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PARTIAL ABSORPTION COATING FOR ALL-GLASS BOTTOMLESS SOLAR

THERMAL ENERGY COLLECTORS

CROSS REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims the benefit of U.S. Provisional Application No. 62/366,796,

filed July 26, 2016, which is incorporated by reference as if disclosed herein in its entirety.
BACKGROUND

[0002] Bottomless solar thermal energy collectors have a wide range of applications,
including water heating, air heating, and various high-temperature solar thermal applications.
The design and manufacture of all-glass bottomless solar thermal energy collectors has been a
holy grail of the solar energy industry for several decades. Because of the still-rather-high
thermal expansion coefficient and extreme brittleness of borosilicate glass, to date attempts to
make all-glass bottomless solar thermal energy collectors have failed. Successful mass-
production of all-glass bottomless solar thermal energy collectors would be a game changer of

solar thermal energy applications.

[0003] Without wishing to be bound by theory, the maximum stress in a simple straight

vacuum tube is:

B 3EhAL _3Eh LAT
7=t T o2
where E is the modulus of elasticity of borosilicate glass, h is the tube wall thickness, H is the
spacing between inner and outer tubes, o is the thermal expansion coefficient of borosilicate

glass, L is the tube length, and AT is the temperature difference between the inside and the
outside of the tube.

[0004] Assuming H = 15 mm, the maximum stress is shown in Table 1. As shown, the
maximum stress well exceeds the ultimate stress of borosilicate glass, 0,=69 MPa. Therefore,

the tube breaks.
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Tube Length (L)| Temperature (AT)| Maximum Stress (o)
1 meter 50°C 205 MPa
1 meter 100°C 410 MPa
2 meters 50°C 410 MPa
2 meters 100°C 820 MPa
Table 1

[0005] United States Patent Application No. 62/345,336, incorporated herein by reference
in its entirety, disclosed an improved design of a tankless solar water heater using bottomless

solar thermal energy collectors.
SUMMARY

[0006] Some embodiments of the disclosed subject matter are directed to a bottomless solar
thermal energy collector having an inner translucent tube, an outer translucent tube, and a
vacuum disposed therebetween, with a stress-relief groove on the inner translucent tube. In
some embodiments, a plurality of stress-relief grooves are included on the inner translucent tube.
In some embodiments, the groove extends circumferentially around the inner translucent tube
and has a circular cross-section. In some embodiments, the collector also includes collector-end
regions where the inner translucent tube has a reduced diameter and increased spacing between
the inner translucent tube and the outer translucent tube. The various design features of the
collector reduce the overall stress resulting from the heating of liquid within the collector,
resulting in increased durability and operational lifetimes. Further, in some embodiments,
reflective and absorptive coatings are disposed on the inner translucent tube. In some

embodiments, the collector is composed of glass.

[0007] Some embodiments of the disclosed subject matter are directed to a method of
making a bottomless solar thermal energy collector. In some embodiments, the inner translucent
tube is heated in a first region to allow neighboring second and third regions to be pulled apart,
elongating and thinning the first region. In some embodiments, the first region is then depressed

to locally reduce the diameter of the inner translucent tube and produce a recess. In some
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embodiments, the first region is depressed by a physical article. In some embodiments, the
second and third regions are push back towards each other, which creates the groove having a
cross-section. In some embodiments, the outer translucent tube is then positioned around the

inner translucent tube.
BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The drawings show embodiments of the disclosed subject matter for the purpose of
illustrating the invention. However, it should be understood that the present application is not

limited to the precise arrangements and instrumentalities shown in the drawings, wherein:

[0009] FIG. 1 is a schematic drawing of a bottomless solar energy collector according to

some embodiments of the present disclosure;

[0010] FIG. 2 is a schematic drawing of a bottomless solar energy collector according to

some embodiments of the present disclosure;

[0011] FIG. 3 is a chart of a method of making a bottomless solar energy collector

according to some embodiments of the present disclosure; and

[0012] FIGs. 4A-4D are a pictographically portrayed method of making a bottomless solar

energy collector according to some embodiments of the present disclosure.
DETAILED DESCRIPTION

[0013] Referring now to FIG. 1A, aspects of the disclosed subject matter include a solar
thermal energy collector 100 including an outer translucent tube 102 and an inner translucent
tube 104. In some embodiments, a vacuum 106 is disposed between outer translucent tube 102
and inner translucent tube 104. In some embodiments, collector 100 is bottomless, i.e., open at
both ends. In some embodiments, collector 100 is open at one end and closed at an opposing
end, i.e., a “dead-end” vacuum tube. In some embodiments, collector 100 is capable of
maintaining a high vacuum. In some embodiments, outer translucent tube 102 and inner
translucent tube 104 are substantially transparent to sunlight, that is, visible and near-infrared
light. In some embodiments, outer translucent tube 102 and inner translucent tube 104 are
composed of glass. In some embodiments, outer translucent tube 102 and inner translucent
tube 104 are composed of high-quality glass (free from iron and other coloring elements). In

some embodiments, inner translucent tube 104 is composed of a metal. In some embodiments,
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outer translucent tube 102 and inner translucent tube 104 are composed of glass with a very low
thermal expansion coefficient to avoid cracking under heat. In some embodiments, outer
translucent tube 102 and inner translucent tube 104 are composed of borosilicate glass (with a

commercial name of Pyrex).

[0014] Referring now to FIG. 1B, in some embodiments, bottomless solar thermal energy
collector 100 includes collector-end regions 108. In some embodiments, collector-end

regions 108 are disposed at opposing ends of an intermediate region 110. In some embodiments,
collector-end regions 108 are characterized in that a diameter of inner translucent tube 104 has a
reduced diameter relative to intermediate region 110. In some embodiments, collector-end
regions 108 are characterized in that a spacing 112 between outer translucent tube 102 and inner
translucent tube 104 is also greater at collector-end regions 108 relative to intermediate

region 110. In some embodiments, collector-end regions 108 have an extended reduced

diameter portion 114 with a reduced diameter relative to outer translucent tube 102.

[0015] Since the maximum stress is inversely proportional to the square of the spacing H of
the translucent tube, by increasing the outer diameter D and reducing the diameter d of the outlet
tube, spacing H can be greatly increased and maximum stress reduced. In FIG. 1, outer
translucent tube 102 may have, for example, a diameter of 100 mm. By using collector-end
regions 108 produced by, for example, reducing the diameter of inner translucent tube 104

from 100 mm to 30 mm, the spacing / is increased to 35 mm. Furthermore, the number of the

vertical planes 115 is increased from 2 to 4, and the maximum stress is correspondingly reduced.

[0016] Referring now to FIGs. 1A and 1B, in some embodiments, a groove 116 is disposed
in inner translucent tube 104. Without wishing to be bound theory, grooves 116 are provided to
relieve stress by allowing increased expansion and contraction of inner translucent tube 104 in
response to changing temperatures. In some embodiments, groove 116 extends around a
circumference of inner translucent tube 104. In some embodiments, groove 116 has a circular
cross-section. In some embodiments, groove 116 is a decreased thickness relative to the rest of
inner translucent tube 104. In some embodiments, a plurality of grooves 116 are disposed in
inner translucent tube 104. In some embodiments, plurality of grooves 116 are evenly
distributed. In some embodiments, plurality of grooves 116 are separated from adjacent grooves

by about 100 mm. In some embodiments, plurality of grooves 116 are irregularly spaced.
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[0017] Referring now to FIG. 2, inner translucent tube 104 includes an upper

semicylinder 200 and a lower semicylinder 202. In some embodiments, an absorptive

coating 204 and a reflective coating 206 on an outer surface 208 of the inner translucent tube. In
some embodiments, reflective coating 206 is disposed over at least a portion of lower
semicylinder 202. In some embodiments, reflective coating 206 is disposed over the entire
lower semicylinder 202. In some embodiments, reflective coating 206 is composed of silver,
gold, aluminum, copper, nickel, chromium, molybdenum, titanium, stainless steel, or
combinations thereof. In some embodiments, absorptive coating 204 is disposed over at least a
portion of upper semicylinder 200. In some embodiments, absorptive coating 204 is disposed
over the entire upper semicylinder 200. In some embodiments, absorptive coating 204 is
disposed over substantially the entire outer surface 208. In some embodiments, absorptive
coating 204 is composed of aluminum nitride, germanium, graphite, chromium oxide, chromium
nitride, copper oxide, lead sulfide, silver sulfide, or combinations thereof. In some
embodiments, absorptive coating 204 is composed of two layers. In some embodiments, the
bottom layer (immediately over the tube) is a reflective coating composed of metal. In some
embodiments, the top layer is composed of a semiconductor. In some embodiments, absorptive
coating 204 and reflective coating 206 are not included in groove 116. In some embodiments,

absorptive coating 204 and reflective coating 206 are included in groove 116.

[0018] Referring to FIG. 3, aspects of the disclosed subject matter include a method 300 of
making a bottomless solar thermal energy collector. In some embodiments, at 302, a wall of an
inner translucent tube is treated in a first region between a second region and a third region so
that the first region becomes more pliable. In some embodiments, the wall is treated 302 via a
heating process. In some embodiments, at 304, the wall is thinned at the first region. In some
embodiments, the wall is thinned 304 by increasing the distance between the second region and
the third region, e.g., pulling the second region and third region apart using a lathe. In some
embodiments, at 306, the diameter of the inner translucent tube is reduced at the first region.
Reducing 306 the diameter of the inner translucent tube locally at the first region produces a
recess in the inner translucent tube. In some embodiments, a diameter of the inner translucent
tube is reduced 306 by displacing the wall with a physical article, e.g., arod. In some
embodiments, the physical article is composed of graphite. In some embodiments, at 308, a
distance between the second region and the third region of the inner translucent tube is reduced.
In some embodiments, the distance between the second region and the third region is

reduced 308 by pushing the second region and the third region back towards each other, e.g.,
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using a lathe. The result is groove 116 disposed in inner translucent tube 104 as shown in FIG. 1
and discussed above. In some embodiments, at 310, absorptive and reflective coatings are
deposited on an outer surface of the inner translucent tube. In some embodiments, at 312, an
outer translucent tube is disposed around the inner translucent tube and a vacuum disposed

between the outer and inner translucent tubes.

[0019] In some embodiments, thinning 304, reducing 306, and reducing 308 are preceded
by treatment 302 to make the inner translucent tube wall pliable. As discussed above, in some

embodiments, treatment 302 is a heating process.

[0020] A pictographic portrayal of method 300 is shown in FIGs. 4A-4D. Referring to

FIG. 4A, a wall 400 of inner translucent tube 104 is treated in a first region 402 between a
second region 404 and a third region 406 so that the first region becomes more pliable. As
discussed above, in some embodiments, wall 400 is treated via a heating process 408. Referring
now to FIG. 4B, in some embodiments, wall 400 is thinned at first region 402. As discussed
above, in some embodiments, wall 400 is thinned by increasing the distance 410 between second
region 404 and third region 406, e.g., pulling the second region and third region apart. Referring
now to FIG. 4C, in some embodiments, the diameter of inner translucent tube 104 is reduced at
first region 402. Reducing the diameter of inner translucent tube 104 locally at first region 402
produces a recess 412 in the inner translucent tube. As discussed above, a diameter of inner
translucent tube 104 is reduced by displacing wall 400 with a physical article 414, e.g., a rod.
Referring to FIG. 4D, in some embodiments, a distance 410 between second region 404 and
third region 406 of inner translucent tube 104 is reduced. As discussed above, distance 410
between second region 404 and third region 406 is reduced by pushing the second region and the
third region back towards each other, e.g., using a lathe. The result is groove 116 disposed in

inner translucent tube 104.

[0021] The systems and methods of the present disclosure advantageously allow for all-
glass construction of a bottomless solar thermal energy collector through increased stress
resistance. Without wishing to be bound by theory, the maximum stress for a vacuum tube with

a single stress-relief groove is:

= Eh AL = Eh LAT
a_ncbz _ncbza

wherein @ is the diameter and 4 the thickness of the groove.

6
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[0022] Assuming @ =20 mm and /= 1.0 mm, the maximum stress is shown in following
Table 2:
Tube Length | Temperature (AT) | Maximum Stress (o)

1 meter 50°C 8 MPa

1 meter 100°C 16 MPa

2 meters 50°C 16 MPa

2 meters 100°C 32 MPa

Table 2

Therefore, the maximum stress can be much smaller than the stress limit of borosilicate glass,

and the collector will display increased durability.

[0023] The use of collector-end regions is also advantageous for the building of complete
systems. The size of pipes and associated components, e.g., gaskets, can be much smaller, and
standard O-rings can be used. Finally, the absorptive and reflective coatings discussed above
reduce radiation heat loss, and thus increase the efficiency of the collectors of the present
disclosure. The hourly temperature drop of liquid at night may be as low as 0.12 K/hr, which is

much better than a standard domestic hot-water tank, which is about 0.25 K/hr.

[0024] Although the disclosed subject matter has been described and illustrated with respect
to embodiments thereof, it should be understood by those skilled in the art that features of the
disclosed embodiments can be combined, rearranged, etc., to produce additional embodiments
within the scope of the invention, and that various other changes, omissions, and additions may

be made therein and thereto, without parting from the spirit and scope of the present invention.
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CLAIMS

What is claimed is:

1.

A method of making a bottomless solar thermal energy collector comprising:

treating a wall of an inner glass tube in a first region between a second region and a third

region,
thinning said wall at said first region;

reducing a diameter of said inner glass tube at said first region to introduce a recess

between said second region and said third region;
reducing a distance between said second region and said third region; and

disposing an outer glass tube around said inner glass tube, and a vacuum between said

outer glass tube and said inner glass tube.

The method according to claim 1, wherein treating a wall of an inner glass tube in a first
region between a second region and a third region includes heating said wall of said inner

glass tube in a first region between a second region and a third region.

The method according to claim 1, wherein thinning said wall at said first region includes

increasing said distance between said second region and said third region.

The method according to claim 1, wherein reducing a diameter of said inner glass tube at
said first region to introduce a recess between said second region and said third region

includes depressing a portion of said first region with a physical article.
The method according to claim 4, wherein said physical article is composed of graphite.

The method according to claim 1, wherein reducing a distance between said second region
and said third region includes heating said first region and pushing said second region and

said third region back towards each other.

The method according to claim 1, further comprising depositing an absorptive coating and a

reflective coating on an outer surface of said inner glass tube.
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14.

15.
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The method according to claim 1, wherein disposing an outer glass tube around said inner

glass tube includes:

reducing a diameter of said inner glass tube relative to a diameter of said outer glass tube
to provide a collector-end region in said inner glass tube with an extended reduced diameter

portion.

A bottomless solar thermal energy collector comprising:
an outer translucent tube;
an inner translucent tube;

a vacuum disposed between said outer translucent tube and said inner translucent tube;

and
at least one stress relief groove in said inner translucent tube.

The bottomless solar thermal energy collector according to claim 9, wherein said at least one

stress relief groove has a circular cross-section.

The bottomless solar thermal energy collector according to claim 9, further comprising an

absorptive coating and a reflective coating on an outer surface of said inner translucent tube.

The bottomless solar thermal energy collector according to claim 11, wherein said reflective
coating is composed of silver, gold, aluminum, copper, nickel, chromium, molybdenum,

titanium, stainless steel or combinations thereof.

The bottomless solar thermal energy collector according to claim 11, wherein said absorptive
coating is composed of aluminum nitride, germanium, graphite, chromium oxide, chromium

nitride, copper oxide, lead sulfide, silver sulfide, or combinations thereof.

The bottomless solar thermal energy collector according to claim 11, wherein said inner
translucent tube includes an upper semicylinder and a lower semicylinder, and wherein said

reflective coating is disposed on said lower semicylinder.

The bottomless solar thermal energy collector according to claim 11, wherein said inner
translucent tube includes an upper semicylinder and a lower semicylinder, and wherein said

absorptive coating is disposed on said upper semicylinder.
9
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16. The bottomless solar thermal energy collector according to claim 9, wherein said inner
translucent tube further comprises a collector-end region with an extended reduced diameter

portion having a reduced diameter relative to said outer translucent tube.

17. The bottomless solar thermal energy collector according to claim 9, wherein said at least one

stress relief groove is separated from an adjacent stress relief groove by about 100mm.

18. The bottomless solar thermal energy collector according to claim 9, wherein said inner

translucent tube and said outer translucent tube are composed of glass.
19. A bottomless solar thermal energy collector comprising:
an outer glass tube;
an inner glass tube;
a vacuum disposed between said inner glass tube and said outer glass tube;

collector-end regions disposed at opposing ends of an intermediate region of said outer
glass tube and said inner glass tube, wherein said inner glass tube has a reduced diameter
at said collector-end regions relative to said intermediate region, and a spacing between
said outer glass tube and said inner glass tube is greater at said collector-end regions

relative to said intermediate region; and

a plurality of grooves extending around a circumference of said inner glass tube, said

plurality of grooves having a circular cross-section;

wherein an outer surface of said inner glass tube has a lower semicylinder and an upper
semicylinder, said lower semicylinder having a reflective coating disposed thereon and

said upper semicylinder having an absorptive coating disposed thereon.

20. The bottomless solar thermal energy collector according to claim 19, wherein said grooves
are stress release grooves, and said stress relief grooves are separated from adjacent stress

relief grooves by about 100mm.

10
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