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Abstract

In this study, a method for using arrays of mesoscale structures to modify the apparent optical
properties of an opaque composite surface has been theoretically demonstrated to both raise and
lower the apparent emissivity as compared to the intrinsic properties of the constitutive materials.
For design problems where thermomechanical and optical material properties are both of
importance, mesoscale surface structuring can greatly expand the design space. Analysis via the
net radiosity method herein illustrates the ability to achieve a wide range of spectral apparent
optical properties. Notably, a hexagonal array of spheres on a planar surface can raise the
apparent emissivity of a planar surface by 50%. Conversely, a hexagonal enclosure of reradiating
surfaces, realized by thin adiabatic walls, can reduce the apparent emissivity of a blackbody by
half. As this method of modifying apparent optical properties utilizes structures much larger than
the wavelengths of interest, the relationship between intrinsic planar emissivity, geometry, and
apparent emissivity can be computed semi-analytically at low computational expense. Passive
solar cooling, thermophotovoltaic cells, aerodynamic surfaces exposed to intense heating, and
solar absorbers are presented as case studies that could benefit from the use of mesoscale
structures on opaque surfaces to modify the apparent optical properties.
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1. Introduction

Surface modifications can enhance material thermal performance by altering critical apparent
radiative properties. These surface modifications may either be in the form of a material coating
with desirable radiative properties, structural modifications of the surface, or both, in order to
produce a surface yielding apparent optical properties differing from their constituents’ intrinsic
optical properties. Structural modifications may further be classified based on different length
scales of the modifications themselves, as illustrated in Figure 1. Mesoscale structures are larger
than the wavelength of incident radiation (A ] D) and the radiation exchange may be modeled
with rays rather than waves, and therefore the analysis of their behavior does not need to
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consider diffraction and interference effects (Figure 1b). However, these arrayed structures are
still much smaller than the lateral extent of the surface whose apparent optical properties are
targeted for modification (L[] W), such that the entire surface may be analyzed as an infinite
array of repeating unit cells. Such mesoscale structures provide less flexibility in spectral control
over optical behavior than wavelength or sub-wavelength scale metamaterials exploiting the
structure-dependent plasmonic resonances, i.e., Figure 1(a), but nevertheless can achieve a
significant change (up/down) in the magnitude of the apparent radiative properties for the
practically robust surface, which can be realized with simpler manufacturing processes.
Mesoscale structures can modify spectral behavior because they can use two or more materials
with different spectral dependence of their intrinsic optical properties. The modification in light
interactions with the surface is a function of the material properties, shape of the repeating
structure, and arrangement of the structures on the surface. Because the structures are greater in
size than the wavelengths of interest, the interaction can be predicted using the net radiosity
method, but extended to treatment of periodic structure arrays.
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Figure 1: Different scales of surface structuring for optical property modulation. In both cases, the size of the repeating
structures (L) is much smaller than the extent of the surface (W) whose optical properties are targeted for modification. (a)
Microscale structures with features of the same scale (D) as the wavelengths of interest (1). Wave nature of radiation needs to be
accounted for through non-linear diffraction and interference effects. (b) Mesoscale structures (the focus of this study) has
structural features (D) larger than the wavelengths of interest (1). The radiation exchange may be treated using the linear ray
optics through the view factors.

The design of classical optical metamaterials typically relies on electromagnetic radiation field
modulation on length scales similar to those of the wavelengths of interest. The apparent optical
properties resulting from these plasmonic interactions are functions of frequency, polarization,
and incident/emitted angles [1,2]. The specificity of these responses makes them useful for a
wide range of applications [3—5]. Examples include passive solar cooling devices, where
metamaterials can alter the apparent emissivity spectrum to be low in the visible range and high
in the IR range for improved cooling efficiency; [6] thermophotovoltaic (TPV) cells, which see a
large increase in efficiency from band-edge spectral filtering; [7] concentrated solar absorbers,
where spectral selectivity allows the metamaterial to maintain stability at high temperatures,
[8,9] and microscale absorber coatings allow for extremely high solar absorbance; [10] and all-
optical analog computing elements, which need to have different responses in different spectral
regions, depending on the element. [11]

Alternatively, opaque diffuse structures much larger than radiation wavelengths of interest could
also be arranged to modify the apparent optical properties. Such structured surfaces are already
used in applications where control of apparent optical properties over the entire spectrum is
desired, rather than specific optical properties in specific wavelength regimes. A classic example
is a blackbody furnace, wherein the goal of the structure is to dramatically increase the apparent
emissivity of the constituent material across the entire spectrum, using a large internal enclosed
surface with a small aperture to simulate a blackbody. [12] The lack of plasmonic interactions
greatly reduces the complexity of the phenomena: the structures are no longer tailorable for
specific directions, wavelengths, and polarizations, but can be analyzed with the net radiosity
equations at low computational cost. Further, mesoscale structures benefit from relative ease of
manufacturing, especially in applications requiring surface modification over larger areas.
Spectral modification of apparent optical properties is achieved with mesoscale structures by the
combination of materials with spectral features of interest, and use of the geometric arrangement
of the structural elements to amplify or diminish the contributions of intrinsic properties of the
constituent materials. Recently, the use of multi-scale, coral-like structures has been used to
greatly increase the apparent absorptivity compared to a planar surface, [13] and multi-scale
honeycomb structures to minimize heat losses of concentrated solar absorbers. [14,15] This
motivates the further understanding and development of predictive tools for the modulation of
apparent optical properties for structures of mesoscale dimensions.

This article describes the use of mesoscale surface structuring to control apparent optical
properties beyond increasing the apparent emissivity across the entire spectrum. Specifically, this
study examines the use of external structures in the form of spheres arranged in a hexagonal
array, reradiating surfaces arranged in a honeycomb pattern, and combinations of the former
elements made of combination of materials with different spectral emissivity. Addition of an
array of spheres generally increases the apparent emissivity, addition of reradiating surfaces



generally reduces the apparent emissivity, and using a combination of materials allows for also
changing the spectral behavior of apparent properties. In practice, a reradiating surface array can
be realized by forming adiabatic walls on top of the substrate that are tall, thin, and of a low
thermal conductivity, minimizing the energy loss through the conjugate heat transfer.

By treating a meso-structured surface as an infinite periodic array of unit cell enclosures, the
apparent optical properties of the surface are given by those of the unit cell. The net radiosity
method is used to produce semi-analytical relationships between the apparent emissivity, the
geometry of the structures via the view factors, and the intrinsic optical properties of the
materials used for different surface elements. The analysis presented in this paper was conducted
for structured surfaces with spheres arrayed hexagonally on a planar substrate, separated by
reradiating surfaces (vanishingly thin walls). The substrate and sphere materials were chosen
with a combination of intrinsic optical properties to illustrate the capability for spectral tuning of
the apparent emissivity of the composite structure.

In Section 2, we briefly introduce the method of analysis and present the general trends for
apparent emissivity predictions for baseline classes of structured surfaces in terms of view
factors between various sub-surfaces of the composite. This includes the development and
validation of a method for determining the diffuse view factors between surfaces in an array of
repeating unit cells. In Section 3, four different case studies motivated by practical applications
are presented to illustrate how surface structuring could beneficially impact the relevant thermal
performance characteristics. This includes thermal management of hypersonic vehicles,
thermophotovoltaics, passive solar cooling, and solar absorbers. In conclusions, we summarize
the key findings and discuss the potential of machine learning (ML) to solve the inverse design
problems of mesoscale structured surfaces using the analytical tools we develop in this work as
the method to generate the large training datasets for ML applications.

2. Apparent Optical Property Modification via Mesoscale Structures

By treating a structured surface as an infinite array of repeating unit cells, the apparent optical
properties of the surface are computed using a radiative enclosure analysis of a representative
unit cell. The structured surface array, the unit cell, and an enclosure for hexagonally arranged
spheres on a planar substrate are shown in Figure 2. For such an array, a unit cell is formed by a
sphere and the hexagonal section of planar substrate centered on the sphere of diameter D and
edge-to-edge span of the hexagonal unit cell L. The enclosure would consist of these two
emitting surfaces, along with two virtual surfaces. One virtual surface would be the vertical
surface extending from the substrate to the height of the top of the sphere, representing the
periodicity of the array. This virtual surface, comprised of the six vertical planes, would have a
specular reflectivity of unity. The final surface of the enclosure is the apparent area, the same
size as planar substrate, completing the enclosure. The topping virtual surface is treated as a
blackbody with emissive power of zero. These four surfaces with prescribed intrinsic or virtual
radiative properties complete the enclosure. The apparent emissivity of the meso-structure
arrayed surface, then, is computed by dividing the radiative heat flux g, leaving the enclosure



through the apparent area of the topping virtual surface divided by the blackbody emissive power
E, at the temperature of the substrate:
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It is important to note that this equation holds both on the total and spectral bases.
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Figure 2: Structured surface comprised of an array of hexagonally packed spheres. Top: Schematic of array, with a
single unit cell highlighted. Middle: Schematic of a single unit cell, with relevant geometric parameters shown: L is



the edge-to-edge span of the hexagonal unit cell, and D is the diameter of the spheres. Bottom: Schematic of
enclosure used for analysis of radiative exchange in the unit cell. This enclosure includes the isothermal emitting
surfaces of the planar substrate and spheres, six vertical virtual surfaces representing planes of symmetry (perfect
specular reflectors), and a topping surface representing the apparent area of the unit cell.

2.1. Calculation of View Factors between Infinite Array of Surfaces

Assuming that the substrate surface isothermal and treating the adiabatic walls as re-radiating
surfaces, the blackbody emissive power, radiative heat flux at each surface, and geometry of the
enclosure can be related by the system of linear algebraic equations of the net radiosity method.
The symmetry boundaries of the unit cell are modeled as “virtual” surfaces which are perfect
specular reflectors, giving rise to the specular view factors, to account for cell-to-cell radiative
exchange within an infinite array. The partially diffuse partially specular form of the net
radiosity method is used to determine the radiative heat flux leaving the enclosure, shown in
Equation (2):
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where i and j are indices for iterating through each of the surfaces in the enclosure, N is the
number of surfaces in the enclosure, ¢ is the radiative heat flux into the unit cell enclosure

through a surface, Ej is the blackbody emissive power, and F’; is the specular view factor from

surface i to surface j within the enclosure. The specular view factor is defined as the diffuse
energy leaving a surface, intercepted by another surface, by direct travel or any number of
specular reflections, divided by the total diffuse energy leaving the first surface.

For diffuse surfaces, p’ =1—¢& and p° =0. For many combinations of surface shapes and

orientations, analytical diffuse view factors may be found in [16]. However, a closed form,
analytic calculation of diffuse view factors between surfaces in an infinite array of structures of
arbitrary size and spacing is not available. Instead, the periodic boundaries of the unit cell are
modeled as symmetry boundaries. This may be done by setting the specular reflectivity of the

lateral boundaries between the cells to p* =1. However, these specular view factors are also not
generally known analytically.

Specular view factors for periodic arrays are a vital aspect of implementing the net radiosity
method for determining the apparent optical properties of these mesoscale structures. Monte
Carlo simulations [17] were used to determine these view factors. Ray tracing is used to
determine whether a given Monte Carlo bundle intersects the sphere, a boundary plane, the
substrate, or the apparent area. When a bundle simulated intersects a symmetry plane, that
bundle is specularly reflected back into the unit cell, and the intersection is re-calculated,
accounting for energy that would have left the unit cell and entered an adjacent cell. This
methodology was validated against several limiting cases. A hexagonal unit cell with embedded
spheres shows a convergence of the simulated results to the analytical prediction as the sphere
radius approaches zero. Similarly, a hexagonal enclosure with purely diffuse bounding surfaces



and a spherical structure agrees well with analytical predictions. Lastly, a hexagonal unit cell
with an embedded cylindrical structure, instead of a sphere, shows a convergence of the
simulated results of the view factors to the two-dimensional analytical predictions as the height
of the unit cell increases. These limiting cases were used to validate the algorithm and to develop
the convergence criteria; good agreement (relative error less than 0.1%) was found for
simulations with 100,000 bundles.

As the surfaces are all either completely diffuse or completely specular, Equation (2) can then be
simplified as follows:
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where F’ i is the specular view factor from surface i to surface j within the enclosure, as described

above, accounting for the symmetry boundaries.

2.2. Hexagonal Array of Spheres
For an enclosure comprised of a hexagonal array of spheres, the net radiosity method equations
are applied to the planar substrate (denoted with p), the sphere (s), and the virtual surface of the
apparent area (a). The vertical side walls are treated as perfect specular reflectors, and due to
their specular behavior the net radiosity method equation needs to use the specular view factors,
as in Equation (3). Solving this system of linear algebraic equations for the heat flux leaving the
unit cell through the top surface and normalizing by the emissive power, 1.e. applying Equation
(1), yields the apparent emissivity of the structured surface:
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For a configuration where the planar substrate and the sphere are comprised of the same material
with the same optical properties, the relationship between the intrinsic properties, the geometry,
and the apparent emissivity of the structured surface may be simplified. With identical optical
properties, the planar substrate and spheres may be combined into one surface, denoted by e for
the entire emitting surface. This simplifies the analysis significantly, yielding the relationship for
apparent emissivity shown in Equation (5):
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In this configuration, the specular view factor is a function only of two geometric parameters: the
edge-to-edge span of the hexagonal unit cell and the diameter of the spheres, defined in Figure 2.
The equation relating intrinsic planar emissivity to apparent emissivity for this class of



structures, then, is a function only of the parameter, D/L, which can vary from O to 1. It is shown
in Figure 3 as a function of relative sphere size. Increasing the relative size of the sphere
increases the relative emitting area to apparent area ratio, thus increasing the apparent emissivity
compared to the intrinsic planar emissivity. This effect is more pronounced at lower intrinsic
emissivity values and diminishes at higher intrinsic emissivity values, with a blackbody seeing
no effect from surface structuring.
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Figure 3: Apparent emissivity as a function of intrinsic planar emissivity for hexagonally packed spheres on a planar substrate,
where the substrate and spheres have the same intrinsic emissivity.

2.3. Hexagonal Array of Reradiating Surfaces

For an enclosure comprised of a hexagonal arrangement of reradiating surfaces as shown in
Figure 4, the net radiosity method is applied to the planar substrate (denoted with p), the
reradiating surfaces (denoted w, for wall), and the virtual (top) surface of the apparent area (a).
Just as in the previous case, we are left with three equations and three unknowns from the net
radiosity method equation, but in this case the heat flux entering the enclosure through the
reradiating surfaces is known (zero), and the blackbody emissive power of the reradiating
surfaces are unknown. Solving this system for the heat flux leaving the enclosure through the
apparent area and normalizing by the emissive power of the emitting surfaces yields the apparent
emissivity:
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Where F)., is the diffuse view factor from the planar substrate to the apparent (topping) area and
£,1s the intrinsic emissivity of the planar substrate material. It is important to note that this

function necessarily yields an apparent emissivity lower than that of the intrinsic planar
emissivity of the substrate. In the limit where F,_, =0 for infinitely tall reradiating surfaces, the

lower limit for the apparent emissivity is 1/2 for a black substrate.
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Figure 4: Structured surface comprised of a hexagonal arrangement of reradiating surfaces. Top: Schematic of
array, with a single unit cell highlighted. Middle: Schematic of a single unit cell, with relevant geometric
parameters shown — L is the edge-to-edge span of the unit cell, and H is the height of the reradiating surfaces.



Bottom: Schematic of enclosure representing the unit cell. This enclosure includes the six reradiating walls, the
planar substrate, and a virtual (topping) surface representing the apparent area.

Once again, the governing view factor is a function only of two geometric parameters: the side-
to-side span of the hexagonal unit cell, L, and the height of the reradiating surfaces, H, as defined
in Figure 4. The relationship between intrinsic planar emissivity to apparent emissivity for this
class of structures is a function only of the parameter, H/L, which can vary from O to infinity and
shown in Figure 5. Increasing the relative size of the reradiating surfaces decreases the view
factor from the emitting surface to the apparent area, thus decreasing the apparent emissivity
compared to the intrinsic planar emissivity. This effect is more pronounced at higher intrinsic
emissivity values, and diminishes at lower intrinsic emissivity values, with a perfect reflector
seeing no effect from the reradiating surfaces, and a blackbody’s apparent emissivity reduced by
as much as half.
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Figure 5: Apparent emissivity as a function of intrinsic planar emissivity for a hexagonal arrangement of reradiating surfaces on
a planar substrate.

2.4. Composite Structures

With spheres able to raise the apparent emissivity of a planar material and reradiating surfaces
able to lower the apparent emissivity of a planar material, a combination of reradiating surfaces
and spheres can achieve a wide range variation, up and down, of possible apparent emissivity
values. Figure 6 shows the arrangement of such composite structures, a single unit cell, and an
enclosure. With reradiating surfaces, spheres, a planar substrate, and a topping surface with an
apparent area to complete the enclosure, the apparent emissivity for this arrangement is solved
once more using the net radiosity method equations, Equation (3). Specifically for the case where



the height of the reradiating surfaces is lower than the diameter of the spheres, the portion of the
vertical surfaces between the top of the reradiating surfaces and the top of the enclosure is treated
as a virtual (symmetry) surface with a specular reflectivity of one. Similar to the hexagonally
packed array of spheres, in this arrangement, the diffuse view factors for the reflecting virtual
surfaces are replaced by the specular view factors, accounting for reflections off these virtual
surfaces.
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Figure 6: Structured surface comprised of a hexagonal arrangement of cells with walls formed by reradiating
surfaces and spheres within them. Top: Schematic of array, with a single unit cell highlighted. Middle: Schematic of
a single unit cell, with relevant geometric parameters: L is the edge-to-edge span of the unit cell, D is the diameter
of the spheres, and H is the height of the reradiating surfaces. Bottom: Schematic of enclosure representing the unit
cell. This enclosure includes the six reradiating walls, the planar substrate, and a virtual (topping) surface



representing the apparent area. For configurations where the reradiating surfaces are smaller in height than the
sphere diameter, the remaining wall height segments of the unit cell are defined by virtual surfaces with a specular
reflectivity of unity to represent the array symmetry.

Solving for the apparent emissivity of a composite surface of spheres and reradiating walls in a
hexagonal arrangement yields a significantly more complex equation:
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In this case, while some of the view factors (those that are zero, and view factors to and from the
sphere in configurations where the reradiating surfaces are greater in height than the diameter of
the sphere) may be determined analytically, others must be determined numerically, as with the
view factors for the hexagonal array of spheres. There are now three geometric parameters - H,
L, and D - governing the relationship between the apparent emissivity of the structured surface
and the intrinsic emissivities of the sphere and planar substrate. Normalizing by the size of a
single unit cell, the two dimensionless geometric parameters, H/L and D/L, can be defined.
Figure 7 shows the relationship between the apparent emissivity for a structured surface with
differing optical properties for the substrate and sphere, as a function of D/L, at four different
reradiating surface heights H/L.
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Figure 7: Apparent emissivity of composite structure of a hexagonal arrangement of reradiating surfaces with enclosed spheres
on a planar substrate of a different material, as a function of relative sphere diameter. The Monte Carlo method for calculating
view factors used 100,000 ray bundles. Top: Highly reflecting substrate (¢ = 0.2), reradiating surfaces (agnostic to the material
properties), and high absorptivity spheres (¢ = 0.8). Bottom: High absorptivity substrate (¢ = 0.8), reradiating surfaces (agnostic
to the material properties), and highly reflecting spheres (¢ = 0.2).

Both reradiating surfaces and the inclusion of more reflecting spheres can reduce the apparent
emissivity of the substrate. The impact of reradiating surfaces alone can be observed by
considering the behavior in Figure 7 at a normalized sphere diameter (D/L) of zero. For a highly
reflective substrate surface, shown in Figure 7 top, the achievable reduction in apparent
emissivity is modest. But for a less reflecting (high emissivity) substrate, shown in Figure 7
bottom, the achievable reduction in apparent emissivity with reradiating surfaces is significant,
and in fact, is greater than it would be possible to achieve with the inclusion of reflective
spheres. The greatest effect of including the spheres is seen in Figure 7 (top) when D/L = 1: the



apparent emissivity can be made above or below the intrinsic emissivity of the spheres by about
10% by varying the relative height of the reradiating surfaces. This is a significant general result
that is worth to emphasize. With the combination of reradiating surfaces (adiabatic walls) and
embedded spheres, it is possible to achieve apparent spectral emissivity values that are lower
than the emissivity of the more reflective material, and higher than the emissivity of the more
emissive material.

3. Applications Case Studies

When designing any component where thermal, mechanical, and optical phenomenon are of
importance, the selected material is often a compromise between desired mechanical properties
and desired optical properties. Structured surfaces enable an increase in the available design
space by allowing a wider band of achievable optical properties without significantly changing
the mechanical properties. Applications where the radiative properties drive the design problem
lend themselves well to structured surfaces, such as passive solar cooling, thermophotovoltaic
cells, and high-speed aerodynamic surfaces, where high thermal and mechanical loads must be
sustained and heat rejection via thermal radiation is desired. To illustrate the effects of mesoscale
structuring, a small selection of spectra is presented for these examples.

3.1. Thermal Management of Hypersonic Vehicle

As an example of a surface that would benefit from apparent optical property control, a
hypersonic vehicle’s external skin material should be capable of withstanding the thermo-
mechanical loading of a high-speed aerodynamic environment, as well as having high emissivity
for radiative heat rejection, especially in the region of the spectrum corresponding to the
maximum spectral blackbody emissive power at the temperature (~1500-2000 K) of the skin.
Alumina, especially in the form of a ceramic matrix composite, is well-suited to handle extreme
aerodynamic environments. However, as seen in Figure 8, alumina has low emissivity in the
visible part of the spectrum. The inclusion of alumina spheres, arranged in a hexagonal pattern,
results in a spectral behavior with significantly higher apparent emissivity, especially in the
visible spectral range where the planar intrinsic emissivity is low. As reradiating surfaces always
result in a decrease of apparent emissivity, they are not desirable for use in this application. By
packing the alumina spheres (D/L = 1), the apparent emissivity of the structured surface in the
visible and near infrared spectral region increases two-fold from 0.35 to 0.7, greatly improving
the ability of the surface to reject heat from the hypersonic vehicle at high operating
temperatures.



1
0.9
0.8 f
0.7
o
Z 0.6
=z
§ 0.5
m
= 047
8 s Optimal: High € across spectrum
D / D
o 03} ’
’
02} 4 - = Alumina Emissivity
— Alumina Spheres: D/L=0.5
0.1 Alumina Spheres: D/L=0.75 |-
— Alumina Spheres: D/L=1.0
0 1 1 1 1 1
0 2 S 6 8 10 12

Wavelength, A (m)

Figure 8: Intrinsic and apparent spectral emissivity of alumina and a class of mesoscale structured surfaces, comprised of
alumina spheres on an alumina planar substrate, and without reradiating surfaces (not appropriate for this application). Arrows
indicate spectral regions of interest and the desired spectral values for use where the surface will be exposed to hypersonic flow.

3.2. Thermophotovoltaic Cells

For a thermophotovoltaic (TPV) cell, some form of spectral control is required for an efficient
system. This can be accomplished with a spectrally selective emitter, an optical filter, a back
surface reflector (BSR), or some combination of these. [18] In order to minimize parasitic
heating of the TPV receiver (photon-to-electron converter), a BSR would ideally have very high
reflectivity (low emissivity) across the spectrum. These reflectors are often comprised of a
material with intrinsically low emissivity and high thermal conductivity, such as silver. The
reflectivity of the BSR has a strong impact on the efficiency of the entire TPV cell, so ideally,
the emissivity of this surface will be as low as possible. Reradiating surfaces can decrease the
apparent emissivity of a surface, so a mesoscale structured surface with thin walls arranged in a
hexagonal array over a silver substrate would decrease the apparent emissivity, thereby
increasing the efficiency of a TPV. With walls four times higher than the span of each unit cell,
the apparent emissivity of this surface is decreased by ~3% compared to planar silver, as shown
in Figure 9.
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3.3. Passive Cooling from Solar Irradiation

For use in passive cooling from solar irradiation, a surface would ideally have low emissivity
(absorptivity) at the wavelengths of the maximum solar emissive power to minimize heat
absorption from solar irradiation. This surface would also benefit from high emissivity at the
wavelengths of the maximum spectral blackbody emissive power at the surface temperature to
maximize heat rejection via radiation. The performance of a given material selection can be
quantified by the ratio of an intrinsic material’s emissivity to a structured surface’s apparent
emissivity in the relevant spectral ranges. In the case of a passive solar cooling application, the
performance goals are to achieve emissivity reduction in the visible (VIS) spectra and emissivity
enhancement in the infrared (IR) spectra.

A simple, structured mesoscale surface comprised of a substrate of polished aluminum with an
array of alumina spheres surrounded by the thin, adiabatic walls is used to illustrate the utility of
structured surfaces for passive solar cooling. Taking the height of the adiabatic walls at 4 times
the center-to-center distance of the unit cells, and varying the diameter of the sphere inside,
Figure 10 shows the resulting spectra. Polished aluminum (Al) is highly reflecting broadly across
the spectrum, with an intrinsic emissivity between 0.2 and 0.1 in VIS, and below 0.05 in IR. [19]
As alumina (Al203) has a high spectral emissivity in the infrared region and a relatively low
spectral emissivity in the visible region, it is chosen as an example to augment the apparent



emissivity of a structured surface comprised of alumina spheres on the aluminum substrate.
Increasing the size of the alumina spheres raises the overall apparent emissivity, but also
modifies the shape of the emissivity’s spectral behavior. At lower D/L values, there is a
relatively large increase in spectral emissivity in IR with only a small increase in the apparent
emissivity in the visible region. Specifically, at a D/L value of 1/2, the apparent emissivity
(absorptivity) in the visible range increases about two-fold, but the apparent emissivity in the IR
region increases by almost 20 times, highlighting the powerful utility of this meso-structured
surface for a passive solar cooling application.

= = Aluminum Emissivity
0.9 — Walls + Alumina Spheres: D/L=0.25|
Walls + Alumina Spheres: D/L=0.50
0.8 -Walls + Alumina Spheres: D/L=0.75 |
0.7 Optimal: High ¢ in IR =
‘b’< '
2 06
=
205
m
= 04
3
o 0.3 H 1
02 ‘M_/\/—\
N
N, - - \
0.1 S o N 1
—— ™~ - ~
0 Optimal: Low & ip Visible el
0 2 4 6 8 10 12

Wavelength, A (pum)

Figure 10: Intrinsic and apparent spectral emissivities of a class of mesoscale structured surfaces, comprised of alumina spheres
on an aluminum planar substrate, with reradiating surfaces (separating walls) of relative height H/L=4. Arrows indicate spectral
regions of interest and the desired spectral values for use in a passive solar cooling application.

3.4. Solar Thermal Collector

As a final example, we consider a solar thermal collector. Ideally, it should absorb as much solar
irradiation as possible, with a peak spectral emissive power around 0.5 pm. Besides the visible
region, however, such a surface would optimally have a very low emissivity in the region of the
spectrum corresponding to the maximum spectral blackbody emissive power at the collector’s
operating temperature, to minimize radiative heat losses. Figure 11 shows the emissivity
spectrum of silicon as the baseline material. Notably, while silicon has desirably high spectral
emissivity (absorptivity) values in the visible regime, it also has relatively high spectral
emissivity in the IR region, which is detrimental to the overall thermal collection efficiency. For
a limited number of practically suitable metals, semiconductors, and ceramics that we analyzed
in an intuition-guided optimization process, no material and geometric parameter combinations
of structured surfaces investigated allowed for both raising the visible spectral range apparent



emissivity and depressing the IR apparent emissivity. For example, an arrangement of nickel
spheres packed within hexagonal adiabatic walls of height H/L = 2 raise the apparent emissivity
in the visible range above that of the planar silicon substrate, but at the cost of a similarly
increased emissivity in most of the IR region. However, it is possible that an optimal mesoscale
structure(s) does exist, but the combination of materials, geometric configurations, and particular
geometric parameters to produce such a structured surface would likely only be found through
computationally unmanageable “testing” of different parameters and material possibilities. A
promising alternative for finding the optimal structured surface is to use the techniques of
machine learning (ML), while using the training datasets that can be readily produced using the
tools developed in this work from a catalog of materials and mesoscale configurations.
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Figure 11: Intrinsic and apparent spectral emissivity of silicon and a class of mesoscale structured surfaces, comprising of
alumina spheres on an alumina planar substrate, with reradiating surfaces (adiabatic walls) of height H/L = 2. Arrows indicate
spectral regions of interest and the desired spectral values for application in a solar thermal collector.

4. Conclusions

The combination of mesoscale spheres and reradiating surfaces arranged in a structured array on
top of a planar substrate form a mesoscale structured surface that enables modulation of apparent
optical properties over a broad range, in terms of magnitude and spectral behavior. An approach
to relating the structure geometry, materials’ intrinsic properties and apparent optical surface
properties is implemented at a low computational cost, owing to the semi-analytical solutions of
the net radiosity method. In particular, the use of closely packed spheres in a hexagonal array can
more than double the apparent emissivity, while incorporation of adiabatic wall structures as
reradiating surfaces allows for a decrease in the apparent emissivity of a blackbody substrate by



a factor of two. Additionally, for a choice of the substrate material constrained by other design
requirements, the use of a combination of spheres and reradiating surfaces on top of such a
substrate are shown to greatly influence the apparent optical properties of the structured surface
and selectively raise or lower the spectral properties as needed for different spectral windows.
Four application case studies are presented to demonstrate the utility of mesoscale structured
surfaces, along with specific examples of selecting the materials and geometric parameters that
show a marked improvement in the apparent spectrum compared to the intrinsic optical behavior
of a substrate material.

While our analysis considered specifically the hexagonal array structure comprised of opaque
diffusely emitting spheres surrounded by reradiating surfaces of adiabatic walls, the approach is
general and could be used to determine the relationships between the geometric parameters of
any periodic arrays with repeating mesoscale structures and resulting structured surface apparent
optical properties. The analytical framework put forth in this article may be utilized to efficiently
generate large datasets, which could be useful for the training of machine learning algorithms to
optimize the structural features and geometric arrangement of the arrayed composite surfaces
resulting in desired apparent radiative properties.
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