverage for contact angle larger than . These results can be used to select the
material or surface coating with advantageous surface properties for applications when dropwise con-
densation may otherwise have a negative effect on light transmittance.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

the fact that the refractive index mismatch between air and water
is smaller than between air and glass [16-19]. On the other hand,

The effects of water droplets condensate on the transmittance
of plane parallel slabs or films of various semi-transparent mate-
rials (e.g., glass or plastic) have been investigated both experi-
mentally and theoretically [1-16]. There exist two types of con-
densation namely (i) filmwise condensation referring to the for-
mation of a liquid film covering the window and (ii) dropwise
condensation corresponding to discrete droplets forming, growing,
and potentially coalescing on the window [1]. Filmwise con-
densation on the backside of a window increases transmittance
and reduces reflectance compared with a dry window thanks to
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water droplets condensed on the backside of windows are known
to decrease their transmittance because of backscattering and/or
absorption of the incident radiation by the droplets [1,9,10].

In practice, dropwise condensation reduces the solar energy
input and the overall energy efficiency of greenhouses used for
growing various plants [20]. In addition, droplet condensing inside
greenhouses can cause damages and diseases to plants as they
drip from the windows [6,7]. Dropwise condensation has also
negative effects in other solar energy applications such as solar
desalination where visible and infrared solar radiations are ab-
sorbed by salty water to evaporate freshwater which condenses
and flows along an inclined windows before being collected [21].
The same is likely true in some microalgal culture systems, such as
raceways or ponds covered by plastic sheets or glass plates [22] to
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grow microalgae and convert carbon dioxide and sunlight, in the
photosynthetically active radiation (PAR) region (400-700 nm),
into biomass.

Several approaches have been explored to favor the formation
of filmwise rather than dropwise condensation. For example, anti-
condensation (or anti-drop) agents deposited on the window’s
backside can increase its wettability so that filmwise condensation
prevailed to facilitate drainage of the condensate along the win-
dow surface [4-7]. Anti-dust measures can also be used to reduce
static build-up on the window’s outer surface by providing a
conduction path to the ground [4].

This study aims to assess the effects of non-absorbing cap-
shaped droplets condensed on the backside of transparent win-
dows on their directional-hemispherical transmittance and
reflectance. Particular attention was paid to the effects of light
incident angle, as well as droplet size distribution, spatial ar-
rangement, contact angle, and projected surface area coverage.
The results will provide guidelines for material selection in order
to minimize the effect of dropwise condensation on window
transmittance.

2. Background
2.1. Experiments

Briscoe and Galvin [1] investigated experimentally the trans-
port of monochromatic light at 650 nm through five types of glass
windows with water droplets condensed on their backside. The
windows consisted of 1.1 mm thick clean and unclean glass win-
dow as well as three glass windows coated, on their backside, with
polymethyl methacrylate (PMMA or acrylic), polystyrene, and
polyethylene (PE). The associated droplet contact angle was mea-
sured at 0°, 50.9°, 64.8°, 90.0°, and 99.7°, respectively. In all cases,
the surface area coverage of droplets was estimated to be 55%,
corresponding to the equilibrium coverage accounting for droplet
coalescence on a vertical substrate [23-25]. The authors measured
the normal-hemispherical reflectance of each window held verti-
cally under dry or dropwise condensation conditions. The normal-
hemispherical reflectance R,n650 of the window with droplet
condensation was found to increase from about 5% to 24% as the
contact angle increased from about 0° to 100°. Simultaneously, the
normal-hemispherical transmittance T,,650 decreased with in-
creasing contact angle. Note that absorption by the glass window
and the polymeric films can be neglected at the wavelength con-
sidered, so that Tyne50 = 1- Rupes0-

Pollet and Pieters [4] measured the directional-hemispherical
transmittance of visible light at 632.8 nm through three types of
vertical glass plates namely (i) a 4 mm thick single glass plate, (ii) a
4 mm thick single glass plate with a low-emissivity SnO, coating,
and (iii) a 8 mm thick double glass plate, along with three types of
vertical polyethelene films including (iv) a 150 pm thick single-
layer ordinary low-density PE film, (v) a 180 pm thick three-layer
anti-drop polyvinyl-ethyl vinyl acetate (PE-EVA) film, and (vi) a
180 pm thick three-layer anti-dust PE-EVA film. The authors re-
ported that condensed water droplets reduced the directional-
hemispherical transmittance of all glass plates and PE-based films
for light incident angles ranging from O (normal) to 75°. For ex-
ample, the transmittance of the low-density PE film decreased by
up to 23% under normal incidence due to the presence of droplets.
However, the directional-hemispherical transmittance of the anti-
drop PE-EVA film was not affected by water condensation and
featured the largest transmittance under condensation conditions.
The authors attributed the different effects of dropwise con-
densation on the directional-hemispherical transmittance to the
shape of droplets which were much flatter on the glass windows

than on the PE films. They also observed wide variations in the
shape, size, and spatial distributions of the droplets condensed on
the glass plates and PE films. Droplets condensed on the PE films
without anti-drop agents approached more closely the cap-shaped
than those on the glass slabs. However, the authors did not mea-
sure either the contact angle or the surface area coverage of the
droplets because of their irregular shapes.

Geoola et al. [6,7] designed an experimental greenhouse and
measured the total hemispherical transmittance of solar radiation
(collimated and diffuse) over the wavelength range 305-2800 nm
through 140 pm thick cladding materials with and without con-
densation on the inner surface. Three types of low-density PE films
were investigated namely (i) ultraviolet (UV)-stabilized PE films,
(ii) UV- stabilized and infrared-modified PE films, and (iii) ultra-
violet-stabilized as well as infrared- and anti-drop-modified PE
films. The total hemispherical transmittance of the anti-drop PE
film was larger under condensation conditions by about 3.5% than
under dry conditions. By contrast, the total hemispherical trans-
mittance of the two other types of PE films without anti-drop
agents was lower by about 14-19% between dropwise condensa-
tion and dry conditions. Unfortunately, the authors did not report
the contact angle and surface area coverage of the droplets con-
densed on the different PE films.

Cemek and Demir [8] investigated experimentally the total
hemispherical transmittance of solar radiation in mini-green-
houses with and without dropwise condensation on the inner
surface. Four kinds of covering materials were tested namely (i) PE
films with no additives, (ii) UV-stabilized PE films, (iii) IR-ab-
sorbing PE films, and (iv) double-layer PE films with no additives,
all with a thickness of 150 pm. The authors measured the number
and diameter of droplets on the oblique ceiling and vertical side-
wall of the greenhouses and calculated the volume and surface
area coverage of droplets assumed to be cap-shaped. The mean
droplet diameter on the greenhouse’s ceiling made of PE films
with no additives, UV-stabilized PE films, and IR-absorbing PE
films were 2.6 mm, 2.0 mm, and 2.6 mm, respectively with surface
area coverage of 46%, 29%, and 38%. Droplets diameter on the
greenhouse vertical sidewalls, for the same three PE films, were
1.2 mm, 1.2 mm, and 2.6 mm with surface area coverage of 48%,
16%, and 23%, respectively. The total hemispherical transmittance
of solar radiation was larger by about 9% under dry conditions
compared with condensation conditions for all types of PE films.
The total hemispherical transmittance of double-layer PE films
was the lowest while that of PE films with no additives was the
highest both under dry and condensation conditions. The authors
indicated that high surface area coverage and volume of con-
densate led to a reduction of the total hemispherical
transmittance.

Overall, previous experimental measurements have established
that water droplet condensation on the backside of windows de-
crease their directional-hemispherical transmittance, compared
with dry conditions except for some anti-drop films [1,4,6-8]. In
addition, it was also established that the normal-hemispherical
transmittance decreases with increasing contact angle. Only con-
tact angles up to 90°-100° were explored [1]. To the best of our
knowledge, window materials with large contact angles were not
considered.

2.2. Modeling

Hsieh and Rajvanshi [9] analyzed theoretically light transfer by
the ray-tracing method at wavelengths between 500 nm and
2.5 pm for a 2.286 mm thick absorbing glass slab supporting, on its
backside, a single hemispherical water droplet, i.e., with contact
angle of 90°. The droplet radius varied from 0.25 mm to 1.25 mm.
The droplet size was found to have a negligible effect on both
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spectral normal-hemispherical transmittance and reflectance at
wavelengths below 900 nm because of the low absorption coeffi-
cient of both glass and water. However, both spectral normal-
hemispherical transmittance and reflectance decreased with in-
creasing droplet size and wavelength beyond 900 nm. Then, the
authors expressed the normal-hemispherical transmittance T, , of
glass windows supporting multiple droplets as the sum of the
normal-hemispherical transmittances of the dry window Ty ;0
and of the wet window with a single droplet T, 1 weighted by
the fraction f, of window surface area covered by the projected
droplets according to [1,9]

Tnh,/l = fA Tnh,/l,l+ (1 'fA )Tnh,A,O' €Y

Briscoe and Galvin [1] presented a ray-tracing analysis to pre-
dict the normal-hemispherical transmittance at 650 nm through a
glass slab (n,, = 1.5) supporting a single cap-shaped water droplet
(ng = 1.33) condensed on its backside with contact angle ranging
from 0° to 120°. The thickness of the glass slab was 1.1 mm and the
diameter of the droplet was 50 pm. The absorption coefficients
of the glass window and k, of water droplets at 650 nm were both
assumed to be 0.04 mm~'. The normal-hemispherical reflectance
was found to be independent of contact angle up to about 40° and
increased rapidly beyond. This was attributed to total internal
reflection at the water-air interface. The authors also adopted the
surface area coverage-weighted sum of the normal-hemispherical
reflectances of the glass slab without and with a single cap-shaped
droplet for surface area coverage estimated at 55%, as previously
discussed. Good quantitative agreement was obtained between
simulation predictions and experimental measurements of the
normal-hemispherical reflectance. Note, however, that the ab-
sorption coefficient «, = 4zk,/1 of clear soda-lime silicate glass
and water at wavelength A of 650 nm can be estimated as
0.016 mm~! [26] and 3.2 x 10~*mm™! [27], respectively. These
values are significantly different from those used in the simula-
tions [1].

Pieters et al. [10] also simulated light transfer by the ray-tracing
method at the wavelength of 632.8 nm through an absorbing glass
slab (n,, = 1.526, k,, = 4 m~!) or a polyethylene film (n,, = 1.515,
Kw = 165 m~') with a single absorbing cap-shaped droplet (ng =
1.515, k4 = 0.4 m~') on their backside with contact angle ranging
from 10° to 90°. The droplet radius, ranging from 1.275 mm to
12.75 mm, was found to have no effect on the transmittance.
However, the directional-hemispherical transmittance decreased
with increasing droplet contact angle from 10° to 90°. In addition,
Pieters [11] further improved the previous model by simulating
light transfer through a slab or film supporting two adjacent
droplets. The author indicated that the directional-hemispherical
transmittance of a window partly covered with droplets was dif-
ferent from the surface area coverage-weighted sum of the wet
and dry transmittances, given by Eq. (1) [1,9], especially for large
incident angle due to potential light reflection and refraction from
one droplet to another directly or via the glass slab.

Tow [15] investigated the directional-hemispherical reflectance by
the ray-tracing method at wavelength 500 nm for non-absorbing
monodisperse cap-shaped water droplets (ng = 1.33, k; = 0) in a
hexagonal arrangement on the backside of a non-absorbing glass
window (n,, = 15, k,, = 0) as a function of (i) contact angle ranging
from 0° to 90°, (ii) incident angle between 0° and 80°, and (iii) droplet
surface area coverage up to 90%. The glass window was 3 mm thick
and the monodisperse droplets were 2.66 mm in diameter. The nor-
mal-hemispherical reflectance was found to increase with increasing
surface area coverage for contact angle of 60° but decreased with
increasing surface area coverage for contact angle of 20° and 40°. The
author also suggested that condensation of water droplets could act
as an optically antireflective coating as droplets condensation could

Fig. 1. Photograph of a glass window with randomly distributed and polydisperse
condensed water droplets.

decrease the normal-hemispherical reflectance of glass to below that
of glass coated with a water film when the contact angle ranges be-
tween 26° and 49° with 90% surface area fraction.

Most previous theoretical studies have simulated light transfer
through a glass slab or plastic film supporting a single and several
monodisperse and ordered cap-shaped droplets. They qualitative
confirmed experimental observations that the directional-hemi-
spherical transmittance decreased with the presence of droplets
and with increasing contact angle up to 120° [1,10]. In practice,
however, condensed droplets are numerous, polydisperse, and
randomly distributed on the window’s surface, as illustrated in
Fig. 1. Moreover, the window can be made of a wide range of
materials with different complex index of refraction and wett-
ability. The present study aims to systematically investigate nu-
merically light transfer through transparent windows with dif-
ferent refractive index supporting numerous non-absorbing
monodisperse or polydisperse condensed droplets ordered or
randomly distributed on the substrate’s backside with contact angle
between 0 and 180°.

3. Analysis
3.1. Problem statement

Figs. 2(a) and (b) show the top and side views of the simulated
polydisperse droplets randomly distributed on a window with
length L, width W, and thickness H. The window was exposed to
collimated radiation incident on its front side at a polar angle 0.
Photons were reflected and refracted by the transparent window
of refractive index n,. Part of the incident radiation was trans-
mitted through the back face of the window into the non-ab-
sorbing droplets, with refractive index ng. Then, radiation could be
internally reflected within the droplet or transmitted through the
droplet/air or the droplet/window interfaces. In the present study,
the dimensions of the window for simulating randomly dis-
tributed and monodisperse or polydisperse droplets were L = W
= 5mm, and H = 3 mm. The refractive indices of air and water in
the PAR region were taken as n, = 1.0 and ngy = 1.33 [27], re-
spectively. The window was assumed to be glass with refractive
index of n,, = 1.5 [26]. The boundary conditions on the sides of the
window were periodic.
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Fig. 2. (a) Top view of the transparent window supporting polydisperse droplets.
(b) Cross-section of the transparent window supporting non- absorbing droplets.

3.2. Droplet generation

In the present study, three droplet configurations with different
size distributions and spatial arrangements on the window surface
were considered namely (i) monodisperse droplets ordered in a
hexagonal pattern, (ii) randomly distributed monodisperse dro-
plets, and (iii) randomly distributed polydisperse droplets with a
normal size distribution.

Droplets deposited on a flat surface assume a cap-shaped form
with constant curvature if their diameter d is much smaller than
the capillary length 1. defined as [28]

/4

l.= |~
“\rg )
where y is the surface tension of the droplet/air interface, p is the
droplet density, and g is the gravitational acceleration (g = 9.81 m/
s2). For water droplets in air, y=72.1mN/m and p=1000kg/m> so

that [.=2.7 mm.
The procedure to generate droplets randomly distributed on

the window surface with given (i) size distribution with mean
droplet diameter d,, and standard deviation ¢ and (ii) projected
surface area coverage fa followed three steps. Step 1 consisted of
randomly generating droplet diameter d according to

d= dm+RdO' (3)

where d,;; and o are the imposed average diameter and standard
deviation of the droplet diameter normal distribution while Ry is a
random number of standard normal distribution with a mean of
0 and standard deviation equal to 1. Note that the projected dro-
plet diameter d, can be measured more easily than d and is simply
expressed as

d,=dsing. forg.<90° and d,=d forg >90° @)

In addition, the droplet diameter d satisfied d,,-36<d<d,,+3c
and was such that 0 < d < [./10. If it fell outside this interval, it
was rejected and another diameter was generated. This was re-
peated for a total number of N droplets until the projected surface
area coverage f, reached the desired value. Step 2 consists of
sorting the droplets generated in Step 1 by decreasing diameter
with droplet index i varying from 1 to N. In Step 3, the positions (x;,
Vil <i < n Of the centers of the discs corresponding to the projec-
tion of the cap-shaped droplet onto the window’s surface were
generated randomly. The droplets were assigned to their random
location (x;Y:); <i < n by decreasing diameter, as sorted in Step 2. If
a droplet overlapped with an already placed droplet, the location
was rejected and another random center position was generated
until the droplet did not overlap with any other one.

Fig. 3 shows examples of the projected circles of droplets of a
5mm x 5mm window section. The randomly distributed and
polydisperse droplets were generated with mean diameter d,,, =
100 pm and standard deviation ¢ = 30 pm, with 6. = 90° for
projected surface area coverage fa equals to (a) 20%, (b) 30%, and
(c) 40% corresponding, in these specific illustrations, to a total
number of droplets equal to 378, 563, and 757, respectively.

3.3. Light transmission

3.3.1. Assumptions
Several assumptions were made in our Monte Carlo ray-tracing
simulations:

1) All interfaces were optically smooth so that all reflections were
specular and Snell’s law and Fresnel’s equations were valid [29]
(see Supplementary Material).

2) The droplets were cap-shaped with a constant curvature and
their diameter was smaller than 270 pm to satisfy d<l,.

3) The window and droplets were non-absorbing and had a con-
stant and uniform refractive index at the wavelengths of
interest.

4) The dimensions of the droplets and window were much larger
than the wavelength so geometric optics prevailed and inter-
ferences and other wave effects could be ignored.

5) Potential precursor films near the droplets’ edges have char-
acteristic dimensions much smaller than the radiation wave-
length [30,31] and can be ignored in our analysis.

3.3.2. Monte Carlo ray-tracing method

Monte Carlo ray-tracing method [32] was used to predict the di-
rectional-hemispherical transmittance of a transparent window ex-
posed to collimated radiation and supporting condensed non-ab-
sorbing cap-shaped droplets on its backside, generated by the
methodology previously described. The incident photon bundles may
experience multiple reflections and refractions at the window/air,
window/droplet, and droplet/air interfaces. They were traced until
they reached either the imaginary surface above the dry surface of the
window, when they were counted as reflected, or the imaginary
surface beyond the droplets, when they were counted as transmitted.
The computational steps were as follows for each photon bundle (see
block diagram in Fig. S2 of Supplementary Material):

1) For a given incident angle 6;, determine the random position
vector po = (Xo, Vo) in the x-y plane of the frontside (dry) of the
window where the incident photons reached the window.

2) Determine the random incident direction s; defined by a specific
polar angle 6; and a random azimuthal angle ¢;.

3) Calculate the reflectance p of the air/window interface using
Fresnel's equations. Generate a random number between 0 and
1 obeying uniform distribution. If the random number is smaller
than p, then reflection occurs, otherwise, refraction occurs.
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3

0
2

Fig. 3. Randomly distributed and polydisperse droplets packing with average diameter d,, = 100 pm and standard deviation ¢ = 30 pm, 6. = 90° for projected surface area
coverage fa. (a) fa = 20% with N = 592 droplets, (b) f = 30% with N = 902 droplets, and (c) fo = 40% with N = 1178 droplets.

4) Determine the specular reflection and refraction directions s, or
s, from Snell’s law.

5) Calculate the position p’ of the next interface reached by the
photon bundle based on geometric considerations.

6) Reset the initial location to p,=p’ and directions s;=s, or s;=s,.
Then repeat Steps 3 to 5.

Whenever the updated position po is above the dry front side of
the window, it indicates that the photon is reflected. Then the
number of reflected photons Mg is incremented, i.e., Mg = Mg + 1.
Similarly, if the position pg is beyond all the droplets, it means that
the photon is transmitted. Then, the number of photons Mr is in-
cremented, i.e., My = Mr + 1. The ray-tracing procedure ends for
the traced photon bundle and the procedure restarts for a new
photon bundle at Step 1.

Finally, after tracing M statistically significant number of pho-
ton bundles, the directional-hemispherical reflectance Ry, and
transmittance Ty, of the wet window are calculated according to

Rip=Mg/M  and Ty, = M¢/M )

Here, M = Mi + My or Ry, + Tz, = 1 since the window and the

droplets are non-absorbing. In all simulation results reported in this
study, the total number of photon bundles simulated was M = 10° in
order to achieve numerically converged results independent of the
number of photon bundles simulated (see Fig. S3 in Supplementary
Material).

3.3.3. Validation

In order to validate the Monte Carlo ray-tracing procedure and al-
gorithm, we considered the case of monodisperse water droplets (g =
1.33) of diameter d = 100 pm ordered in a hexagonal pattern on the
backside of a glass window (n,, = 1.5) of thickness H = 3 mm, as
illustrated in Fig. 4. First, we simulated light transfer through a glass
window supporting eight water droplets and using periodic boundary
conditions [Fig. 4(a)]. By virtue of symmetry, this configuration should
be equivalent to a triangular slice corresponding to 1/12th of a hexagon
with a single droplet with reflecting boundary conditions [Fig. 4(b)].
Similar simulations were performed by Tow [15]. Excellent agreement
was found between the two approaches confirming the validity of the
algorithms and proper consideration of the optical phenomena and
boundary conditions (see Fig. S4 in Supplementary Material). The
present results were also consistent with numerical results reported in
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(@

(b)

Fig. 4. Simulated geometries for monodisperse droplets ordered in a hexagonal
pattern with d = 100 pm. (a) section of eight droplets with periodic boundary
conditions and (b) triangular slice corresponding to 1/12th of a hexagon with re-
flecting boundary conditions.

the literature [1] (see Fig. S5 in Supplementary Material).

4. Results and discussion

In this study, the effects of (i) incident angle as well as (ii) droplet’s
spatial distribution, (iii) size distribution, (iv) contact angle, and
(v) projected surface area coverage on the directional-hemispherical
transmittance of transparent windows with non-absorbing water
droplets condensing on their backside were systematically in-
vestigated over a wide range of parameters. Note that the thickness of
the glass window was found to have no effect on the directional-
hemispherical transmittance by virtue of the fact that it was non-
absorbing (see Fig. S6 in Supplementary Material).

4.1. Effect of droplet size and spatial distributions

Fig. 5 shows the directional-hemispherical transmittance of
glass windows with condensed water droplets as a function (a) of
incident angle 6; for contact angle 8. = 60° and projected surface
area coverage fa = 30% and (b) of contact angle 8, between 0 and
180° under normal incident (i.e., d; = 0°) and fy = 30%. Each plot
compares the predictions of the directional-hemispherical trans-
mittance for four configurations namely (i) monodisperse droplets
of diameter d,, = 100 pm arranged in an ordered hexagonal
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Fig. 5. Directional-hemispherical transmittance: (a) as a function of incident angle
6; with 6. = 60° and fy = 30% and (b) as a function of contact angle 6. with 6;=0°
and fy = 30% for four different configurations. 1. Monodisperse droplets of diameter
d, = 100 pm arranged in an ordered hexagonal pattern. 2. Monodisperse and
randomly distributed droplets of diameter d,, = 100 pm. 3. Polydisperse and ran-
domly distributed droplets with d,;, = 100 pm and ¢ = 30 pm. 4. Polydisperse and
randomly distributed droplets d,, = 200 pm and ¢ = 60 pm.

pattern, (ii) monodisperse and randomly distributed droplets of
diameter d,, = 100 pm, as well as (iii) polydisperse and randomly
distributed droplets following a normal distribution with mean
diameter d,, = 100 pm and standard deviation ¢ = 30 pm, and
(iv) dm = 200 pm and o = 60 pm. To the best of our knowledge,
Fig. 5 reports the first simulations of such a large number of ran-
domly distributed polydisperse droplets with contact angles above
120°. Fig. 5(a) indicates that the directional-hemispherical trans-
mittance was nearly constant for incident angle 6; between 0° and
60° beyond which it decreased sharply to vanish at 90°.
Moreover, Figs. 5(a) and (b) indicate that the directional-
hemispherical transmittance was independent of the droplet
spatial arrangement (i.e., ordered or random) and of the droplet
size distribution (monodisperse or polydisperse). Additionally, the
normal-hemispherical transmittance was also predicted for wet
glass window supporting polydisperse droplets of different size
distributions namely (i) normal distribution, (ii) uniform dis-
tribution, and (iii) gamma distribution. Results indicate that the
size distribution had no effect on the normal-hemispherical
transmittance albeit for a given projected surface area coverage fa
(see Fig. S7 in Supplementary Material). These results corroborate
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Fig. 6. Directional-hemispherical transmittance as a function of incident angle 6;
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= 60%, where the black line was the transmittance in the model of monodisperse
and ordered droplets, while the red line was the transmittance predicted by Eq. (1).

previous numerical studies which established that, for a single
droplet with a given projected surface area coverage, the droplet
diameter had a negligible effect on the normal-hemispherical
transmittance and reflectance [1,9,10]. The present findings reduce
significantly the number of parameters on which the directional-
hemispherical transmittance depends, i.e., Tgp, = Tgp (6;, Ny, ng, 6.,
fa). In fact, results presented in the remaining of this study, were
obtained for monodisperse droplets of diameter d,, = 100 pm
ordered in a hexagonal pattern.

4.2. Effect of incident angle

Fig. 6(a) plots the directional-hemispherical transmittance as a
function of incident angle &; for droplet projected surface area coverage
of fa = 60% and contact angle 6. of 15°, 30°, 60°, 90°, 120°, 150°, and
180°, and for a dry glass window. The directional-hemispherical
transmittance decreased with increasing contact angles from 15° to
90°. However, it increased with increasing contact angles from 90° to
180¢, for all incident angles. It decreased monotonously with incident
angle 6; for contact angles 15°, 30°, 60°, 120°, 150° and 180°. However,
for contact angle 6, = 90°, the directional-hemispherical transmittance

(@ 10
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0.7 F

0.6 -—0— f,\ =30%
—b— f,=60%
—0—£,=90%

05 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Contact angle, HC (degree)

Normal-hemispherical transmittance, 7

(b) 0, 90° 180°-6.
Regime I | Regime II | Regime III | Regime IV

9 =48.8°

180°-9 =131.2°

0.8

0.7

0.6

0.5

Normal-hemispherical transmittance, 7

0'4 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Contact angle, 6 (degree)

Fig. 7. Normal-hemispherical transmittance as a function of contact angle 6. (a) for
different values of projected surface area coverage fa and (b) for different droplet
refractive index ny and critical angle 6, at the liquid-air interface for f, = 90%.

feature a maximum for incident angle 6; around 50°, as also observed
in Ref. [10]. Furthermore, the directional-hemispherical transmittance
for 6, = 60°, 90°, 120°, 150°, 180° was smaller than that of the dry glass
window for all incident angles. However, the directional-hemispherical
transmittance for 6. = 15° and 30° was slightly larger than that of the
dry glass window for incident angle 6; < 45° with 8, = 15° and 6; <
25° with 6, = 30°.

Fig. 6(b) compares the directional-hemispherical transmittance as
a function of incident angle for wet glass window with 6, = 90° and
fa = 60% (i) predicted numerically by the Monte Carlo ray-tracing
method and (ii) predicted as the projected surface area coverage-
weighted sum of transmittances for a dry and a wet window given by
Eq. (1).

The two approaches gave similar results for normal incidence,
i.e., 8; = 0°. However, for non-zero incident angles, predictions by
Eq. (1) significantly underpredicted the transmittance Ty, pre-
dicted by the Monte Carlo ray-tracing method for multiple dro-
plets. This could be attributed to the fact that photons with large
incident angle may travel through multiple droplets with in-
creasing likelihood of being reflected before being transmitted.
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Fig. 8. Schematic illustrating the effect of droplet contact angle . on the normal-hemispherical transmittance and the four different optical Regimes defined with respect to

total internal reflection with critical angle 6, = sin(1/ny).

This would decrease the directional-hemispherical transmittance,
as suggested in Ref. [11] from simulations of two adjacent droplets
of identical diameter.

4.3. Effect of contact angle and critical angle

This section pays particular attention to the effect of contact angle
and critical angle on the normal-hemispherical transmittance. Indeed,
the directional-hemispherical transmittance was nearly unchanged
for incident angle between 0 and 60° and rapidly decreased to vanish
at 90°. Thus, the normal-hemispherical is representative of the total
transmittance and energy flux passing through the window sup-
porting condensed droplets.

Fig. 7(a) plots the normal-hemispherical transmittance T, as a
function of droplet contact angle 8, between 0° and 180° for droplet
refraction index ny = 1.33 and projected surface area coverage f
equal to 30, 60, and 90%. Similarly, Fig. 7(b) plots T, for projected
surface area coverage fa of 90% and different values of droplet re-
fractive index ng namely 1.33 and 1.6 corresponding to critical angle
0. = sin~'(1/ny) for total internal reflection at the droplet/air inter-
face of 48.8° and 38.7°, respectively. Fig. 7 indicates that the normal-
hemispherical transmittance T,, was nearly independent of contact
angles 6. when 6, < 6, and 6, > 180° - 0. However, it decreased
rapidly with increasing contact angle beyond the critical angle and
featured a minimum at 90° before increasing rapidly again for contact
angle between 90° and 180° - @, In other words, four distinct optical
regimes can be defined with respect to the critical angle 8, namely
(i) Regime I with 8, < 6., (ii) Regime II with 6, < 6. < 90°, (iii)

Regime IIl with 90° < 6. < 180° - @, and (iv) Regime IV with 6, >
180° - 6. Finally, note that droplet with large refractive index re-
sulted in smaller normal-hemispherical transmittance compared with
smaller refractive index of droplets, for any contact angles.

Figs. 8(a)~(d) schematically illustrate the effect of droplet con-
tact angle on the normal-hemispherical transmittance of wet
windows for the optical Regimes I to IV previously described. For
regime [ with 8, < 0., [Fig. 8(a)] and regime IV with 8, > 180° -
0., [Fig. 8(d)], no total internal reflection occurred at the droplet/
air interface so that contact angle had little effect on the normal-
hemispherical transmittance. However, the normal-hemispherical
transmittance T,, was systematically larger in Regime I (6. < 6,)
than in Regime IV (8, > 180° - ,,). This was due to the fact that,
for a given droplet projected surface area coverage, photon bun-
dles passing near the periphery of droplets on hydrophobic sur-
faces (Regime IV) had to pass through the window/air interface
before interacting with the droplet instead of directly through the
window/droplet interface. However, the normal transmittance of
the window/air interface is smaller than that of the window/dro-
plet interface due to the larger refractive index mismatch. As a
result, the normal-hemispherical transmittance for hydrophobic
surfaces such that ., > 180° - 6., (Regime IV) was smaller than
that for hydrophilic surfaces when 8, < .. (Regime I).

Finally, for Regime II with ., < 6. < 90° [Fig. 8(b)] and Re-
gime III with 90° < 6, < 180° - 6., [Fig. 8(c)], total internal re-
flection occurred when photons passed near the contact line. In
fact, in Regime II, the larger the contact angle the more photon
bundles were reflected back into the droplets and in the glass
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Fig. 9. Effect of droplet projected surface area coverage fa on the normal-hemispherical transmittance of glass windows in the four different optical Regimes illustrated

in Fig. 8.

window as total internal reflection became increasingly important
and transmittance decreased. On the other hand, in Regime III (90°
< 0. < 180° - 4.,), the larger the contact angle the fewer photon
bundles were reflected back to the glass window from the droplet/
air interface and transmittance increased. This can be attributed to
the fact that the area of droplet/air interface where total internal
reflection occurred decreased as 6, increased.

4.4. Effect of projected surface area coverage

Fig. 9(a)-(d) plot the normal-hemispherical transmittance as a
function of projected surface area coverage for different contact
angles in the four optical regimes previously identified. In Regime I
for 6. < 6. = 48.8°, the normal-hemispherical transmittance of
the wet glass windows increased very slightly with increasing
droplet projected surface area coverage [Fig. 9(a)]. In other words,
the presence of droplets increased slightly the transmittance
above that of dry glass window as droplets featured smaller index
mismatch with air than glass. These results are consistent with

experimental measurements by Geoola et al. [6,7] with auti-drop
PE films. Moreover, in some cases (e.g., for 8. = 30° and fy > 85%),
the normal-hemispherical transmittance exceeded that of trans-
parent glass window covered with a non-absorbing water film of
arbitrary thickness denoted by Ty, and expressed as [32]

(1_ paw)(l - pwf)(l_ pfa)

(1 _pawpwf)(‘1 _pwfpfa)_pﬂwpfﬂ( 1 _pwf)z ®

where paw, pus and py, are the specular reflectivities under normal
incidence at the air/window, window/film, and film/air interfaces
respectively given by p; = (n; - n;)/(n; 4+ n;)*. This could be attributed
to total internal reflection occurring at the top surface of the glass
window, so that incidence radiation was reflected back into the dro-
plets and eventually transmitted, as suggested by Tow [15].

In the other optical Regimes II to IV, the normal-hemispherical
transmittance decreased almost linearly with increasing projected
surface area coverage and was always smaller than that of dry glass

Tong =
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window. In Regimes II and III, such that 8, < 6. < 180° - 8, this was
due to total internal reflection at the droplet/air interface, as illustrated
in Fig. 9(b) and (c). In Regime IV, such that 6, > 180° - 8, the normal-
hemispherical transmittance decreased linearly albeit only slightly with
projected surface area coverage and was nearly independent of contact
angle, as previously discussed.

5. Conclusion

This study investigated numerically the directional-hemispherical
transmittance of transparent windows supporting non-absorbing cap-
shaped water droplets condensing on its backside. It considered not
only monodisperse droplets ordered in a hexagonal pattern as studied
in the literature but also and for the first time, randomly distributed
and polydisperse droplets with contact angle ranging between 0°
(hydrophilic) and 180° (superhydrophobic) and projected surface area
coverage between 0 and 90%. The normal-hemispherical transmit-
tance of these different configurations was predicted using Monte
Carlo ray-tracing method. Results indicate that the directional-hemi-
spherical transmittance was independent of droplets’ spatial ar-
rangement and size distribution. In fact, it depended only on (i) the
incident angle, (ii) the optical properties of the window and droplets,
and on (iii) the droplet contact angle and (iv) projected surface area
coverage. In all cases, the directional-hemispherical transmittance
decreased with increasing incident angle, except for a slight increase
when contact angle was 90°. In addition, four optical regimes in the
normal-hemispherical transmittance were identified and defined with
respect to the critical angle &, for total internal reflection at the dro-
plet/air interface. For droplet contact angle €, smaller than the critical
angle 6, (Regime I), the normal-hemispherical transmittance was
nearly independent of contact angle and increased with projected
surface area coverage thanks to the smaller refraction index mismatch
at the droplet/air interface than at the window/air interface. However,
for contact angles beyond 6, and smaller than 90° (Regime II), the
normal-hemispherical transmittance decreased rapidly with contact
angles while it increased with contact angle increasing from 90° to
180° - 6, (Regime III). This was due to total internal reflection at the
droplet/air interface. For contact angles exceeding 180° - &, (Regime
IV), the normal-hemispherical transmittance was nearly independent
of contact angles but slight smaller than that of Regime I. In Regimes II
to IV, the normal-hemispherical transmittance decreased linearly with
increasing droplet projected surface area coverage. In practice, win-
dows with a hydrophilic back surface, such that 6, < 6, feature in-
creasing transmittance with increasing droplet projected surface area
coverage. Such behavior is highly desirable for greenhouses, solar
desalination, and photobioreactors systems, to name a few. The second
best option in mitigating the effects of condensing droplets on win-
dow transmittance consists of windows with superhydrophobic back
surface.
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