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(57) Abstract: Passive electromagnetic cooling is achieved using a first enclosed chamber having an antenna array surface, and a
second chamber comprising open space external to the first enclosed chamber, wherein the open space comprises the sky. An interface
is defined between the first chamber and the second chamber, wherein the antenna array surface is positioned with respect to the first
chamber to thermally insulate between the interior of the first chamber and the open space of the second chamber. The antenna array
surface is configured to direct beams from the interior of the first chamber towards the zenith of the sky. Solar irradiation in the optical
spectrum range is reflected in the pyramidal dielectric surfaces or the ground plane in the dielectric rod array antenna.
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PASSIVE COOLING SYSTEM

TECHNICAL FIELD

[0001] The invention relates generally to a system and method for passive cooling

and, more particularly, to a system and method for passive electromagnetic cooling.
BACKGROUND

[0002] The rapid growth of industrialization over the last few decades caused a
significant rise in global temperatures and as a result air conditioning becomes a basic need to
achieve thermal comfort for people. The World Economic Forum in May 2019 estimated that by
2050 there will be 4.5 billion air conditioners worldwide, contributing to as much as 0.5°C to the
global temperature rise. There are a number of ways to make conventional AC technology more
efficient such as using different refrigerants (e.g., R-32, which has less planet-warming potential
than other hydrofluorocarbons). Others use technology known as “variable speed compressors”
that allow the AC unit to run on different settings. Yet all past and recent efforts to control
global warming and improve air conditioning efficiency cannot achieve net zero carbon
emission. In short, the air-conditioning industry urgently needs technological evolution to

address these challenges.
SUMMARY

[0003] In accordance with principles of the invention, there are exemplified two
radiation processes: reception and transmission to a medium which are in thermal equilibrium
with the outgoing radiation. The incoming radiation from the zenith of sky is much lower than
that from the horizon. The invention directs incoming radiation mainly from the zenith and
suppresses that from the horizon, thus cooling the medium passively without external
intervention. There is more than one way to achieve such effect. For example, various antennas,
such as horn or lens antennas, can be used to direct incoming and outgoing radiation such that
most incoming radiation comes from the zenith of the sky.

[0004] The foregoing has outlined rather broadly the features and technical
advantages of the present invention in order that the detailed description of the invention that
follows may be better understood. Additional features and advantages of the invention will be

described hereinafter which form the subject of the claims of the invention. It should be
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appreciated by those skilled in the art that the conception and the specific embodiment disclosed
may be readily utilized as a basis for modifying or designing other structures for carrying out the
same purposes of the present invention. It should also be realized by those skilled in the art that
such equivalent constructions do not depart from the spirit and scope of the invention as set forth

in the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0005] For a more complete understanding of the present invention, and the
advantages thereof, reference is now made to the following descriptions taken in conjunction
with the accompanying drawings, in which:

[0006] FIGURE 1 is a schematic drawing exemplifying a first embodiment of the
invention, namely, a cooling system with an array of pyramidal lenses; and

[0007] FIGURE 2 is a schematic drawing exemplifying a second embodiment of the

invention, namely, a dielectric antenna between the first and second chambers.
DETAILED DESCRIPTION

[0008] The following description is presented to enable any person skilled in the art
to make and use the invention, and is provided in the context of a particular application and its
requirements. Various modifications to the disclosed embodiments will be readily apparent to
those skilled in the art, and the general principles defined herein may be applied to other
embodiments and applications without departing from the spirit and scope of the present
invention. Thus, the present invention is not intended to be limited to the embodiments shown,
but is to be accorded the widest scope consistent with the principles and features disclosed
herein. Additionally, as used herein, the term “substantially” is to be construed as a term of
approximation.

[0009] The invention is an end-to-end complete passive system which can transfer
heat from one region to another using electromagnetic radiation at a low cost. The operating
principle is based on thermal radiation. The cooling occurs between a subject chamber to be
cooled (chamber 1) and open space (chamber 2). The chambers are connected through an
interface by a dielectric array antenna. For maximum cooling, there are two requirements. The
first requirement is to have the beam radiated from the interface between the two chambers in a

directional manner so that the radiated power from the interface is directed to the zenith of the
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sky which is much colder than the earth’s surface. The second requirement is to block radiation
in the visual light spectrum from the open space to the interface.

[0010] Most conventional passive cooling systems depend on the material properties
of the cooler. In contrast, according to principles of the invention, an interface between the outer
chamber 2 and inner chamber 1 is altered between the area to be cooled and the open space with
an antenna structure that 1s made of inexpensive dielectric materials.

[0011] Two embodiments are exemplified herein. The first embodiment (FIG. 1)
uses an array of lens antennas that is easy to fabricate inexpensively at mass production scales.
The second embodiment (FIG. 2) requires a more refined antenna structure for better
performance.

[0012] In the first embodiment, designated by the reference numeral 100, FIG. 1
shows an array of dielectric lens antennas 106 at the surface of an interface 110 between a
cooling chamber 102 (also referred to herein as chamber 1 or first chamber) and an open space
chamber 104 (also referred to herein as chamber 2 or second chamber) wherein each array 106
element is substantially configured as a pyramid. Here the interface passes radiation from
chamber 2 from substantially only near a zenith 108 of the sky away from hotter regions in the
sky near the horizon so that the power entering chamber 1 from chamber 2 is minimized. The
reference numeral 112 designates a ground plane.

[0013] The array of lens antennas 106 may be made from virtually any dielectric
material; however, dielectrics with high reflection in the optical spectrum are preferred so that
most solar irradiation is blocked at the interface 110. For example, a material from Rogers
Cooperation (Chandler, Arizona) such as RO4003C is a type of glass that is an excellent
candidate for antenna fabrication while the color of the material is mostly white which reflects
most waves in the visual light spectrum. It is also suggested to put a thin layer of white paint on
the dielectric surface to reflect the solar spectrum up to about 94% while transmitting the
infrared waves. The key advantage of this option lies in fabrication. The size of each dielectric
lens is preferably in the range of from about 0.5 mm to about 50 mm, and preferably from about
1 mm to about 10 mm, which can be easily made with currently available fabrication techniques.

[0014] In the second embodiment, designated by a reference numeral 200, FIG. 2
shows an array of dielectric antennas 206 at the surface of an interface 210 between a cooling

chamber 202 (also referred to herein as chamber 1 or first chamber) and an open space chamber
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204 (also referred to herein as chamber 2 or second chamber) where each array element is a
dielectric rod 206. The interface 210 passes radiation from chamber 2 from substantially only
near a zenith 208 away from hotter regions in the sky near the horizon so that the power entering
chamber 1 from chamber 2 is minimized.

[0015] FIG. 2 shows a single rod 206 of an array structure (not shown) which is
designed to be band-limited in the infrared wavelength band of 8-13 pm where the atmospheric
transmittivity 1s high, a requirement for efficient cooling. The wideband rod antenna is designed
based on the leaky wave concept, which is known to give high directivity and wide bandwidth
with relatively low loss. The array antenna is backed by a conducting surface 212 such as copper
plate, the surface 212 also being effective as a ground plane. The dielectric structure is
transparent to visible light, and most of the optical power is reflected from the conducting plate
212 since a region of aperture 214 holes (i.e., holes on the ground plane 212 under each array
element or rod 206) is much smaller than the entire surface area between chambers 1 and 2. In
this way, the invention is operational day and night without being affected by the operation time.

[0016] Both the prior art cooling systems and the invention rely on radiative cooling
based on thermal radiation. And both devices maximize the cooling with two methods: (1)
steering the beam from the radiator to around the zenith 108 / 208 of sky, and (2) blocking visual
light to the cooling surface. But there are fundamental differences between the two as follows:

[0017] Beam steering: The dielectric lens antenna in the embodiment of FIG. 1
serves the system similar to the taper guide in Zhou [i.e., Zhou, L., “A polydimethylsiloxane-
coated metal structure for all-day radiative cooling”, Nature Sustainability, vol. 2, August 2019,
718-724], to steer the beam from the interface toward the zenith 108 / 208 of the sky. But there
are at least two advantages of the invention over the prior art. First, the prior art structure is
bulky with guide reflectors while the invention comprises a thin layer without any extra features,
resulting in a compact and portable device at a low cost. Another critical disadvantage of the
Zhou prior art is that the effective area for cooling is much smaller than the available space due
to the presence of peripheral components, including tapered guides. In other words, the Zhou
report of a cooling rate of about 120 W/m? is misleading. In practice, over an available surface
for cooling, the more realistic number of Zhou is much less than the reported value. Compared

to this, the invention utilizes the entire available spacing for cooling.
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[0018] Blocking visual light radiation: Zhou places a reflecting surface, such as a
conducting plate, behind the cooling panel. The serious issue here occurs when the device is
used in a practical application, where one side of the cooling plate faces the open sky and the
other side is backed by a conducting reflector. In other words, the heat extraction from the
emitter for cooling requires a complex system that may reduce the efficiency further. On the
other hand, the invention does not have any of these issues. In the invention, one side of the
cooling surface is free from any obstacle for the chamber to be cooled. Compared to Rephaeli,
E. et al., “Ultrabroadband photonic structures to achieve high-performance daytime radiative
cooling”, Nano Letters, vol. 13, 2013, 1457-1461, the invention preferably does not use
expensive nano-scale photonic structures (Zhou), but rather preferable inexpensive materials
such as PDMS for antennas are utilized for device fabrication for comparable or even better
blockage of solar irradiation.

[0019] In conclusion, according to the invention, the antenna at the interface between
the chambers 1 and 2 is directional so that any infrared radiation from the open space will be
reflected at the interface unless it is coming directly from the direction around normal to the
ground surface where the equivalent temperature is about 50 K. Thus, the interface essentially
works as a near ideal thermal radiator, giving a maximum heat dissipation theoretically possible
in the designed bandwidth. Of course, in reality, the actual value will be lower than the ideal
because there are detrimental factors such as nonideal performances of antennas, minor
transmission of solar irradiation through the interface, conduction, and convection. But the
cooling rate should be more than the reported rate of 100 W/m? (Rephaeli) at a much lower cost.
Compared to the prior art, the invention is relatively compact and inexpensive for
commercial/residential applications.

[0020] Having thus described the present invention by reference to certain of its
preferred embodiments, it is noted that the embodiments disclosed are illustrative rather than
limiting in nature and that a wide range of variations in, modifications of, changes to, and
substitutions of antennas are contemplated in the foregoing disclosure and, in some instances,
some features of the present invention may be employed without a corresponding use of the
other features. Many such variations and modifications may be considered obvious and desirable

by those skilled in the art based upon a review of the foregoing description of preferred
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embodiments. Accordingly, it is appropriate that the appended claims be construed broadly and

in a manner consistent with the scope of the invention.
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CLAIMS

1. A system for passive electromagnetic cooling, the system comprising:

a first enclosed chamber having an antenna array surface;

a second chamber comprising open space external with respect to the first enclosed
chamber, wherein the open space comprises the sky;

an interface defined between the first chamber and the second chamber;

wherein the antenna array surface is positioned with respect to the first chamber to
thermally insulate between the interior of the first chamber and the open space of the second
chamber; and

wherein the antenna array surface is configured to direct beams from the interior of the

first chamber towards the zenith of the sky.
2. The system of claim 1 wherein the antenna array surface is a pyramidal lens array.

3. The system of claim 1 wherein the antenna array surface comprises an array having one
or more array elements, wherein each array element is a dielectric rod antenna electrically
coupled to the surface across the aperture on the ground plane and directed toward the zenith of

the sky.

4. A system for passive electromagnetic cooling, the system comprising;
a first enclosed chamber having an electrically conductive surface;
a second chamber comprising open space comprising the sky;
an interface defined between the first chamber and the second chamber; and
a dielectric rod antenna electrically coupled to the electrically conductive surface across

the aperture and directed toward the zenith of the sky.

5. A system for passive electromagnetic cooling, the system comprising;
a first enclosed chamber to be cooled;
a second chamber comprising open space comprising the sky; and
an array of pyramidal dielectric lenses arranged between the first chamber and the second

chamber, wherein the lenses are directed toward the zenith of the sky.
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6. A system for passive electromagnetic cooling, the system comprising:

a first enclosed chamber to be cooled;

a second chamber comprising open space comprising the sky; and

an array of pyramidal dielectric lenses arranged on a top side of the first chamber,
wherein the lenses are directed toward the zenith of the sky and are painted with reflective

material such as white colored paint.
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