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ABSTRACT

This study investigates systematically light transfer through windows supporting cap-shaped droplets on
their external face. The presence of such droplets may have negative effects on the conversion efficiency
of solar cells, distorts image quality of lenses, or hinders visibility through windows and windshields.
Here, the directional-hemispherical transmittance was predicted by the Monte Carlo ray-tracing method.
The droplets were monodisperse or polydisperse randomly distributed on the outside face of optically
smooth windows. For nonabsorbing droplets, the diameter and size distribution did not have a signifi-
cant effect on the window directional-hemispherical transmittance. The latter was nearly independent of
contact angle for incident angle 6; <30°. However, the directional-hemispherical transmittance decreased
monotonously with increasing incident angle and droplet contact angle for contact angle 6. < 70° to reach
a minimum at a contact angle 6., beyond which it increased with increasing contact angle before
reaching a plateau at large contact angles. This was attributed to total internal reflection at the back win-
dow/air and droplet/air interfaces. For absorbing droplets, the normal-hemispherical transmittance de-
creased significantly with increasing droplet contact angle, mean diameter, polydispersity, and projected
surface area coverage due to strong absorption within the droplets. Moreover, the normal-hemispherical
transmittance decreased with increasing contact angle for . <90° and remained constant and indepen-
dent of the droplets’ absorption index, mean diameter, and contact angle for 8. >90°. Finally, Analytical
expressions for the upper and lower bounds of the normal-hemispherical transmittance as a function of

droplet contact angle, optical properties, and projected surface area coverage were derived.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The presence of droplets on the outside face of a window is
common occurrence in numerous circumstances. In such situa-
tions, droplets are undesirable as they hinder visibility. For ex-
ample, outside condensation on windows can be observed (i) on
poorly insulated windows in air-conditioned buildings under hot
and humid climates [1,2] or (ii) on well-insulated windows — with
U-value less than 1.2W/m2XK - on clear and humid nights when
the window external surface temperature falls below the dew
point [3-5]. Outside condensation reduces the visibility through
the window and has been identified as a factor limiting adop-
tion of more energy efficient windows [5]. Two types of surface
coatings have been explored to reduce outside condensation on
well-insulated windows namely (1) a low-emissivity coating (e.g.,
Sn0,:F) to reduce radiation cooling and increase the window out-
side surface temperature and (2) a hydrophilic coating (e.g., TiO,)
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to ensure that condensed water forms a transparent water film in-
stead of strongly scattering droplets [2,4].

Similarly, outside condensation on vehicle windshields and
from water sprayed by other vehicles driving on wet roads can
significantly reduce road visibility, particularly at night and despite
the use of wipers [6]. Dropwise condensation also occurs on lenses
of cameras used for scientific observations [7,8] and surveillance
[9]. Finally, the presence of water droplets on photovoltaic solar
cells from dew or rain could decrease the efficiency of solar cells
due to light absorption and reflection by the water droplets [10,11].

The present paper aims to investigate systematically light trans-
fer through windows supporting cap-shaped droplets on their out-
side face. The effects of incident angle and of droplet size distribu-
tion, contact angle, projected surface area coverage, and absorption
index were investigated. The results will provide guidelines for the
design and material selection of building and car windows, cam-
era lenses, and solar cells in order to reduce the negative effects of
droplets on window transmittance and system performance.
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Nomenclature

An normal absorptance

d droplet diameter, pm

dm mean diameter of droplets, pm

dp projected diameter of droplets on the window, pm
fa droplet projected surface area coverage
H thickness of the window, mm

k absorption index

L length of the window, mm

M number of photon bundles

n refractive index

R reflectance

T transmittance

w width of the window, mm

Greek symbols
contact angle, °©

Oc

0; incident angle, °

A wavelength, pm

Pij reflectivity of the interface ifj

o standard deviation of droplet diameter, pm
T transmissivity

Subscripts

a refers to air

d refers to droplet

f refers to film

w refers to window

dh refers to directional-hemispherical
nh refers to normal-hemispherical

2. Analysis
2.1. Problem statement

Fig. 1(a) and 1(b) respectively show the top and side views
of polydisperse droplets randomly distributed on the outside face
of a window of length L, width W, and thickness H. Collimated
monochromatic radiation of wavelength A was incident on the out-
side face of the window at a polar angle 6;. Photons were re-
flected, transmitted, or absorbed by the window with refractive
and absorption indices, respectively denoted by ny,, and ky, or by
the droplets with refractive and absorption indices denoted by ny
and ky, respectively. In the present study, the dimensions of the
window supporting randomly distributed monodisperse or polydis-
perse droplets were L=W=>5mm, and H=3 mm. Unless otherwise
noticed, the refractive and absorption indices of the surrounding
air were taken as ng=1.0 and k; =0, and the refractive indices of
the window and droplets were taken as ny =15 and ny=1.33, re-
spectively. The window and droplet absorption indices ky and kg
were taken as parameters as they can vary strongly with wave-
length. Finally, the projected surface area coverage f, was defined
as the fraction of the glass window covered by the normal pro-
jection of droplets with diameter d and contact angle 6. whose
projected diameter dp can be expressed as

dp = dsin[min (¢, 90°)]. (1)
2.2. Methods

Monodisperse or polydisperse and randomly distributed
droplets were generated on the outside face of the window by
using the same methodology as that developed in our previous
study focused on light transfer through windows supporting
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Fig. 1. (a) Top view of the semitransparent window (nw, ky) of dimensions
L x W x H supporting polydisperse absorbing cap-shaped droplets (ng, kq) for con-
tact angle 6, diameter d, and projected diameter d,. (b) Cross-section of the semi-
transparent window supporting absorbing droplets exposed to collimated incident
radiation at angle 6; and wavelength A.

droplets on their back side [12,13]. The procedure was described
in detail in Ref. [12] and need not be repeated. Similarly, sim-
ulations of light transfer through windows supporting droplets
on their outside face was based on the same assumptions as
that used in Ref. [12,13] in order to make the problem mathe-
matically tractable. In brief, all interfaces were assumed to be
optically smooth and Snell's law and Fresnel’s equations prevailed.
Here also, Monte Carlo ray-tracing method [14,15] was used to
predict the directional-hemispherical reflectance, transmittance,
and absorptance of windows exposed to collimated radiation and
supporting droplets on their outside face [12,13]. In all simula-
tions reported in this paper, the total number of photon bundles
simulated was M =10% in order to achieve numerical convergence.

3. Results and discussion

A parametric study was performed to investigate systematically
the effects of (i) incident angle 0;, (ii) normal droplet size distribu-
tion, (iii) contact angle O, (iv) projected surface area coverage fj,
and (v) droplet absorption index k; on the normal-hemispherical
transmittance and reflectance of semitransparent windows sup-
porting either nonabsorbing (k; =0) or absorbing (k4 > 0) droplets.

3.1. Nonabsorbing droplets on transparent window

3.1.1. Effect of droplet diameter and size distribution

Fig. 2 shows the directional-hemispherical transmittance for
nonabsorbing (k;=0) droplets and transparent (ky =0) window
(a) as a function of incident angle 6; for contact angle 6.=60°
and 6.=120° and (b) as a function of contact angle 6. with
incident angle 0;=30° and 6;=60°. Fig. 2 compares predictions
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Fig. 2. Directional-hemispherical transmittance for nonabsorbing droplets on trans-
parent windows (a) as a function of incident angle 6; for contact angle 6.=60°
and 6,=120°, and (b) as a function of contact angle 6. for incident angle 6; =30°
and 6; =60°. The monodisperse or polydisperse droplets were randomly distributed
with either d, =100 pm or d;, =250 pm. The diameter of polydisperse droplets was
dm — 0 <d <dp+o0 and such that o =d,. Here, f3 =50%, n, =15, and ng =1.33.

for randomly distributed (i) monodisperse and (ii) polydisperse
droplets following a normal distribution with mean diameter dp,
and standard deviation o with droplet diameter such that dp -
0 <d<dp+0o. The droplet mean diameter was either dy=100
um or 250 pm while standard deviation of polydisperse droplets
was o =dp;, and the droplet projected surface area coverage was
fa=50%. Fig. 2 indicates that, for nonabsorbing droplets, the
droplet mean diameter and their size distribution had a negligibly
small effect on the directional-hemispherical transmittance. Sim-
ilar observations were made for transparent windows with non-
absorbing droplets on their backside [12]. These results simplify
the analysis by reducing the directional-hemispherical transmit-
tance to a function such that Ty, =Tg, (nw, ng, 0; ¢ fa).
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Fig. 3. (a) Directional-hemispherical transmittance for nonabsorbing droplets on
transparent windows as a function of incident angle 6; for different values of con-
tact angle 0. and (b) incident angle 6;,, corresponding to the minimum trans-
mittance as a function of contact angle 6.. The droplets were monodisperse and
randomly distributed with d, =250 pm, f; =50%, n, = 1.5, and ny =1.33.

Finally, it is important to note that the presence of droplets on
the external surface of the window leads to very different pho-
ton optical path and transmittance compared with droplets on the
backside, as illustrated in Supplementary Material for transparent
window and non-absorbing droplets for a wide range of contact
angle and incident directions.

3.1.2. Effect of incident angle

Fig. 3 plots (a) the directional-hemispherical transmittance for
monodisperse and randomly distributed nonabsorbing droplets and
transparent window as a function of incident angle 6; for different
contact angle 6. and (b) the incident angle 6, corresponding
to the minimum transmittance as a function of contact angle 6.
Here, the droplet diameter was dp =250 pm and the droplet pro-
jected surface area coverage was f, =50%. Fig. 3(a) indicates that,
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for incident angle 6; <40° and all contact angles considered, the
directional-hemispherical transmittance remained nearly constant
and identical to that of the dry transparent window. Then, it de-
creased monotonously with increasing incident angle for contact
angle 0. < 70°. However, for contact angle 6. > 70°, the directional-
hemispherical transmittance featured a minimum at the incident
angle 0; ip. Fig. 3(b) indicates that the incident angle 0; p;, de-
creased with increasing contact angle 6.>70°. The presence of a
minimum in the directional-hemispherical transmittance could be
attributed to total internal reflection at the back window/air and
droplet/air interfaces. However, simple expressions relating 6; ;,
to O, could not be formulated due to the complexity of the opti-
cal path. Indeed, photons entering the window either directly or
through the droplets may get internally reflected at the back win-
dow/air interface (ny >ng=1) and enter the droplets followed by
internal reflection at the droplet/air interface (n; > 1).

In order to prove the effect of total internal reflection at
the back window/air and droplet/air interfaces, Fig. 4 shows the
directional-hemispherical transmittance Ty, for transparent win-
dow supporting nonabsorbing monodisperse droplets as a function
of incident angle 6; (a) for different values of refractive indices of
the window ny (=1.5 or 1.33) and the droplets ny(=1.33 or 1.5)
while keeping ng =1, and (b) for the imaginary cases when the in-
side and outside air is replaced by media with respective refrac-
tive indices ng; and ngo(=1 or 1.5) while keeping ny =15 and
ng = 1.33. Here also, the droplet diameter was d; =250 pm, contact
angle was 6.=90°, and the droplet projected surface area coverage
was fj =50%. Fig. 4(a) indicates that, for a given droplet refractive
index ng4, the window refractive index n, had a negligible effect
on the directional-hemispherical transmittance Ty, and thus on the
incident angle 6; ;. In other words, suppressing reflection and re-
fraction at the droplet/window interface by matching their refrac-
tive indices had a negligible effect. By contrast, for a given value
of ny, increasing the droplets refractive index ng and thus the re-
fractive index mismatch between the droplet and the air resulted
in increasing the incident angle 6; ,;,,. Moreover, Fig. 4(b) indicates
that, for ngo =15 and ng; =1, the directional-hemispherical trans-
mittance Ty, decreased sharply around 42° corresponding to the
critical angle for total internal reflection at the back window/air
interface given by 0;,¢-=sin(ng;/nw) ~ 41.8°. In addition, Ty, fur-
ther decreased beyond 6;,.- to vanish for incident angles above the
cut-off incident angle 6;., ~ 54.2° expressed, according to suc-

cessive applications of Snell’s law, as 6; ¢, = cos™! /nﬁ — ng i/na,o)-

For ngo=1 and ng;=1.5, Ty, remained constant and almost inde-
pendent of incident angle. This could be attributed to the absence
of reflection on the back face of the glass window. For ng,=1.5
and ng;=1.5, Ty, decreased rapidly at large incident angle. These
results confirm that total internal reflection at the back window/air
and air/droplet interfaces was responsible for the behavior of Ty,
(Fig. 3(a)) and the existence of the incident angle 6; p;,, (Fig. 3(b))
which depended on contact angle 6.

3.1.3. Effect of droplet contact angle

Fig. 5 shows the directional-hemispherical transmittance
for transparent window supporting nonabsorbing monodisperse
droplets as a function of contact angle 6. with different incident
angle 6;. Here also, the droplet diameter was dp=250 pm and
the droplet projected surface area coverage was taken as f, =50%.
Fig. 5 indicates that the hemispherical transmittance for incident
angle 6; less than 30° was nearly independent of contact angle
6. except for a slight decrease for contact angles 6. > 160°. How-
ever, the directional-hemispherical transmittance for large incident
angle 6;>40° decreased with increasing contact angle to reach a
minimum at a contact angle 6 ;.. Beyond ¢ i, the directional-
hemispherical transmittance increased with increasing contact
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Fig. 4. Directional-hemispherical transmittance for nonabsorbing droplets on trans-
parent windows as a function of incident angle 6; with (a) different refractive in-
dices of windows and droplets, n,, and ny, and (b) different refractive indices of air
above the window on the droplet side and air below the window backside, n,; and
ngp. The droplets were monodisperse and randomly distributed with d;; =250 pm,
0c=90°, fy =50%.

angle before reaching a plateau at large contact angles. The con-
tact angle 6, decreased with increasing incident angle 6;, as
illustrated in the previously discussed Fig. 3(b). Again, this was
attributed to total internal reflection at the back window/air and
droplet/air interfaces.

3.1.4. Effect of projected surface area coverage

Fig. 6 plots the normal-hemispherical transmittance T,, of
transparent windows supporting nonabsorbing droplets with con-
tact angle 6. between 0 and 180° for different values of projected
surface area coverage fy =10%, 30%, and 50%. The droplet diame-
ter was dp =250 pm. Fig. 6 also shows the normal transmittance
for a nonabsorbing window without and with a nonabsorbing
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liquid film of thickness identical to the average height of cap-
shaped droplets given by Hy = (1 - cosfl/¢)dm/2. The normal-normal
transmittance Ty, of the dry transparent window (k, =0) can be
expressed as [14]

Tw = (l - ,Oaw)/(1 + paw)s (2)

where pgqy is the reflectivity of the air/window interface expressed
as Paw=(Nq - w2 (g +nw)?.

Similarly, the normal-normal transmittance T, of the transpar-
ent window covered with a nonabsorbing film can be written as
[14]

1- a 1- w 1— pwa
Typ = ( 'Of)( Py )( Pwa) i (3)

(1= parosw) (1 = Prwbwa) = ParPuwa(1 = pru)

where o4, Ofy, and pwq are respectively the specular normal re-
flectivities at the air/film, film/window, and window/air interfaces
and given by pj;=(n; - n;)?[(n; +n;)%.

Fig. 6 indicates that, for contact angles 6. < 160°, the normal-
hemispherical transmittance of the window with nonabsorbing
droplets was independent of 6., as previously discussed. In ad-
dition, it increased slightly with increasing projected surface
area coverage fy. It is also interesting to note that the normal-
hemispherical transmittance was larger than the transmittance of
dry transparent window T, and smaller that of the window with
a nonabsorbing film T,y for 6. <160°. This can be attributed to
the reduction in reflection thanks to the smaller index mismatch
achieved by the presence of the droplets compared with the dry
window. However, for contact angle . > 160°, the presence of the
droplets reduced the normal-hemispherical transmittance of the
window. This effect was stronger with increasing projected surface
area coverage fa. This could be attributed to the lack of total in-
ternal reflection in the droplets for large contact angles and the
resulting increase in reflectance.

3.2. Absorbing droplets on transparent windows

3.2.1. Effects of size distribution and droplet diameter

Fig. 7 shows (a) the normal-hemispherical transmittance
T,, and (b) the normal absorptance A, of transparent win-
dows (kw=0) supporting monodisperse or polydisperse absorb-
ing droplets (k;=10"3) at wavelength A=1um as a function
of contact angle 6. for different values of mean diameter dp
namely 100pum and 250pm. Note that in the case of absorb-
ing droplets or windows, the wavelength needs to be speci-
fied to estimate their absorption coefficient [13]. The droplets
were randomly distributed on the window surface with pro-
jected surface area coverage f; =50% and had the same mean
diameter dp albeit the diameter of polydisperse droplets fol-
lowed a normal distribution with d, —0 <d <dym +0 and such
that o =d;;. Fig. 7(a) indicates that the normal-hemispherical
transmittance decreased significantly and monotonously with in-
creasing contact angle 6. for both monodisperse and polydis-
perse droplets. Unlike in the case of nonabsorbing droplets, the
mean diameter dy and size distribution of absorbing droplets
affected the normal-hemispherical transmittance T,;. In fact,
the latter decreased and the normal absorptance A, increased
as the droplet diameter and/or polydispersity increased. This
was due to the fact that, the volume of the droplets -
and the fraction of incident radiation they absorbed - increased
with increasing droplet contact angle 6. and/or mean diameter
dm, as illustrated in Fig. 7(b). Finally, the normal-hemispherical re-
flectance was small(< 7%), and decreased slightly with increasing
contact angles.

3.2.2. Effect of droplet absorption index k,

Fig. 8 plots the normal-hemispherical transmittance T,, of a
transparent window supporting, on its outside face, monodis-
perse absorbing droplets with different values of absorption in-
dices k4. The droplets were randomly distributed with diameter
(a) dyn =100 pm or (b) dny=250 pm, and projected surface area
coverage fy =50%. Fig. 8 indicates that the normal-hemispherical
transmittance decreased slightly with increasing contact angle for
slightly absorbing droplets (kw=0 and k;=10"4). However, for
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Fig. 7. (a) Normal-hemispherical transmittance (6;=0°) and (b) normal absorp-
tance of transparent windows (k, =0) supporting monodisperse or polydisperse
absorbing droplets (ks =1073) as a function of contact angle . for droplet mean
diameter dp, of 100 and 250um. The droplets were randomly distributed with
fa=50%, A=1num, n,, =15, and ny = 1.33. The diameter of polydisperse droplets fol-
lowed a normal distribution with d,, — 0 <d <d;; + 0 and such that o =d,.

strongly absorbing droplets (ky=0 and k;>10-2), the normal-
hemispherical transmittance T,, decreased significantly with
increasing contact angle for 6. <90° The decrease was sharper for
larger droplets for a given value of k;. On the other hand, for
6¢>90°, T,, remained constant and independent of (i) absorption
index kg, (ii) droplet mean diameter d;, and (iii) contact angle 6.
This could be attributed to the fact that, for k;>10-2, all pho-
tons entering the droplets were absorbed. In fact, for 6. >90°, the
normal-hemispherical transmittance corresponded to the fraction
of radiation directly entering the dry areas of the front window
and could be expressed approximatively as

T:h ~ Tw(1 = fa). (4)
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Fig. 8. Normal-hemispherical transmittance for absorbing droplets on transpar-
ent windows with different absorption index k;. The droplets were monodisperse
and randomly distributed with (a) d =100 pm or (b) dy =250 pm with f; =50%,
A=1pum, n, =15, and nyz=1.33.

where T, is the normal-normal transmittance of the dry trans-
parent window given by Eq. (2). These conclusions were sim-
ilar to those obtained in the case of windows supporting ab-
sorbing droplets on their backside [13]. Fig. 8 also plots the
normal-hemispherical transmittance T, of a transparent window
covered with a nonabsorbing film (ng=133, k;=0) of thick-
ness Hy = (1-cosfc)dm/2 given by Eq. (3). It indicates that the
normal-hemispherical transmittance of transparent windows cov-
ered with absorbing droplets fell between T, and T, predicted by
Egs. (3) and (4), respectively.

3.2.3. Effect of projected surface area coverage fy

Fig. 9 plots the normal-hemispherical transmittance for trans-
parent windows (ny = 1.5, ky = 0) supporting monodisperse and ab-
sorbing droplets (ng=1.33, k;=10"3) of diameter d, =250 pm
for different projected surface area coverage f4. For f,=0.1, 0.3,
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Fig. 9. Normal-hemispherical transmittance for absorbing droplets on transpar-
ent windows with different projected surface area coverage f4. The droplets were
monodisperse with d,; =250pum, A =1pm, ny = 1.5, and ny=1.33. For f4 =0.1, 0.3,
and 0.5, the droplets were randomly distributed and for f;=0.7 and 0.9, the
droplets were arranged in an ordered hexagonal pattern.

and 0.5, the droplets were monodisperse randomly distributed
and for fy=0.7 and 0.9, the droplets were arranged in an or-
dered hexagonal pattern. Indeed, it was difficult to achieve f,
above 0.5 with randomly distributed droplets. Fig. 9 also shows (i)
the normal transmittance T, for nonabsorbing dry window given
by Eq. (2) and (ii) the normal-normal transmittance T} . of the
transparent window covered with an absorbing film of thickness
Hy = (1-cosflc)dm/2 and optical properties identical to those of the
droplets expressed as [14]

(1= p5) (1 = £}) (1 = D) Ty
(1= 2205 72) (1 Phupie) ~igPia 731~ 07,

Ty =

(5)
where 77 = exp(-47mkiHg/A) is the normal transmissivity of the ab-
sorbing film while p;‘f, p;w, and p}, are the specular normal re-
flectivity at the air/film, film/window, and window/air interfaces
respectively given by [14]

(ni - nj)2 + (ki — kj)2
(n,- + nj)z + (ki + kj)z
Fig. 9 indicates that the normal-hemispherical transmittance
T,, for absorbing droplets on transparent windows was smaller
than the normal transmittance T, for dry transparent window
and larger than T;‘Vf for transparent windows with an absorbing
film with refractive and absorption indices ny and k. The normal-
hemispherical transmittance decreased with increasing projected
surface area coverage f4. This was due to the fact that larger pro-
jected surface area coverage f, and contact angle 6. resulted in
larger droplets and stronger absorption of the incident radiation.

(6)

*k
Pij =

3.3. Absorbing droplets and semitransparent windows

Fig. 10 shows (a) the normal-hemispherical transmittance and
(b) the associated normal absorptance for absorbing droplets
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Fig. 10. (a) Normal-hemispherical transmittance and (b) normal absorptance for
absorbing droplets on semitransparent windows with different values of k, and
kq. The individual contributions of the droplets and window to the overall nor-
mal absorption are also shown. The droplets were monodisperse with dp =250 pum,
fa=50%, A=1num, n, =15 and ny=1.33.

(ng=1.33) on semitransparent windows (ny, =1.5) with different
values of ky and ky. Fig. 10(b) also plots the individual contribu-
tions of the droplets and the window to the overall absorption.
The droplets were monodisperse with dy, =250um and projected
surface area coverage was fy =50%. Fig. 10 indicates that, for non-
absorbing droplets (k;=0), the transmittance T,; and absorbance
An were nearly independent of contact angle 6, as previously dis-
cussed. However, for absorbing windows, the transmittance T,
decreased with increasing window absorption index k, according
to

Ton (kw, kq = 0,60c) ~ Ty (kw = 0, kg = 0, 6-) T, (7)

where t, = exp(-4mkyH/A)is the normal transmissivity of the
window of thickness H ignoring reflectance at the interfaces. Sim-
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ilarly, despite the presence of nonabsorbing droplets, the normal
absorptance A, of the wet window was nearly equal to that of the
dry window expressed as [14]

An(kw. kg = 0.0c) ~ (1 = pg,) (1 = Tw)/ (1 = PgyTw). (8)

Then, based on energy conservation principles, the normal-
hemispherical reflectance R,, can be expressed as

Rap(kw, kg =0,6c) =1 =Ty, — Ap. 9)

Fig. 10 also establishes that the normal-hemispherical transmit-
tance T,, and the normal absorptance A, obtained from Monte
Carlo simulations for k,, = 10> and ks =0 were in excellent agree-
ment with predictions by Eqs. (7) and (8), respectively.

Moreover, the normal-hemispherical transmittance T, for
semitransparent window and absorbing droplets (k, =10 and
ky=10"3) decreased monotonously with increasing contact an-
gle 0. while the corresponding normal absorptance A, increased.
In addition, the contribution of the window to the total absorp-
tion decreased with increasing contact angle 6. while that of the
droplets increased. This can be attributed to the increasing volume
of droplets with increasing contact angle and the resulting absorp-
tion. In addition, the contribution of the droplets to the total ab-
sorption was almost identical to that when the window was trans-
parent (ky =0 and k; = 10-3). Moreover, despite the relatively large
surface coverage f,, the droplets did not contribute significantly
to the overall absorption for small contact angle 6. <50°. Simul-
taneously, the contribution of the window to the total absorption
decreased with increasing contact angle. This was due to the fact
that, radiation was first absorbed by the droplets and then by the
window. Thus, with increasingly large droplets, less radiation en-
tered the window and less could be absorbed.

These results can be used to estimate the efficiency of solar
cells covered with droplets. As a first order approximation, the
latter is equal to the product of the solar cell efficiency without
droplets and the normal-hemispherical transmittance reported in
the present study. In the case of external condensation reducing
the visibility through windows, a more detailed study should be
performed as droplets not only reduce the intensity of the trans-
mitted light but also modify its direction, thus distorting the image
of the object considered.

4. Conclusion

This study investigated the directional-hemispherical transmit-
tance of windows supporting cap-shaped droplets on their out-
side face exposed to incident collimated light. The droplets were
monodisperse or polydisperse and randomly distributed on the
window surface. The Monte Carlo ray-tracing method was used to
predict the directional-hemispherical transmittance and reflectance
of wet windows for a wide range of droplet diameter, contact an-
gle, absorption index, projected surface area coverage, and window
absorption index. First, for nonabsorbing droplets, the directional-
hemispherical transmittance was independent of droplet diame-
ter and size distribution. For incident angle 6;<30°, contact an-
gle 6. had a negligible effect on the directional-hemispherical
transmittance. For large incident angle 6;>40°, the transmittance
decreased with increasing contact angle to reach a minimum at
a contact angle O¢;, beyond which it increased with increas-

ing contact angle before reaching a plateau for large contact
angles. In addition, the normal-hemispherical transmittance in-
creased slightly with increasing projected surface area coverage for
almost all contact angles.

By contrast, for absorbing droplets, the normal-hemispherical
transmittance decreased significantly with increasing droplet di-
ameter, contact angle, polydispersity, and projected surface area
coverage due to the associated increase in the total droplet volume.
The normal-hemispherical transmittance of wet window decreased
with increasing contact angle for 6. <90° and remained constant
and independent of the droplets’ absorption index, mean diameter,
and contact angle for 6. >90°. Analytical expressions for the upper
and lower bounds of the normal-hemispherical transmittance were
also derived. These results can be used to select the material and
surface coating to increase the conversion efficiency of solar cells
and improve the visibility of windshield of transportation vehicles
and building windows as well as the image quality of cameras.
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