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ABSTRACT OF THE THESIS
Radiative Cooling Strategies by Bio-Inspired Nanowire Trees
By
Anirudh Krishna
Master of Science in Mechanical and Aerospace Engineering
University of California, Irvine, 2016

Professor Jaeho Lee, Chair

Spectral thermal radiation properties play a vital role in governing heating and
cooling phenomena on surfaces, especially those exposed to the sun in the ambient
environment. The wavelength of incident solar radiation responsible for surface heating
typically ranges from 200 nm to 2500 nm. Radiative cooling, by means of utilizing the
coldness of outer space (~2.7 K), presents a possible solution of avoiding undesirable heat
generation. The atmospheric transmission window, which enables radiative cooling in the
ambient environment, ranges from 8 pum to 14 pm to reemit incident radiation to outer
space. Effective utilization of radiative cooling involves controlling the surface emissivity
spectrum, thereby governing the thermal energy exchange. Here, we propose a novel
emissivity control technique based on nanowire tree structures that are inspired by the
unique colorization of Morpho butterflies. The proposal offers the design of the nanowire
tree aided by computational methods which show that the nanowire tree keeps the
emissivity below 0.1 in the spectral range between 1 pm and 6 pum, which minimizes solar
heating, while keeping the emissivity above 0.8 in the range beyond 8 pm, which maximizes

the cooling opportunity in the ambient environment. This enables a near 6°C temperature

ix



reduction with respect to the ambient, which is substantially lower than bare surfaces of
common engineering materials (e.g. 90% lower than Al;03). The nanowire trees offer
multi-dimensional geometric variations for enhanced tunability of emissivity, providing a

significant breakthrough in thermal management methods.



INTRODUCTION

Effects of Incident Radiation on Exposed Surfaces

Radiation is a combination of various wavelengths ranging from the ultraviolet and
X-ray regions (with very low wavelengths down to roughly 300 nm), extending to the
infrared and far infrared (with wavelengths starting at roughly 1 pm and going upwards),
covering the visible region of light (roughly 300 nm to 700 nm) in between. Surfaces
exposed to radiation of different wavelengths exhibit a vast array of spectral properties,
ranging from optical properties such as refractive index, reflectance, transmittance and
absorbance, to mechanical properties such as specularity and surface transport
phenomena.

The solar radiation is governed by Planck’s law of radiation based on the solar
surface temperature (which is around 5,800 K), with the radiation based on atmospheric
windows for their radiation or transmission [1][2]. This leads to the incident solar
radiation on the earth falling with its majority in the visible or infrared regions of the

spectrum.
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Figure 1. Incident solar radiation on the surface of the earth (and all terrestrial surfaces),
depicted as a function of spectral irradiance with wavelength. The aim of thermal
management is to reduce the spectral emissivity for the range of wavelengths showing a
peak in solar radiation. The curve shown is a result of the classic Planck radiation curve at
the solar surface temperature, with the interaction of the earth’s atmosphere, and the
atmospheric transmission windows [1][2].
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Figure 2. Atmospheric transmission window for the earth [2], ranging from roughly 8 to 13
microns, allowing for effective reemission of incident radiation back into outer space. The

aim for thermal management is to increase the emissivity for the spectral range shown
here.



Heat is a measure of average energy possessed by the sample at an
atomic/molecular level, requiring an absorption of energy for an increase in heat. All
incident radiation consists of energetic photons, and they can therefore heat a surface up if
they are absorbed into the material. However, with varying quantum mechanical
properties of different types of matter, certain frequencies of radiation may transfer energy
directly, through resonance, to increase vibration, bond bending, or electron transitions to
the substance it interacts with. In this aspect, infrared radiation is strongly absorbed by
many types of molecules, increasing the vibration or bending of chemical bonds, and
therefore increasing the heat. Therefore, infrared radiation increases the heat of most

surfaces it is incident on.

Surface Thermal Management

Surface heat generation can govern the performance of devices associated with the
surface, prominently in the field of power generation, and in civilian areas, such as the
heating of buildings, automobiles and other consumer devices and applications.
Eliminating the heating effect of the incident radiation would lead to better performance of
the surfaces, as this avoids deterioration of material properties with an increase in surface
temperature, or even general failure of components or materials. This makes it imperative
to understand the underlying physics of the problem in order to effectively address it.

Conventional methods to reduce the adverse effects of the generated heat involve
the use of either excessive power/energy [3-5], or barring that, other less efficient means of

thermal management and surface property control. This ultimately places financial and



energy burdens, or other user discomfort, towards cooling the surface. While such
conventional means have failed to arrive at an acceptable solution, novel solutions have
been proposed [6-11], which make use of inherent surface properties to control the surface
temperature, with some of them even using the extremely low temperature of outer space
as a heat sink for hot surfaces. The aim, now, is a perfection of the methods proposed, and

the work presented here offers a bio-inspired means to aid in this.

Outline of Research

Chapter 1 identifies the existing thermal management methods with a literature
review on both active surface cooling and passive surface cooling, and introduces the
concept of radiative cooling. Chapter 2 presents a novel thermal management solution that
derives its inspiration from nature, specifically the Morpho butterfly and its unique optical
properties. Chapter 3 defines the surface emissivity, thermal and optical properties of any
given surface, and explains the factors of dependence of surface emissivity, and
measurement techniques. Chapter 4 details the modeling technique used in this study and
its mathematical formulation, and provides the computational results of the modeled bio-
inspired nanowire trees. Chapter 5 presents computational results of the thermal analysis
of the nanowire trees, showing a conversion of the emissivity to the surface temperature.
Chapter 6 lists the current limitations of the study presented here, and details the scope of
future work. Finally, Chapter 7 offers concluding remarks on the bio-inspired solution

proposed this study, and its implications for breakthroughs in thermal management.



CHAPTER 1: LITERATURE SURVEY

In this chapter, existing solutions to surface thermal management are identified, and
their potential viability for the study are discussed, with an aim to alleviate the drawbacks
and utilize effective means to enhance the present study.

1.1 Active Surface Cooling

One of the most pervasive techniques of surface temperature control is active
surface cooling, which is defined as a system that utilizes energy to cool the surface. Active
surface cooling is a broad category that encompasses heat exchangers, cooling fans,
refrigeration and other such methods.

Al-Amri and Mallick [3] present one such method for the alleviation of the operation
temperature of a solar cell by using air flow to cool the set-up. The consideration of solar
cells is analytically equivalent to any terrestrial surface exposed to incident solar radiation,

and thus aids the present study. The schematic of the set-up is shown in Fig. 3.
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Figure 3. Schematic of air-based active cooling system proposed by Al-Amri and Mallick [3],
with the solar cell sandwiched between a glass plate and an aluminum back plate. The air
flow through the bottom of the set-up aids in convective heat transfer away from the
device.



The flow of air helped carry the heat away from the solar cell, thus cooling it. Such
an apparatus, however, depends on a variety of factors, including the air inlet velocity,
channel width and the effectiveness of convective heat transfer [3].

Another perspective to addressing the problem of solar cell heating was offered by
Najafi and Woodbury [4], who make use of the Peltier effect. The Peltier effect, or the
Bridgman effect is a thermoelectric effect where passing an electric current through an
anisotropic crystal leads to a cooling or heating effect. The schematic for the set-up is

shown in Fig. 4.

OBJECT BEING COOLED

-+ —
1]1]

DC Power Source

Figure 4. Schematic of thermoelectric effect (Peltier effect) based active cooling system
proposed by Najafi and Woodbury [4]. An electric current through the substrate aids in
cooling of the object, further aided by the use of fins.

Careful selection of the substrate beneath the object being cooled is necessary, as
the Peltier cooling of the object depends upon the anisotropy of the substrate. An

anisotropic crystal shows non-uniform charge flow during the passing of an electric

current, thus leading to a temperature gradient. Such a set-up depends heavily upon the



substrate being used, and even so does not prove to be as efficient as other conventional
active cooling systems. This is evidenced by the results, which suggest that the operation of
the Peltier cooler for effective cooling of the PV cell being cooled, requires usage of the
power produced by the cell itself [4], proving impractical for actual use as yet.

Moharram et al. [5] have offered an enhancement of a conventional active cooling
system to assist in alleviating its drawbacks. Water spray cooling is another means of
cooling the surfaces of photovoltaic (PV) cells, that makes use of the spraying of water and
the consequential flow to help in the convective cooling of the solar cell surface, as shown

in Fig. 5.

M \ &2
A Water Spray,

Figure 5. PV cells shown in use, with water cooling system attached on the top end of the
set-up. Spraying of water on the surface of the cells helps cool them. (image courtesy:
Dominic Alves)

While analysis of the water cooling system offers possible suggestions for
optimization of surface cooling with resource usage, large scale operation as yet involves
vast quantities of water and power being consumed.

Analysis by Florides et al [12] provides a comprehensive picture of the

socioeconomic impact of the use of active cooling systems, stating that the use of active

cooling systems in buildings has high capital costs for subpar to par coefficient of



performance. This tends to have a high impact especially in arid regions, with

unpredictable resource availability.

1.2 Passive Surface Cooling/Radiative Cooling
Passive cooling methods can eliminate the power consumption and the financial
burden required by active cooling. Various means of passive cooling have been
demonstrated based on improved conduction and radiation mechanisms, mainly by
facilitating the distribution of heat over the surface of the sample, to improve radiative or
conductive cooling. Applications and examples of such passive cooling methods include but
are not limited to the use of metallic nanowire coatings by Hsu et al. [6] and metamaterials

by Liu et al. [7], as shown in Fig. 6.

(a) Generate heat from voltage (b)
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Figure 6. (a) Schematic of metallic nanowire (AgNW) coating used for personal thermal
management, as proposed by Hsu et al. [6]. (b) Schematic of metamaterial used for surface
temperature control proposed by Liu et al. [7].

Radiative cooling, a means of passive cooling, involves the use of the atmospheric

transmission window to reemit the incident radiation selectively in the thermal



wavelengths. The atmospheric transmission window between 8 and 14 microns allows for
relatively unhindered reemission of radiation from the surface of any terrestrial object,
back out of the earth’s atmosphere [2], where the cold temperatures of outer space (around
2.7 K) would act as a heat sink to receive the reemitted heat from the object. Zhu et al. [8]
have demonstrated the use of the coldness of the universe as a heat sink for passive
radiative cooling of solar cells. The reemission characteristics would need to be tailored to
pass through the atmospheric transmission window of roughly 8 to 14 microns wavelength
[13], and the surface would consequently need high emissivity characteristics for this
wavelength window to facilitate effective reemission.

Rephaeli et al. [9] suggested the use of photonic structures to tackle the spectrally
selective emissivity characteristics required for passive radiative cooling. Expanding on the
idea, the emissivity profile of microscale periodic pyramids of silica, as investigated by Zhu
et al. [10], attains high values for the spectral emissivity beyond 6 microns. Further
enhancement of the use of periodic micro/nanoscale photonic structures for emissivity
controlled radiative cooling could be achieved by more closely tailoring the emissivity
profile to the infrared window. This was demonstrated by Raman et al. [11], as shown in

Fig. 7, using the same principle.
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Figure 7. (a) Schematic of the multilayer photonic cooler proposed by Raman et al. [10]. (b)
Emissivity spectrum of the photonic cooler, showing low emissivity for most wavelengths,
except within the atmospheric transmission window, allowing for effective reemission of
incident radiation.
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The multilayer photonic cooler of Raman et al. shows an emissivity profile that rises
at around 8 microns and falls at around 13-14 microns. However, this fall in emissivity is
relatively small, as the reflectivity value still remains in the mid-range. This permits heating
of the surface by incident radiation in the far infrared regions, which reduces a possible 1
to 3 Kelvin drop in surface temperature. Improvement in performance on this front would
involve a more faithfully tailored emissivity spectrum, allowing for lower emissivity values
as the wavelengths exit the atmospheric transmission window, permitting a higher

temperature drop for the surface.

11



CHAPTER 2: BIO-INSPIRED STRATEGIES

While the performance of the photonic crystals and metamaterials used so far have
yielded some spectral control of emissivity, a possible means to improve the results
achieved so far would be to exploit the spectrally selective emissivity control
characteristics of optically varying periodic structures such as those on the wings of the
Morpho butterfly. The selection of the Morpho butterfly as a source of inspiration is based
on the unique spectral characteristics of the structures on its wings. The wings of the
Morpho butterfly have long been studied for an understanding of the source of their bright
blue-violet color, as noted by Watanabe et al. [14]. This vivid coloration was inferred by
Pris et al. [15] to be a result of spectrally selective reflectance. While it was initially thought
to be a result of interference in a multilayer structure of chitin and air, later analyses have
shown that it is a result of periodic nanostructures made of long rows of ridges (stems),
with periodic lamellae (branches) on either side of the ridge, documented by Siddique et al.
[16] and Yoshioka et al. [17] among others [14][18], as shown in Fig. 8. This discovery was
significant because ir demonstrated that structural variations at the nanoscale can produce
optical behaviors that would normally be ascribed to changes in material properties.

The generally accepted dimensions for a simplified simulation of the nanostructures
are also gathered from Siddique et al. [16], with the ridges reaching an average height of
around 1.25 microns, and the lamellae at the tips around 29 nm long. The lamellae
alternate on either side of the ridge as we go down towards the base, and each alternating

lamella is roughly 40-45 nm longer than the previous one, until we reach a maximum

12



lamella length of around 318 nm. Fig. 8(c) depicts the simulated approximate structure of

the nanowire trees on the Morpho wing.

wr gz'|

(a) Didier Descouens - Muséum de Toulouse (2011)
(b) Potyrailo et al. - Nature Communications (2014)

Figure 8. Topography of the nanostructures on a Morpho butterfly wing. (a) Morpho
butterfly, with its vividly colored wings (image courtesy: Didier Descouens). (b) SEM image
of the nanostructures present on the wings of the Morpho butterfly showing a central ridge,
and branches of lamellae [20]. (c) Approximate dimensions (in nm) of the ridge-lamellae
structures on the butterfly wing with data as detailed in Siddique et al. [16].
2.1 Optics of the Butterfly Wing

Butt et al. [19] supplement the structural analysis of the butterfly wing, stating that

it is a combination of interference at the lamellae and ridges, diffraction at the surface, and

incoherence that lead to the brilliant coloration of the wings of the butterfly. Preliminary

analysis of the photophysics of the nanostructures of the Morpho wing by Kinoshita et al.

13



[18], reveals an explanation for the optical phenomena that control the structural

coloration and reflectance spectrum of the Morpho butterfly.

Figure 9. An explanation of the optical phenomena for the structures on the wings of the
Morpho butterfly, depicting multilayer interference (left), and multilayer diffraction (right).

Considering the structures on the butterfly wing to be lamellae of a finite size,
positioned separated from each other along the direction perpendicular to the ridges, as in
most Morpho species (e.g. M. didius, M. sulkowskyi and M. rhetenor), it becomes apparent
that the structure causes the diffraction of light in addition to the interference within a
lamella. Moreover, assuming ridges of equal heights along any given cross section of the
wing leads to an added level of interference arising from considering the spacing between
the ridges as a source for multi-slit interference. Kinoshita et al. [18] suggest that this
restricts the direction of light diffraction and causes diffraction spots. Random distribution

of ridge heights in real life, however, limits the presence of such diffraction spots.

14



The study also analyzes the angular dependence of these optical phenomena,
assuming that there is no effect of refraction or reflection on the incident radiation as it
passes from one layer through the next. Alleviation of drawbacks from such an assumption
involves considering the multilayer lamellae structures under Bragg diffraction, as shown
in Eq. (1).

nA = 2dsin@ (1)

The order of diffraction is denoted by n, with A being the wavelength of incident
radiation, d the spacing between each adjacent lamellae and 6 the angle of incidence. For
wide-angle diffraction, the angle of incidence approaches 90 degrees from the normal,
leading to the sine of the angle to approach 1. A case where n is taken to be 1 leads to the
approximate relation between lamellae spacing and incident wavelength as shown in Eq.
(2). This spectral selectivity corresponds to a high reflectivity value for certain
wavelengths.

A=2d OR d=21/2 (2)

Another observance is that the light diffracted by each layer interferes in the far-
field region. Although this assumption does not account for multiple reflection, it still holds
the physical essence of the structural coloration and the background optics of the butterfly
wing nanostructures. The derivation of the optical basis for the phenomena by Kinoshita et
al. [18] corresponds to the first-order solution of the wave equation under the presence of
complex dielectric materials.

Although many unique and interesting applications have been developed from this
spectral-selective coloration of the Morpho butterfly wing and its high level of spectral

tunability, as in the design of artificial thermal sensors and vapor sensors [20], a proposed

15



application of this spectral selectivity is to enhance the performance metrics of surfaces

exposed to solar radiation.
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CHAPTER 3: SURFACE EMISSIVITY

While the ideal scenario for radiation heat transfer assumes that the bodies involved
follow Planck’s law of radiation (at least as gray bodies), real bodies rarely behave so. If we
consider the net radiated power from an ideal body following Planck’s law, we arrive at Eq.
(3), which is the Stefan-Boltzmann equation for such a body. Such ideal bodies are referred
to as blackbodies.

Pgp = 0AT* (3)
P = coAT* (4)

Here, Pps is the radiative power emitted by the blackbody, o is the Stefan-Boltzmann
constant (5.67x10-8 W/m?K#), ¢ is the surface emissivity, 4 is the area under consideration
and T is the temperature of the surface. The Stefan-Boltzmann equation for gray bodies is
given in Eq. (4). Gray bodies follow the ideal blackbody Stefan-Boltzmann equation with a
deviating factor, called the surface emissivity of the body. The emissivity is a property of
the surface of a material, and is defined as its effectiveness in emitting energy as thermal
radiation. Real bodies often have substantial spectral band behavior that deviates from the
gray body assumption, but many materials can be considered spectrally gray for most
thermal analyses. Quantitatively, emissivity is the ratio of the thermal radiation from a
surface to the radiation from an ideal blackbody surface at the same temperature as given

by the Stefan-Boltzmann law, shown in Eq. (5), and can vary in value from 0 to 1.

£=— (5)
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An emissivity value of 1 indicates an ideal radiator, with the surface being able to
emit (or absorb, as absorptivity equals emissivity) all incident energy. Lower emissivity

values progressively indicate worse emission characteristics, with 0 indicating no emission.

3.1 Factors of Dependence

Surface emissivity depends on a variety of factors, which in turn depend on the
underlying surface characteristics. The most important factors of dependence of surface
emissivity are the incident wavelength, inherent material characteristics, angle of
incidence/emission of radiation, and surface roughness (specularity/asperity).

Autio and Scala [21] in their optical analysis of isotropic and anisotropic materials
state the use of the empirical Hagen-Rubens relation for metals to compute the surface
emissivity of the metal as a function of the incident or emitted wavelength. The relation,

which makes use of the Drude theory, is shown in Eq. (6).

enr = 36.50 | (%) (6)

p gives the D.C. electrical resistivity in lcm, and A is the wavelength of the incident
or emitted radiation in microns, for €,1 denoting the spectral normal emissivity (spectral
normal referring to the wavelength dependent measurement of emissivity, measured at the
normal to the surface).

Beyond the analysis above, del Campo et al. [22] describe general trends in the
variation of surface emissivity with wavelength and temperature (consequently, as
wavelength of radiation and temperature are related). It is stated that the emissivity

decreases with an increasing wavelength, as shown in Fig. 10, and increases slightly with

18



temperature. The reasons for such a variation involve changing parameters of surface
chemistry (such as oxidation), surface activation, phase changes and other probable
mechanical changes in surface properties with temperature and wavelength. The heating
or cooling of the surface by the incident or emitted radiation at specific wavelengths
changes the surface properties, and consequently affects the emissivity as well. The same
can be said for the activation energy for certain surface oxidation or reduction processes
being provided by the incident radiation at certain wavelengths. All of these factors

influence the surface characteristics of the material, leading to changes in the emissivity.

1
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Figure 10. Variation of surface emissivity with wavelength for a sample of brushed Inconel
718, based on observations by del Campo et al. [22].

Surface emissivity also varies with the inherent properties of the material of the
surface. While metals exhibit very low values (<0.4) for surface emissivity, non-metals and
most alloys typically are on the higher end (>0.5) [23]. This is illustrated in Fig. 11, which

shows the values for surface emissivity varying with temperature for tungsten (a metal),

19



silicon carbide (a non-metal) and heavily oxidized stainless steel (an alloy). While the
emissivity of tungsten barely reaches 0.3 at its highest, the emissivity of silicon carbide and

that of stainless steel is above 0.6 at all points [24].
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Figure 11. Surface emissivity of tungsten, silicon carbide and heavily oxidized stainless
steel, varying with temperature, serving to illustrate the difference in emissivity ranges for
metals and non-metals/alloys [23][24].

The variation of surface emissivity with angle of incidence/emission of radiation is
quite interesting. Once again, we notice a distinction between metals and non-metals, with
metallic surfaces showing an increasing trend for surface emissivity with angle of emission,
and non-metallic surfaces showing a variable trend depending on the material under
consideration. Both metallic and non-metallic surface emissivity values, however, drop to 0

as the angle approaches 90 degrees [22]. This can be attributed to the fact that at a 90

degree angle of incidence/emission, the incident/emitted photon shows very little/no
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interaction with the surface. The general trend for a variation of surface emissivity with

angle of emission is depicted in Fig. 12, based on the observations of del Campo et al. [22].
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Figure 12. Variation of emissivity with emission angle for a sample of Inconel 718 alloy
(incident wavelength of 2.5 microns), showing an almost invariant emissivity value up to
an emission angle of 70 degrees, followed by a steep drop to 0 at around 85 degrees [22].
The angle-dependent behavior of surface emissivity can be explained with the help
of the modified Ziman theory for surface asperity/specularity [25]. The theory predicts the
asperity of a surface, or its ability to scatter light diffusely or in a specular manner, as a
function of the surface roughness, the wavelength of radiation, and the emission/incidence

angle, as given in Eq. (7), where p is the surface specularity/asperity, o is the surface

roughness, A is the wavelength of radiation, and 6 is the angle.
2
p = exp (—1671° = (cos 6)?) (7)
A plot of the variation of specularity with angle of incidence/emission for various

values of the ratio of surface roughness over wavelength is depicted in Fig. 13, showing a

steep rise in specularity to a value of 1 as the angle approaches 72 degrees. While this does

21



not correlate with the drop in emissivity shown in Fig. 12 at an angle of around 85 degrees,
it does provide an explanation for the trend in the behavior. A steep rise in the specularity
at high angles of incidence indicates a drop in the interaction of the photon with the
surface, particularly due the angle of incidence/emission being high. This in turn leads to a

steep drop in the emissivity of the surface.

surface roughness / wavelength = 0.025

71.9 degrees

0.5 1.5

angle of incidence (radians)

Figure 13. Surface specularity as a function of angle of incidence, as predicted by the
modified Ziman theory [25].

As a continuation of the analysis of surface emissivity based on the Ziman theory,
another factor that the emissivity depends upon is the surface roughness and the
asperity/specularity of the surface. The structural optics of a material are influenced by the
surface geometries, which can be represented analytically as surface roughness features. As
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detailed in Chapter 2, optical phenomena such as interference and diffraction that occur as
a consequence of varying surface roughness features vary the surface emissivity as well.
The emissivity also varies with the specularity of the surface, as will be detailed in Chapter
4. The surface specularity and surface roughness are related by the modified Ziman theory,
as in Eq. (7), and can be illustrated as in Fig. 14. The variation of the specularity as shown in
the figure, and thus the ratio of the surface roughness over the wavelength, directly affects

the emissivity as well.

angle of incidence = 80 degrees

.
02 04 06
Surface rnughness / Wavelength

Figure 14. Relationship between surface specularity/asperity and the ratio of surface
roughness over wavelength for varying angles of incidence/emission [25].
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Computation of the emissivity as a function of the resultant surface roughness is in
Chapter 4, with a detailed mathematical and physical analysis for the various regimes of

surface specularity.

3.2 Measurement of Surface Emissivity

Measurement or computation of the surface emissivity can either be done
experimentally or via modeling and simulation. Experimental measurements of surface
emissivity give a more practical result. Various means of measuring surface emissivity for
varying surface geometries, angular conditions and spectral conditions have been
proposed and demonstrated, including the use of radiometers [22. Direct measurements of
emissivity are made calorimetrically or via radiometry [26]. Calorimetric emissivity
measurement techniques involve measuring the rate of radiant heat transfer from a
sample, which is then compared to that of a blackbody radiator under the same
measurement conditions to yield emissivity [27][28]. The rate of radiant heat transfer of
the sample is measured in terms of the heat lost by the sample. Direct radiometric
emissivity measurement, similar to calorimetric measurement, is made by measuring the
radiance of a heated specimen and of a blackbody at the same temperature as that of the
sample under the same spectral and geometric conditions [29][30]. The ratio of the two
radiances yields the emissivity.

Highly accurate, easily-constructible radiometers in conjunction with Fourier
transform infrared (FTIR) spectrometers have been demonstrated to yield the emissivity
values for surfaces at various temperatures, angles of measurement and wavelengths by

del Campo et al. [22]. Radiometric surface emissivity measurement has also been
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demonstrated by Furukawa and Iuchi [26], where radiometers measure the radiance
values of a given sample and an idealized blackbody to compute the emissivity of the
sample at high temperatures. A similar pyrometric technique has been demonstrated by
Herve, Cedelle and Negreanu [31] for simultaneous measurement of surface emissivity and
temperature, proposing the use of infrared radiation for the measurements. This method is
capable of determining the surface temperature of a material without prior knowledge of
the emissivity of the surface, because both the values are determined simultaneously.

The emissivity can also be determined computationally for a given surface using

modeling or simulation, as will be discussed in Chapter 4.
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CHAPTER 4: COMPUTATIONAL ANALYSIS OF EMISSIVITY

The analysis presented describes the calculation of surface emissivity by modeling
or simulation. Sai and Kanamori [32] have used the application of rigorous coupled wave
analysis (RCWA) algorithm to simulate optical properties of periodic microstructures,
involving a rigorous solution of Maxwell’s equations. Chen et al. [33] have shown the use of
integral equation method (IEM) to compute the surface emissivity, validated by the use of
Monte Carlo simulations of Gaussian surfaces. While the RCWA algorithm is much more
computationally expensive than the IEM and Monte Carlo simulations, the latter methods
have the drawback of being confined to a few specific demonstrated surface geometries.
The IEM methods presently have the capability to compute the emissivity values for
surfaces with simple, Gaussian geometries, and as yet do not involve complex geometries,
or periodic structures, such as nanowires and multilayers. To mitigate the disadvantages
present, the proposal is to use a surface roughness-based computation of the emissivity,
eliminating the mathematically rigorous approach of RCWA, while accommodating flexible

surface topographies as well.

4.1 Surface Roughness Modeling
Modeling of the surface emissivity of the sample surface is done based on the
computation means proposed by Wen and Mudawar [34]. The underlying assumption of
the mathematical approach is that the surface emissivity depends on the surface roughness
of the sample. In this aspect, the sample can be categorized into various regions, based on

the roughness of the surface relative to the wavelength of light incident on it. Neglecting a
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perfectly polished (optically smooth) surface (which is the ideal condition), the
computations analyze more realistic scenarios of optically rough surfaces. The surface can
now be characterized based on the root mean squared (RMS) surface roughness o, relative
to the incident wavelength A, into the specular region, the intermediate region, or the
geometric region. The RMS value of the surface roughness is calculated from the height of

the periodic structures from the base of the sample surface, as in Eq. (8).

o= EIA(Z S ALE dA]l/2 (8)
A is the area measured, while (z-z») gives the deviation of the structure from the
mean surface. In the specular region, the ratio 6/A is less than 0.2, while the intermediate
region has 0.2 < o/A < 1, and the geometric region accommodates values above the

intermediate region, with a/A > 1.

(a) Incident Wave Specular Direction (C) Incident Wave

Diffuse
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Scattering
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(b) Incident Wave
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Scattering

Figure 15. Details of the distinction between the three regimes of surface roughness: (a)
shows a specular surface, (b) shows one in the intermediate region, and (c) shows a diffuse
surface.
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As shown in Fig. 15, the specular region is so named as it reflects any incident
radiation in a specular manner, where the angle of incidence and the angle of reflection are
equal. In the geometric region, the angle of reflection does not necessarily equal the angle

of incidence, and can range over any value from 0 to 180 degrees.

4.2 Regimes of Surface Roughness
For those incident wavelengths and/or surface roughness where the ratio of o/A is
less than 0.2, the surface is assumed to be optically specular, entailing that the angle of
incidence equals the angle of reflection. DeWitt et al. [35] compute the emissivity of the
surface (based on the reflectance), using diffraction theory, assuming the surface heights to

have a Gaussian distribution.

4 2
Pr = Pp EXP [— (%) ] (9)
. 4n?
Pp = (n+1)2+k? (10)
_al
K=" (11)

pr gives the reflectance of the rough surface we aim to compute, and p, is the
reflectance of the polished sample surface, for which data is readily available, or can be
computed as a function of the refractive index (n) and extinction coefficient (k) of the
sample, as shown in Eq. (10). The value of the extinction coefficient depends upon the
absorptivity (@) of the sample, evidenced by Eq. (11).

In the intermediate region, Wen and Mudawar [34] propose the use of the
bidirectional reflectance function (BDRF) to quantify the emissivity of the surface as a

function of its surface roughness. The function involves the use of incident and scattered
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components for the angle of energy, radiant power flow, and the solid angle. The BDRF
equation is given as a function of these parameters in Eq. (12). We then use
electromagnetic scattering theory to estimate the spectral reflectance in Eq. (13), and

consequently, the emissivity using Kirchhoff's law as in Eq. (14).

n_dos

p/lll(eifes) = cosﬁﬂg (12)
/ 1 "

P/l(ei) = on pll(eb 0;) cos O5d. (2 (13)

&(0;) =1—p;(6) (14)

Here, 6; and 6s refer to the incident angle and scattered angle, while (2; and s refer
to the incident and scattered solid angle, and @ to the radiant power flow. We then use
Kirchhoff's approximation to evaluate a numerical solution for the emissivity as a function
of the surface roughness [34]. This avoids the shortcomings of the Fresnel and Lambertian
approximations, which assume, respectively, a specular and diffuse approximation for the
phenomena, and fail to account for surface geometries or other parameters and the effects
of the incident wavelength.

The geometric region is primarily affected by the surface geometry of the sample.
The effects of the surface roughness on the computed emissivity values begin to outweigh
the optical effects contributed by the wavelength of incident light, and a detailed evaluation
of the surface geometry/topography is necessary. The surface emissivity is then evaluated
as a function of the surface topography. Modest [36] presents a means of evaluating the
surface emissivity as a function of surface topography for periodic structures on the
surface. Assuming the surface roughness features on the sample to be periodic in nature, it

is possible to apply this method to evaluate the emissivity of the surface, as a function of
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the periodicity of the structures, and their physical dimensions, and other parameters, as

shown in Eq. (15).

£:(0) = ["7[1—py(6 —tan"*p)] |1 — p - tan 6|P(p) - dp (15)
_ (n—1)%+k?
P (n+1)2+k2 (16)
g por\?
PO = ;-exp |- (22) | (17)

&r gives the emissivity of the rough surface, with p, being the reflectance of an
optically smooth sample of the material, computed as a function of the refractive index and
extinction coefficient, as in Eq. (16). Eq. (15) gives the value of the emissivity as dependent
on p, which is the tangent of the difference between the angle of the incident field and the
angle of incidence of the photons. P(p), then, in Eq. (17), gives the probability of an event
occurring at a given value of p. The spacing between two adjacent structures in the periodic
arrangement is given by o;, while oy, is the RMS value of the surface roughness, calculated
from the height of the periodic structures from the base of the sample surface, as in Eq. (8).

The periodic structures measured as functions of the surface roughness depend on
the area measured, the average deviation of the structure from the mean surface, the
dimensions of the structures themselves (width, length and height), and the periodicity. A
consequence of using the RMS surface roughness for the calculation of the emissivity
dependence and values is the possibility of a variety of surface geometries and
topographies. We discuss here the evaluation of different possible bio-inspired surface

topographies, with a basis in the coloration of the wings of the Morpho butterfly.
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4.3 Validation of Surface Roughness Model

The validity of the surface roughness model described above, and of the use of the
nanowire trees as a valid representation of the structures on the wings of a Morpho
butterfly is done by comparison of the emissivity spectrum of the modeled Christmas-tree
structures with existing literature. Potyrailo et al. [20] demonstrate a modified Christmas-
tree architecture based on the Morpho butterfly for vapor sensing applications, while
Steindorfer et al. [37] demonstrate a simulation of the butterfly wing nanostructures and
their spectrum. The emissivity spectrum of the proposed Christmas-tree architecture, with
dimensions as detailed by Siddique et al. [16] is then compared with data from Potyrailo et
al. [20] and Steindorfer et al. [37]. The surface topography considered for modeling is a
periodic “Christmas-tree” structure, closely resembling the butterfly wing structures, with
central ridges that support branches of lamellae on either side. The Christmas-tree is of
similar dimensions as the wing structures, with ridge heights of 1.25 microns, ridge spacing
of 1.25 microns, and lamellae spacing of nearly 200 nm. The lamella length ranges from
around 29 nm at the tips of the Christmas-trees, increasing by roughly 40-45 nm with each
adjacent lamella on the alternate side of the ridge. The lamellae reach a maximum length of
around 318 nm, up until the base of the structure, as illustrated in Fig. 16. The emissivity
spectrum of this topography closely matches data in existing literature [20][37], and is

shown in Fig. 17.
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Figure 16. Dimensions of the Christmas-tree structures used for computation, with data
based on Siddique et al. [16], showing a gradually increasing lamella length down the
length of the ridge, with a ridge height of 1.25 microns, and a lamella spacing of 200 nm.
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Figure 17. Emissivity spectrum for the Christmas-tree structures computed using this
study, with a ridge spacing of 1.25 microns and a lamella spacing of 200 nm, showing a dip
in the blue region of the spectrum. Comparison done with data from Potyrailo et al. [20],
and Steindorfer et al. [37], showing an emissivity dip in similar wavelengths of the
spectrum.
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The emissivity spectrum for the Christmas-tree nanostructures shows a fairly high
value (>0.8) upto nearly 100 nm, beyond which it gradually dips. The emissivity then
regains its high value (>0.8) beyond a wavelength of around 800 nm). This dip in emissivity
is centered around 418 nm (centered around a dip dropping from 116 nm rising up to 722
nm), which compares well with the dips of Potyrailo et al. [20], centered around nearly 400
nm, and Steindorfer et al. [37], centered around nearly 450 nm. The emissivity dip, and
consequent reflectivity peak for the proposed Christmas-tree structures lay in the blue
region of the visible spectrum, and corresponds with the blue coloration of the wings of the
Morpho butterfly. These results are also echoed in the findings of Huang, Wang and Wang
[38], with regards to the reflectivity peak at the blue region of the spectrum, thus validating
the use of the surface roughness model for emissivity computation, and the application of
the Christmas-tree structures as a simulation of the structures on the wings of the Morpho
butterfly. The Christmas-tree structure is, therefore, taken to be a close biomimetic model

of the butterfly wing nanostructures.

4.4 Model Set-Up/Parameters
The validation of the Christmas-tree structures as a comparable model to the
Morpho butterfly nanostructures leads to the development of a tailored Christmas-tree
nanostructure with a selective high emissivity over the atmospheric transmission window.
The requirement for a high emissivity between the wavelengths of 8 and 14 microns yields
the ridge spacing as 13.86 microns and the lamella spacing as 24.25 microns. The lengths of

the lamellae reach a maximum at the base of the ridge, being around 3.46 microns long. The
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lamellae at the tips of the ridges are roughly 70 nm long, with an increment in length of
around 80 nm between each lamella down the ridge, up to a maximum lamella length of
around 310 nm. The design for the lamellae length roughly follows the design proposed by
Siddique et al. [16].

The choice of the material used for the nanostructures depends on the intended
application. The use of silica (Si0O2) in solar cells has been demonstrated, most prominently
by Zhu et al. [10], and Raman et al. [11], primarily due to the transparent nature of silica
and its high transmissivity in the visible region of the solar spectrum. Another possible
material is alumina (Al203), due to its widespread utilization and ease of use as a
manufacturing material. The use of alumina in the aircraft and aerospace industry has also
been widely demonstrated [39][40]. The use of alumina is also bolstered by the closeness
of the refractive indices of alumina and silica for the range of wavelengths that are being
evaluated [41-43] as shown in Fig. 18(a), with the wavelength-dependence of the refractive
indices being evaluated with the help of data from Stephenson [44].

Alumina also displays a high level of transmissivity (>80%) for a majority of the
spectrum [45][46], as shown in Fig. 18(b), solidifying its application for thermal

management and for related solar applications.
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Figure 18. Optical characteristics of materials used for the manufacturing of photonic
structures. (a) Comparison of the refractive indices of alumina and silica, with data from
Malitson and Dodge [41], Kischkat [42] and Malitson [43], showing average refractive
indices for both materials to be very comparably close to each other. Deviations and
variations in the refractive index values are due to atomic interactions and lattice structure.
(b) Transmissivity profile of alumina, with data from Vitanov et al. [45] and Choi et al. [46],
showing high transmissivity values, validating its use for solar applications.
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4.5 Computation Results

The emissivity spectrum for this structure is given in Fig. 19, where it is compared
with the emissivity spectra for bare alumina [41][42] and bare aluminum [47]. The
purpose of the Christmas-tree nanostructure is validated when compared to bare alumina
and/or aluminum, as these both yield a relatively flat emissivity over the entire spectrum.
This would not serve the purpose of a surface with a tunable emissivity. The emissivity
spectrum of these Christmas-tree structures follows the peak in the atmospheric
transmission window, rising roughly at 8 microns, and dropping off at around 14 microns.
The emissivity through the rest of the spectrum is low, maintaining a value of around 0.1
for most of the visible region. This leads to a high reflectivity for the surface over all
wavelengths, except for those between 8 and 14 microns, effectively aiding the reemission
of radiation over the infrared window, while avoiding heat generation by reflecting
incident radiation over other wavelengths. The emissivity spectrum of the Christmas-tree
structures also roughly follows the trend of the multilayer photonic cooler of Raman et al.
[11], showing a better performance at farther regions of the thermal wavelengths, with a
higher reflectivity. A close emulation of the nanostructures on the wing of the Morpho
butterfly has been demonstrated by Butt et al. [19] using atomic layer deposition (ALD),
where precursors react with one another to form a layer of the desired material that is of

atomic thickness [48][49].
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Figure 19. Emissivity spectrum for the Christmas-tree nanostructure, with a ridge spacing
(L) of 13.86 microns and a lamella spacing (W) of 24.25 microns, compared with the
emissivity spectra of bare alumina [41][42] and bare aluminum [47]. The spectra are
superposed on the solar spectrum in the visible region [1] and the atmospheric
transmission window [2]. Christmas-tree spectrum is compared with multilayer photonic
cooler proposed by Raman et al. [11].

The adaptability of the Christmas-tree nanostructures used for thermal
management to various emissivity requirements is aided by flexibility in varying the
dimensions of the ridge spacing and the lamella spacing. The rise in the high emissivity
region is controlled by the ridge spacing, as a result of the interference of photons over
multiple adjacent ridges. Increasing the ridge spacing leads to a delayed rise in the high
emissivity region, and a decrease in the ridge spacing yields an earlier rise in the high

emissivity region, as shown in Fig. 20(a). Similarly, the drop in emissivity at the end of the

high emissivity region is controlled by the lamella spacing, shown in Fig. 20(b). Varying the
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periodicity of the lamellae varies the wavelength response due the interference of photons
between adjacent lamellae. Increasing the lamella spacing delays the drop in emissivity, as
does bringing the lamellae closer cause an earlier drop in emissivity. The tunable nature of
the photonic structures is similarly reported by Huang, Wang and Wang [38], with
variations in the periodicity of the structures yielding varying reflectance peaks.

The results show a tunable periodic nanostructure that effectively reemits incident
radiation from the surface through the atmospheric transmission window. The high
emissivity regions correspond to the thermal regions of the wavelength, thus avoiding the
detrimental effects of undesirable heat generation on the surface. The surface also exhibits
a high reflectivity for all other regions of the spectrum, thus effectively avoiding the heating
of the surface by any incident radiation on it. The adaptability of the structure to various
requirements posed on it is aided by the flexibility in its design and dimensions, with
varying periodicities in different aspects of the structure resulting in the tuning of

emissivity in different regions of the spectrum.
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Figure 20. Tunable nature of the Christmas-tree structures aided by the variation of the
ridge and lamella spacing. (a) Variation in periodicity of ridges leading to either a delayed
rise in high emissivity or an early rise. (b) Variation in lamellae periodicity similarly
yielding a delayed drop in high emissivity or an early rise. Variations in dimensions are

chosen to depict a rise at either 6, 8 or 10 microns, and a drop at either 12, 14 or 16
microns.
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Use of the Christmas-tree structures for solar applications demands a low
reflectivity, or high absorptivity/emissivity for the visible region of the solar spectrum
(between 200 nm and 1100 nm). The resultant modification in the dimensions of the
Christmas-tree structures required to fit this new profile yields a ridge spacing of 13.86
microns, with a lamella spacing of 1.91 microns. The lengths of the lamellae follow the
same pattern as proposed before, for the results in Fig. 19. The emissivity spectrum for the
modified Christmas-tree structures is illustrated in Fig. 21. The emissivity profile is
compared with that of bare alumina [41][42] and bare aluminum [47]. The data is also
compared with that of the photonic cooler proposed by Zhu et al. [10], which proposes a

radiative cooling solution for solar absorbers.

1
Solar Spectrum[” lM A
\ Infrared Window (2]
0.8 — Zhu et al®!
\ , Christmas-tree
2 / L
506 W ——>1 L
2 > >
£
0.4 Tw
0.2 For this figure:
W = 1.91 microns —
L= 13.86 microns
034 5 6 789 2 3 4 5 6789, 2
1 10

Wavelength (microns)

[11 ASTM G173-03, American Society for Testing and Materials (2012)
[2] Lord, S.D. - NASA Technical Memo. 103957 (1992)
[3] Zhu et al. - PNAS (2015)

Figure 21. Emissivity spectrum for the modified Christmas-tree nanostructure, with a ridge
spacing (L) of 13.86 microns and a lamella spacing (W) of 1.91 microns, compared with the
emissivity spectra of bare alumina [41][42] and bare aluminum [47], superposed on the
solar spectrum in the visible region [1] and the atmospheric transmission window [2]. The
data is further compared with the emissivity spectrum of the solar absorber photonic
structure proposed by Zhu et al. [10].
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The Christmas-tree structures now demonstrate an elevated emissivity/absorptivity
value (>0.8) between the wavelengths of 200 and 1100 nm, dropping off to below 0.1
beyond it. This precedes a rise in emissivity to greater than 0.8 beyond 8 microns. This aids
in the effective absorption of the visible regions of the solar spectrum, facilitating the
functioning of the solar device. The emissivity spectrum also roughly follows that of the
solar absorber photonic structures of Zhu et al. [10], though the emissivity values
demonstrated by Zhu et al. peak beyond 6 microns itself, instead of the 8 microns
demonstrated by the Christmas-tree structures, leading to unnecessary absorption of
wavelengths not within the atmospheric transmission window. This has the potential to
lead to undesirable heat generation due to the absorption of radiation in the thermal

wavelengths, and is minimized by the modified Christmas-tree structures.
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CHAPTER 5: THERMAL ANALYSIS

5.1 Thermal Radiation Model

Analysis of the effectiveness of the Christmas-tree nanostructures is done by
modeling the steady state temperature of the surface. Assuming that the surface is exposed
to incident radiation with a clear sky at all times, the power balance on the surface is a
combination of the incident solar irradiance (Psun), the incident atmospheric thermal
radiation (Pam), the radiation emitted by the surface (Prq) and the conductive and
convective losses from the surface (Pcond+conv), as given by Eq. (11) [10]. The surface
temperature is denoted as T, with the ambient temperature at Tamp.

Praa(T) = Patmn(Tamp) — Psun + Peona+cony =0 (11)

The radiation emitted out from the surface is computed by multiplying the radiance
of a black body with the emissivity of the surface, integrated over the hemisphere, as in Eq.
(12).

Praa(T) = [cos0dQ [, Ip(T, De( A, Q)dA (12)

fda=["2snedo [ dp (13)
2hc?
lse(T\ A) = 35herizr s, o

Eq. (13) gives the angular integral over the hemisphere, while Eq. (14) computes the
radiance of a blackbody at a temperature T, with A being the wavelength, h representing the

Planck constant, c the velocity of light in vacuum, and kg the Boltzmann constant.
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The incident atmospheric thermal radiation is computed similar to Eq. (12),
factoring in the emissivity of the atmosphere (&€uam), with t being the atmospheric

transmittance along the zenith.
Paim (Tamp) = [ cos 6 dQ fooo Igg (T, )e(A, Q) egem (4, Q)dA (15)
Earm (L, Q) = 1 — t(A)1/c0sb (16)
The incident solar power absorbed by the surface is computed in Eq. (17), where

Osun is the incident angle. The solar irradiance is taken for an air mass of 1.5 (AM1.5) [50].

Pan = Jy Laurs(DEQ@ Osun) €08 Oy A2 (17)

Conductive and convective heat losses from the surface are computed in Eq. (18),
where h. is the net heat transfer coefficient for conduction and convection from the surface
to its surroundings.

Peona+conv = Re(T — Tamp) (18)

The surface is assumed to have a tilt of 30°, with the h. at 6.9 W/m?K, to provide a
comparison with the passive radiative cooler developed by Raman et al. [11]. The model
also assumes that the sky is clear throughout the day, and that the effects of wind are

neglected, so as to maintain a uniform value for the heat transfer coefficient.

5.2 Temporal Temperature Profile
The hourly temperature profile is modeled for daylight hours, as illustrated in Fig.
22. The performance of the Christmas-tree nanostructures is compared with the photonic
cooler developed by Raman et al. [11], and shows a surface that is cooler by nearly 1-32C
for the Christmas-tree structures, overall. This data is also compared with the performance

of polished, bare alumina, which reaches a peak temperature of around 779C, more than
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502C hotter than ambient temperature. Overall, the Christmas-tree structures maintain a
surface temperature that is between 50% and 90% cooler than the polished alumina
surface. This is primarily due to the high absorptivity of alumina over the entire incident

spectrum, which causes it to heat up.
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Figure 22. Modeling of the performance of the Christmas-tree nanostructures for a clear
sky with no wind, superposed on the solar irradiance [50]. Data compared with photonic
cooler proposed by Raman et al. [11], and with polished bare alumina surface [41][42] and
polished bare aluminum [47].
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CHAPTER 6: LIMITATIONS AND SCOPE FOR FUTURE WORK

The model presented in this study comes with a set of drawbacks and limitations,
key among which is the requirement of further validation of the model by means of
numerical analyses, or, ultimately, experimental methods. This is necessary to analyze and
mitigate any detrimental effects caused by practical use of materials and surfaces. The
model assumes ideal performance of material optical and electronic properties, and does
not account for any real-life deviations from the normal. One such drawback is the
assumption that surface topographies with similar surface roughness values behave
similarly, wherein the intricacies in the material texture are harder to compute with the
proposed method. Actual measurements of the properties, such as surface emissivity,
might vary from the model presented.

The computational model presented here does not account for the consequences of
real-time measurement and the limitations posed on the set-up due to material properties
or equipment specifications. Practical applications of the nanowire tree structures for
thermal management would also need to take into account the effects of other modes of
heat transfer. While the effects of convection can be minimized to a great extent
realistically, conduction would still need to be accounted for.

Experimental procedures for the measurement to support the ideal results

presented here would lead to a better understanding of the bio-inspired nanostructures.
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CHAPTER 7: SUMMARY AND CONCLUSIONS

In this thesis, an introduction to the effects of incident radiation on surfaces was
offered, with a need for a resultant surface thermal management. A literature review of the
existing solutions to the issues was discussed (Chapter 1), with the drawbacks of the
existing solutions posed as the motivation for the present study. A novel bio-inspired
solution to surface thermal management by passive radiative cooling was proposed
(Chapter 2), and its surface characteristics (emissivity) were computed (Chapters 3, 4). A
thermal analysis of the proposed solution was offered (Chapter 5) as a test of its practical
viability. The results have thus demonstrated, by simulation of mathematical models, a bio-
inspired nanostructure that helps in radiative cooling of surfaces exposed to solar
radiation, by exploiting the atmospheric transmission window of the earth’s atmosphere.
Previous studies [3-11] have demonstrated various solutions for thermal management by
nanowires and nanostructures. While active cooling solutions [3-5] come with caveats in
finances and power consumption involved, passive cooling solutions from existing studies
[6-11] and the present study mitigate the issues. Previous attempts at passive cooling have
either resulted in a lack of spectral selectivity for the emissivity control [6], a lower level of
accuracy in following the atmospheric transmission window [10][11] leading to
unnecessary absorption of thermal wavelengths, use of economically expensive materials,
or impractical manufacturing processes. The proposed nanowire trees/Christmas-tree
structures also demonstrate an improved cooling performance compared to existing
photonic coolers [10][11], maintaining a lower overall surface temperature for incident

daylight sunlight. The use of alumina in this model is presented as a cheap manufacturing
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material, with a proven practical application in various industries [39][40]. Alumina also
presents a wide variety of options in the method of manufacturing. Moreover, the
Christmas-tree structures have been shown to be a viable candidate for mass production
[51], thus providing for a practical day-to-day solution. These, coupled with the highly
tunable nature of the structures, presents a viable alternative to the problem of heat

generation on surfaces with incident solar radiation and its solution by radiative cooling.
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