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THERMOELECTRIC POWER GENERATION
SYSTEMS

CLAIM OF PRIORITY

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 10/642,980, filed Aug. 18, 2003 and
incorporated in 1ts entirety by reference herein, and which 1s
a continuation-in-part of U.S. Pat. No. 6,625,990, filed Jun.
6, 2002, which 1s a continuation-in-part of U.S. Pat. No.
6,637,210, filed Feb. 11, 2002, and a continuation-in-part of
U.S. Pat. No. 6,606,866 filed Oct. 2, 2001, and a continu-
ation-in-part of U.S. Pat. No. 6,598,405, filed Jul. 31, 2001,
and a continuation-in-part of U.S. Pat. No. 6,539,725 filed
Apr. 27, 2001, which claims the benefit of U.S. Provisional
Patent Application No. 60/267,657, filed Feb. 9, 2001.

BACKGROUND OF THE INVENTION

0002] 1. Field of the Invention

0003] The present application relates to the field of power
generation using thermoelectric devices.

0004] 2. Description of the Related Art

0005] Although it has long been understood that thermo-
clectric devices can be used to generate power, thermoelec-
tric power generation has been little utilized because the
clliciency of present generator design and the power density
of such generators are too low.

[0006] Historically, solid-state electrical power generating
systems are constructed from TE Modules or stand-alone TE
clements placed between a source of heat and a heat sink.
The parts are designed with no moving parts 1n the power
generator. Generally, systems that use hot and cold working
fluids as the hot and cold sources employ fans or pumps to
transport the fluids to the assembly.

[0007] In other applications, pressurized air and fuel are
combusted within the generator. Still 1n other applications,
such as automotive exhaust waste power converters, heat 1s
transported to the generator by the exhaust system. In these
devices, the waste heat 1s removed either by external fans
supplying coolant or by free convection through finned
radiators.

[0008] In applications such as generators that employ
nuclear 1sotopes as the heat source, individual TE elements
are configured to produce electrical power. Each TE element
1s attached to an 1sotope heat source on the hot side, and to
a waste heat radiator on the cold side. No parts move during
operation.

[0009] Texts that describe solid-state TE power generation
are either written contemplating spacecrait usage (Angrist,
Stanley W., Direct Energy Conversion, Third Edition, Allyn
and Bacon, Inc. (Boston, 1976). Chapter 4, pp. 140-165)
have been concerned with terrestrial applications for which
reliability rather than efliciency has been the primary goal or
have used formulaic models (Ikoma, K. et al., “Thermoelec-
tric Module and Generator for Gasoline Engine Vehicles,”
1’7th International Conference on Thermoelectrics, Nagoya,
Japan, (1998), pp. 464-4677) that do not necessarily optimize
system performances for today’s applications. The need
exists to develop and use TE power generation cycles for
current and future applications including waste heat recov-
ery from vehicle exhaust and engine coolant, from industrial
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waste process heat, and from co-generation systems that
benellt from electrical power production.

SUMMARY OF THE INVENTION

[0010] New heterostructure thermoelectric, quantum tun-
neling, very thin plated, and deposited thermoelectric mate-
rials operate at substantially higher power densities than
typical of the previous bulk materials and offer the potential
for higher system efliciency. In addition, recent advance-
ments 1 thermoelectric (TE) material and systems have
renewed 1nterest 1n the potential use of TEs for power
generation. The mherent qualities of TE systems, few 1f any
moving parts, quiet operation and the prospects of both
environmental frnendliness and waste power recovery have
increased further the interest.

[0011] Successful operation of thermoelectric devices
with high power density requires high heat transier rates
both on the cold and hot side of TE Modules. One way to
achieve this 1s through rotary designs that lend themselves to
high fluid flow rates, and hence, high thermal power
throughput. In one preferred embodiment, rotary systems in
which a portion of the heat exchanger acts as fan blades, and
thereby contributes to working fluid flow, can reduce power
into the fan, simplify system design and reduce size.

[0012] Further, the heat transfer rate in many systems can
be increased by employing heat pipes, as 1s well known to
the art. Such devices use two-phase (liquid and vapor) flow
to transport heat content from one surface to another. Where
heat 1s to be removed at a heat source surface, the fluids’ heat
of vaporization 1s utilized to extract thermal power. The
vapor flows to a surface at a lower temperature at the heat
sink side where 1t condenses and thus gives up its heat of
vaporization. The condensed tluid returns to the heat source
side by capillary action and/or gravity.

[0013] Properly designed heat pipes are very efficient and
transport large thermal fluxes with very low temperature
differential. Some keys to eflicient operation are that the
liguid return process be ethicient and that the entire heat
source side be wetted at all times, to make liqud always
available to evaporate and carry away thermal power. Simi-
larly, 1t 1s i1mportant that the cool, sink side does not
accumulate liquid since heat pipe working fluids are usually
relatively poor thermal conductors. Thus, the sink side
should shed liqud efliciently, to maintain effective surface
thermal conductivity.

[0014] Power generators that are combined with thermal
1solation as described in U.S. patent application Ser. No.
09/844,818, entitled Improved FElliciency Thermoelectrics
Utilizing Thermal Isolation can further increase perior-
mance.

[0015] One aspect of the present disclosure involves a
thermoelectric power generation system having a plurality
of thermoelectric elements forming an assembly having a
cooler side and a hotter side during operation. A working
media collects waste heat from the colder side of at least
some of the plurality of thermoelectric elements. After
collecting the waste heat, the working media 1s further
heated and then dispenses at least a portion of 1ts heat to the
hotter side of at least some of the plurality of thermoelectric
clements, thereby generating power with at least some of the
plurality of thermoelectric elements. Preferably, at least one
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clectrical system transiers the power from said assembly,
and a controller 1s provided to optimize or otherwise control
operation for the particular desired application.

[0016] In one embodiment, the working fluid is heated
from a source of heat, such as solar, combustion, 1sotopes
and others. In one embodiment, the working media 1s solid,
a fluid, or a combination of solid and fluid matenal.

[0017] Inoneembodiment, at least some of the plurality of
thermoelectric elements are configured to allow the working,
media to pass through them, such as being porous or having,
holes. In this embodiment, preferably, heat 1s convected by
the working media in the direction of the hotter side of the
thermoelectric elements.

[0018] In another embodiment, a plurality of heat
exchangers are 1n thermal communication with at least some
of the thermoelectric elements. Pretferably, at least some of
the heat exchangers are thermally 1solated 1n a direction of
working media movement.

[0019] In vyet another embodiment, at least one of the
plurality of thermoelectric elements 1s configured to allow
convective heat transport by the working media 1n the
direction of the hotter side of the thermoelectric element,
and at least a plurality of others of the thermoelectric
clements are configured to provide thermal 1solation in a
direction of working media movement.

[0020] Another aspect of the present disclosure involves a
method of generating power with a thermoelectric, the
method involves a number of steps. A working media 1s
moved 1n a manner to thermally interact with a plurality of
thermoelectric elements forming an assembly having a
cooler side and a hotter side during operation. Heat 1s
transferred to the working media from the cooler side of at
least some of the plurality of thermocelectric elements, and
then additional heat 1s added to the working media. Heat 1s
then dispensed from the working media to the hotter side of
at least some of the plurality of thermoelectric elements, to
thereby generate power with at least some of the plurality of
thermoelectric elements.

10021] In one embodiment, the additional heat 1s added by
combusting the working media, providing solar heating,
using 1sotope, using waste heat from another process, or
some combination of these and other heat sources. In
another embodiment, heat 1s convected by the working
media through at least one thermoelectric element 1n the
direction of the hotter side of the thermoelectric elements.

10022] Preferably, the method further involves controlling
the power generation to match a criterion, such as maximum
elliciency, maximum peak power output, some combination
or some other criterion for the particular application. For
example, the speed of the working media may be controlled
in order to optimize a parameter of operation, such as
ciliciency.

10023] These and other aspects and benefits of the present
description will be apparent from the more detailed descrip-
tion of the preferred embodiments below.

BRIEF DESCRIPTION OF THE DRAWINGS

(Ll

10024] FIG. 1A depicts components of a traditional T
generator.
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[10025] FIGS. 1B-1G depict a general arrangement of a
thermoelectric generator that hot and cold fluids a motor and
heat exchanger fins to create a temperature differential
across a TE Module. Electrical power 1s produced from the
thermal power within the hot side flmd stream.

10026] FIG. 1H further depicts a general arrangement of a
thermoelectric generator 1n which the tlow and pressure of
a working fluid spins the generator assembly, thus eliminat-

ing the need for the electric motor shown in FIGS. 1C and
1D.

[10027] FIG. 2A depicts a TE Module, heat pipes and heat
exchanger assembly for generally axial fluid flow 1n a rotary
solid-state power generator.

10028] FIG. 2B gives a detailed cross sectional view of the
assembly of FIG. 2A.

10029] FIG. 2C gives a second view of a segment of the
assembly of FIG. 2A.

[0030] FIG. 3A depicts a sectional view of a TE Module,

heat pipes and heat exchanger assembly for generally radial
fluid flow 1n a rotary power generator.

[0031] FIG. 3B shows a detailed, cross-sectional view of
the assembly of FIG. 3A.

[0032] FIG. 4 depicts an axial flow power generator
wherein the hot and cold fluids flow generally parallel to one
another 1n the same general direction. The generator utilizes
thermal 1solation and heat pipes to improve energy conver-
sion efliciency.

[0033] FIG. 5 depicts a radial flow power generator
wherein the hot and cold fluids flow generally parallel to
cach other in the same direction. The generator utilizes
thermal 1solation and heat pipes to improve efliciency.

10034] FIG. 6 depicts an axial flow generator with hot and
cold fluids flowing in generally opposite directions to one
another. Advantageously, the TE Modules and heat exchang-
ers are thermally 1solated to improve efliciency and increase
power density.

10035] FIG. 7 depicts a radial flow generator with the hot
and cold fluids flowing generally 1n opposite directions.
Advantageously, the TE Modules are thermally 1solated.
Heat pipes are employed to both increase etliciency and
power density.

[0036] FIG. 8 depicts a power generator with both gener-
ally radial and axial flows. A solid conductive heat transfer
member 1s utilized to transfer heat between the TE Module

and the hot side fin.

[0037] FIG. 9 depicts a portion of an axial flow power
generator 1n which current flows through TE elements or
modules and heat pipes 1n a circular direction about the axis
ol rotor rotation.

[0038] FIG. 10 depicts a system block diagram of a
thermocelectric power generator.

[0039] FIG. 11 depicts components of a convective TE
generator as taught in U.S. Pat. No. 6,598,403.

10040] FIG. 12A depicts the operation of a traditional TE

generator 1n which the TE hot and cold sides are at uniform
temperatures, and the cold side 1s connected thermally to a
large heat sink and the hot side 1s a heated moving medium.
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[0041] FIG. 12B depicts a power generator similar to the
generator n FIG. 12A, but with working medium cooled by
passing over a hotter side plate.

10042] FIG. 12C depicts a TE generator with both the hot

and cold side moving media and both the hot and cold ends
of the TE generator at constant temperatures.

10043] FIG. 13A depicts a stack design TE system that
used regeneration of waste thermal power to improve efli-
ciency.

10044] FIG. 13B depicts a perspective view of the design
of FIG. 13A.

10045] FIG. 13C depicts the operation of the system
depicted 1n FIG. 13A.

10046] FIG. 14A depicts a TE power generator that oper-
ates elliciently at relatively low temperature, and uses a
relatively high temperature convective medium heat source.

10047] FIG. 14B depicts the operation of the system
depicted 1n FIG. 14A.

[0048] FIG. 15A depicts a co-generation power generator
that employs both a convective and thermal 1solation.

[0049] FIG. 15B depicts the operation of the system
depicted 1n FIG. 15A.

[0050] FIG. 16 depicts a power generation system in
which the convective medium 1s a solid.

[0051] FIG. 17A depicts a waste power recovery system
that uses a convective fluid 1n a closed loop.

10052] FIG. 17B depicts further the operation of the sys-
tem depicted mn FIG. 17A.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

L1

[0053] Power generators are disclosed using new thermo-
dynamic cycles where waste heat from the TEs can be
recycled to the hotter side along with added heat. Also
disclosed are ways to combine combustion with a TE power
generator. Emphasis 1s placed on factors that influence
ciliciency, 1nclud1ng the eflects of hot side and cold side
conditions that increase etliciency when used with the new
thermodynamic cycles. (Bell, L. E., “Use of Thermal Iso-
lation to Improve Thermoelectric System Operating Efli-
ciency,”Proceedings 21°" International Conference on Ther-
moelectrics, Long Beach, Calif., August 2002 and Bell, L.
E., “Increased Thermoelectric System Thermodynamic Efli-
ciency by Use of Convective Heat Transport,”Proceedings
21 International Conference on Thermoelectrics, Long
Beach, Calif., August 2002). The source of thermal power
(heat) 1s of Special benefit when used for power generation
in systems where the available means of eliminating waste
heat from the cold side mfluence strongly system efliciency.

[0054] These designs also have important application in
several related solid-state power generation technologies,
including thermionic, photonic, magnetocaloric as well as
thermoelectric power converters.

[0055] The following background concepts as described in
detail 1n the referenced patent application or patent, each of
which 1s incorporated by reference herein, particularly (1)
convective TE power generation and go-generation (U.S.
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Pat. No. 6,598,403); (2) 1solated element TE systems (U.S.
Pat. No. 6,539,723); (3) 1solated element stack designs and

high power density designs (U.S. patent application Ser. No.
10/227,398 filed Aug. 23, 2002).

[0056] In the context of this description, the term Ther-
moelectric Module, TE Module, TE Element, or TE are used
in the broad sense of their ordinary and customary meaning,
which 1s (1) conventional thermoelectric converters, such as
those produced by Hi Z Technologies, Inc. of San Diego,
Calif., (2) quantum tunneling converters (3) thermionic
converters, (4) magneto caloric modules, (5) elements uti-
lizing one, or any by combination of, thermoelectric, mag-
neto caloric, quantum, tunneling and thermionic effects, (6)

any combination, array, assembly and other structure of (1)
through (6) above.

[0057] In this description, the words cold, hot, cooler,
hotter and the like are relative terms, and do not signify a
temperature range. For instance, the cold side heat
exchanger may actually be very hot to the human touch, but
still cooler than the hot side. These terms are merely used to

signify that a temperature gradient exists across the TE
Module.

[0058] In addition, the embodiments described in this
application are merely examples, and are not restrictive to
the invention, which 1s as defined in the claims.

[0059] The basic theoretical operation of a TE power
generator can be further understood by referring to FIG. 1A.
One or more TE elements 161 and 162 are placed 1n good
thermal contact with a source of thermal power Q4 164 at
one end and first and second heat sinks 166 to remove waste
heat Q- 167 at the other end. The thermal power source 164
at temperature T; 165 1s hotter than the heat sinks 166 at
temperature T~ 168. Due to the temperature difference AT
169, thermal power flows from the thermal power source
164 to the heat sinks 166. A fraction of the thermal power

can be converted to electrical power by suitable TEs 161,
162.

[0060] The efficiency of energy conversion ¢ is equal to
the output load, 171, divided by the thermal input power Q.
164.

- Load (1)
- QO

The efliciency can also be written as;

Ty — T,

? :( T )HGT .

The first term on the right hand side 1n parenthesm 1s the
Carnot cycle efliciency and 1s the maximum obtainable
clliciency according to the second law of thermodynamics.

The second term M 15 the efliciency factor for a particular
conversion process (and 1s less than 1). These properties of
the generator apply whether 1t 1s thermionic, thermoelectric
(1n a narrow sense), photonic, quantum tunneling, magneto
caloric, or any combination thereof The factor ns+ repre-
sents the characteristic performance of a particular type of
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generator. The subscript “GT” 1s used to represent “genera-
tor type.” For example, “GT” 1s replaced by “TE” to denote
the form M, takes for a thermoelectric (in a narrow sense)
material system. In which case the theoretical optimum
elliciency value excluding losses 1is;

1 (3)

Hre =
| 21+ V1+ZTayg )
_|_
LTy
where;

, o* (4)

pA
TC 4+ TH (5)

Tave = 5

[0061] (6) a=material systems net Seebeck Coeflicient

[0062] (7) p=material systems average electrical resis-
tance

[0063] (8) A=material systems average thermal conductiv-

ity

[0064] 'This i1s a well-known result that is described in
more detail 1n Angnist, Stanley W., Direct Energy Conver-
sion, Third Edition, Allyn and Bacon, Inc. (Boston, 1976).
Chapter 4, pp. 140-165).

[0065] Generally, it i1s desirable to optimize either the
clliciency or power output ol a generator. For brevity,
thermoelectric systems and their operation at high efliciency
as described. Nevertheless, the discussion applies to opera-

tion under other conditions and more generally, to other TE
systems as well.

[0066] FIGS. 1B-1G depict a general arrangements for a
rotary thermoelectric power generator 100. FIG. 1B 15 a
perspective view. FIG. 1C 1s a view of a rotor assembly 135
as visible through the slots 126 of FIG. 1B. FIG. 1D 1s a
cross section through the rotary thermoelectric power gen-
erator 100. FIG. 1E-1G provide additional detail for various
portions of the generator. A rotor assembly 1335 (best seen in
FIGS. 1C and 1D) 1s comprised of TE Module 101, 1n good
thermal contact with hot side heat exchanger 102, such as
heat transfer fins, on one side and a cold side heat exchanger
103, such as heat transfer fins, on the other. Insulation 109
separate hot and cold sides. Insulation 109 rigidly connects
the rotor parts to a motor rotor 110. The TE Module 101 1s
depicted here for explanatory purposes and 1s comprised of
TE elements 104 and circuitry 129. At contact points 124,
125, wires 123 clectrically connect TE Module 101 to
portions 117, 119 of shait assembly 130 that are electrically
1solated from each other, TE Module 101, hot side heat
exchanger 102, cold side heat exchanger 103, insulation
107, 109, wiring 123, circuitry 129 and shaift portions 117,
119 all form a rnigid rotatable unait.

[0067] Motor assembly 111 is connected to motor rotor
110 by bearings 144 (FIG. 1G). Slip ning contact 118 1s 1n
clectrical communication with shait member 119, and slip
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ring contact 120 1s 1n electrical communication with shaft
member 117. Wiring 122 connects to slip ring contacts 118
and 120 through circuitry 132 and other circuitry not shown,
such as traces on a circuit board or other conventional circuit
connections. Wiring 122 also connects to motor assembly
111, through a circuit board 112 and other circuitry not
shown.

[0068] Spokes 113 (best seen in FIG. 1B) mechanically
attach mner wall 114 (of FIG. 1D) to motor base 116 and
thereby to the motor assembly 111. Hot side fluid filter 128
1s attached to outer housing 131, and cold side fluid filter 127
1s supported by vanes 1135 and attached to an extension 133
of outer housing 131. Openings 126 in the outer housing,

such as slots, allow fluid 106, 108 passage through outer
housing 131. A hot working fluid 105, 106 (FIGS. 1D and

1E) 1s confined to a chamber defined by outer wall 131,
openings 126, msulation 109, filter 128 and TE Module 101.
Cold working fluid 107, 108 1s confined by inner wall 114,

vanes 115, outer housing extension 133, motor base 116 and
filter 127.

[0069] Hot fluid 105 passes through the hot side filter 128
and transiers heat to the hot side heat exchanger 102. The
interface between the hot side heat exchanger 102 and TE
Module 101 i1s thus heated. Stmilarly, cold fluid 107 passes
through cold side filter 127 and absorbs heat from cold side
heat exchanger 103. Thus, the interface between the cold
side heat exchanger 103 and TE Module 101 1s cooled. The
temperature gradient (heat tlow) across the TE Module 101
generates electrical power. The electrical power i1s trans-
terred through wires 123, to conduct points 124, 125, to
shaft portions 117, 118 and through slip ring contacts 118,
120 and to wires 122 (best seen 1 FIG. 1G).

[0070] Motor assembly 111 acting on motor rotor 110
spins the rotor assembly. In one embodiment, the heat
exchangers 102, 103 are configured as fins oriented longi-
tudinally away from the axis of rotation of the rotor assem-
bly. In this configuration, the heat exchangers 102, 103
advantageously act as fan blades of a centrifugal fan or
blower and thereby continuously pump working fluids 105,
107 1n order to maintain a temperature differential across TE
Module 101. A portion of the heat flow across TE Module
101 1s continuously converted to electrical power. Hot
working tluid 105 1s cooled as 1t passes through the hot side
heat exchanger 102 and exits as waste fluid 106 through
openings 126. Similarly, cold working fluid 107 1s heated as
it passes through cold side heat exchanger 103 and exits as
waste fluid 108 through openings 126.

[0071] The benefits of this rotational thermoelectric power
generator will be explained 1n detail with specific configu-
rations for the rotary assembly 135 in the following figures.
The rotation of the heat exchanger thermoelectric module as
a unit allows one or more heat exchangers to be used as fan
blades for pumping the working fluid. In addition, other
benefits and uses for rotation may be obtained in increasing
the efliciency of the power generation system and increasing
power density, as further explained below.

10072] FIG. 1E depicts a closer view of cold and hot side
working tluid movements for the power generator 100. The
TE Module 101 1s 1n good thermal communication with the
hot side heat exchanger 102 and a cold side heat exchanger
103. The two sides are separated by msulation 109. Hot side
fluid 105 and 106 1s contained by an outer wall 131 and
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insulation 109. Similarly, cold side fluid 107, 108 1s con-
tained by the iner wall duct 114 and 1nsulation 109. Motor
rotor 110 1s rigidly attached to insulation 109 so that
insulation 109, TE Module 101 and heat exchangers 102,
103 move as a unit. Wires 123 connect TE Module 101 to
rotary slip rings 118, 120 as described 1n more detail 1n the
discussion of FIG. 1G. Motor rotor 110 1s connected through
bearings 144 (FIG. 1G) to motor driver 140 and shaft 130
(shown 1n detail in FIG. 1G). Electrical wires 123 connect to

TE Module 101 and shaft 130.

[ 1

[0073] A temperature gradient is produced across TE
Module 101 by hot fluid 103 heating heat exchanger 102 and
cool fluid 107, cooling heat exchanger 103. Hot fluid 105
cools and exits and cool fluid 107 1s heated and exits. The
movement of hot fluid 105 1s created by the rotation of heat
exchanger 102 componentry which act as vanes of a blower
or radial fan. Motor rotor 110 and motor driver 140 produce
the rotation. Fluid flow 1s guided by the outer housings and
the 1nsulation.

[0074] FIG. 1F shows a cross section of TE Module 101
and heat exchangers 102, 103. Heat exchangers 102, 103 are
shown as folded fins as 1s known to the art, but may be of
any other suitable heat exchanger design, as an example, any
advantageous designs found mm Kays, Willlam M., and
London, Alexander L., Compact Heat Exchangers 3vd Edi-
tion, 1984, McGraw-Hill, Inc. Heat pipes and any other
technology may be incorporated to enhance heat transier.

10075] FIG. 1G illustrates additional details of an embodi-

ment of a slip ring assembly for transferring the electric
power created TE Module 101 to external systems. The
assembly consists of wires 123 in insulation 109, one of
which 1s electrically connected to inner shait 119, and a
second to outer shatt 117. Flectrical insulation 142 mechani-
cally connects inner and outer shaits 117, 119. Advanta-
geously, outer shait 119 1s mechanically connected to motor
rotor 110 and bearing 144. Slip ring contact 118 1s electri-
cally connected to inner shaft 119 and slip ring contact 120
1s electrically connected to outer shaft 117.

[0076] FIG. 1H depicts an alternate configuration of a
thermoelectric generator that uses flow and pressure of a
working tluid to spin the generator assembly, thus eliminat-
ing the need for the electric motor shown 1n FIGS. 1D and

1E.

[0077] As depicted in FIG. 1H, the TE 101, heat exchang-
ers 102, 103 and related parts comprising the rotatable parts
of the thermoelectric generator are as 1dentified 1n FIG. 1FE,
except that a fan 150 and 1nsulation 109 are attached to form
a rotatable unit. Bearings 152, shaft 130, and spokes 116,
151 form the suspension for the rotatable parts.

[0078] In operation, working fluid 105 propels fan 150.
Power from the fan spins the rotatable parts. In this embodi-
ment, the rotation acts to draw 1n cold working fluid 107, as
well as provide other benefits from rotation discussed 1n the

description of FIGS. 2-7 and 9.

[0079] The fan 150 i1s shown as a separate part. The same
function can be achieved by using other designs that have
heat exchangers or yet other parts shaped and positioned as
to utilize power available 1n the hotter, colder and/or exhaust
fluid streams to cause rotation. For Example, such a system
could be used 1n the exhaust stream of a combustion engine,
such as with an automobile. In such an example, what would
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otherwise simply be waste heat, 1s converted to electricity,
and the exhaust flow spins the rotary thermoelectric assem-

bly.

[0080] Motor rotor 110, insulators 109, 142, and shafts
117, 119 rotate as a unit and are supported by bearing 144.
Slip rings 118, 120 transmit the electrical power produced
within the rotating unit to an external electrical circuit. The
slip rings 118, 120 can be of any design known to the art, and
the shaits 117, 119 can be of any viable configuration that are
conductive or contain conductive wires or members. The
clectrical power transmission parts and configuration can be
of any design that conveys power from the rotating unit to
external circuitry.

[0081] It should be understood that although FIGS. 1D-1G

depict a single rotary assembly, multiple rotary assemblies
are also contemplated.

[0082] FIG. 2A depicts a cross-sectional view of rotor
assembly 200 for a thermoelectric power generator of the
form 1llustrated generally in FIG. 1. The rotor assembly 200
consists of a nng-shaped TE Module 201 1n good thermal
contact with a circular array of outer heat pipes 202 and a
circular array of inner heat pipes 203. A hot side heat
exchanger 204 1s in good thermal contact with outer heat
pipes 202, and a cold side heat exchanger 2035 1s 1n good
thermal contact with 1nner heat pipes 203. The rotor assem-

bly 200 1s generally symmetrical about 1ts axis of rotation
211.

[0083] In operation, the rotor assembly 200 spins about its
axis of rotation 211. Hot fluid (not shown) 1s 1n contact with
the hot side heat exchanger 204, which transfers heat flux to
the outer heat pipes 202, and to the outer surface of the TE
Module 201. A portion of the heat flux i1s converted to
clectrical power by the TE Module 201. The waste heat flux
passes through the inner heat pipes 203, then to the cool side
heat exchanger 205 and finally to a cooling fluid (not shown)
in contact with the cool side heat exchanger 205.

[0084] FIG. 2B presents a more detailed view of a cross-
section of rotor assembly 200 through a heat pipe. As 1n FIG.
2A, the heat pipes 202 and 203 are in thermal contact with
TE Module 201. The TE elements 208 and electrical cir-
cuitry 209 complete the TE Module 201. In one preferred
embodiment, the heat pipes 202, 203 are comprised of
sealed shells 214, 215 containing a heat transfer fluid. In
operation, while the rotor assembly 200 spins about the axis
211, the rotational forces push a liquid phase of heat transter
fluid away from the axis of rotation of the particular heat
pipes 202, 203. The direction of the outward force mduced
by rotation 1s shown by arrow 210. For example, 1n the heat
pipe 202, a liquid phase 206 forms an interface 212 with the
vapor phase. The hot side heat exchanger 204 1s in good
thermal contact with the hot side heat pipe shell 214.
Similarly, the cool side heat pipes 203, 215, have heat
transier tluid 207 1n a liquid phase and an interface 213 with
the vapor phase. The cooler side heat exchanger 2035 15 1n
good thermal communication with the cool side heat pipe

shells 215.

[0085] The outward force 210 induced by rotor assembly
200 rotation acts to force the liquid phases 206 and 207 to
the positions shown in FIG. 2B. Hot gas (not shown)
transiers heat from the outer heat exchanger fins 204 to outer
heat pipe shells 214. The heat flux causes a portion of the
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liquid phase 206 on the hot side to vaporize. The vapor
moves mward in the opposite direction to that indicated by
arrow 210, since 1t 1s displaced by denser liquid phase 206.
Vapor phase fluid 1 heat pipes 202 1n contact with the
interface of TE Module 201 and hot side heat pipe shells 214
transiers a portion of 1ts heat content to the TE Module 201,
and condenses to the liquid phase. The rotation-induced
force drives the dense liquid-phase 1n the direction indicated
by the arrow 210. The fluid cycle repeats as more heat 1s
absorbed by the hot side heat exchanger 204, transierred to
the outer heat pipe shells 214, and then to the outer surface

of TE Module 201.

[0086] Similarly, waste heat from the inner side of TE
Module 201 causes the liquid phase 207 of the inner heat
pipe fluid to boil and be convected inward to the inner
portions of the mner heat pipe shells 215. The cold working,
fluid (not shown) removes heat from the cooler side heat
exchanger 205, and adjacent portions of cooler side heat
pipe shells 215. This causes condensation of the fluid 207.
The ligmd phase 1s driven by centrifugal force in the
direction indicated by the arrow 210, and accumulates
against the TE Module 201 and the mner heat pipe shells 2135
interface. This cycle constantly repeats, with the fluid con-
stantly evaporating at one location, condensing at another,
and being transported back to the first by centrifugal force.

[0087] The forces produced by the rotor assembly 201
rotation can be several times to thousands of times that of
gravity, depending on rotor dimensions and rotational speed.
Such centrifugal forces can enhance heat pipe heat transfer,
thus allowing the rotor assembly 200 to operate with less
heat transfer losses and at higher heat fluxes.

10088] FIG. 2C shows a sectional view of the rotor assem-
bly 200 of FIG. 2A viewed along the axis of rotation 211.
The TE Module 201 1s 1 good thermal contact with the
outer heat pipes 202 and the mnner heat pipes 203. The heat
exchangers 204, 205, such as fins as shown, are 1n good
thermal contact with the heat pipes 202, 203.

[0089] FIG. 2C shows individual heat pipe segments 202,
203 and the TE Module 201. The hot working fluid (not
shown) tlows through passages 216 between the outer heat
exchanger fins 204 and the outer heat pipes 202. Similarly,
the cold working fluid (not shown) tlows through the inner
passages 217 between the iner heat exchanger fins 203 and
the inner heat pipes 203.

[0090] FIG. 3 depicts an alternative thermoelectric power
generator rotor assembly 300, in which, working fluids tlow
in a generally radial direction. The cross section view shows
a disk-shaped TE Module 301 1n good thermal contact with
hot side heat pipes 302 and cold side heat pipes 303. In good
thermal contact with the hot side heat pipes 302 1s a heat
exchanger 304, and with the cooler side heat pipes 303 i1s a
cool side heat exchanger 305. The rotor assembly 300
rotates about and 1s generally symmetrical about a centerline

310.

[0091] In operation, the rotor assembly 300 spins about
the centerline 310, driven by a motor such as 1n FIG. 1A. Hot
working fluid (not shown) passing generally radially out-
ward between the hot side heat exchanger 304 (fins in this
depiction) and the hot side heat pipes 302, transiers heat to
the heat exchanger 304 and the outer heat pipes 302 and then

to the TE Module 301. Similarly, cold working fluid (not
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shown) passing generally radially outward through the cen-
ter side heat exchanger 303 and the cooler side heat pipes
305 removes heat convected by the cooler side heat pipes
303 from the TE Module 301. A portion of the thermal flux
passing from the hotter side heat pipes 304 to the TE Module
301 and out through the cooler side heat pipes 305 is
converted by TE Module 301 to electric power.

[0092] Rotation of the heat pipes 302, 303 (configured as
flattened tubular sections in this embodiment) advanta-
geously act as fan blades that pump hot and cold working
fluids (not shown) outward. Advantageously, the heat
exchangers 304, 305 and the heat pipes 302, 303 are
configured to maximize both heat transfer and fan fluid
pumping action. Thus, the rotor assembly 300 functions both
as the power generator and working tluid pump.

10093] FIG. 3B shows a more detailed, cross-sectional
view 311 through a heat pipe of the rotor assembly 300
depicted 1n FIG. 3A. The TE Module 301 1s comprised of TE
clements 309 and circuitry 310. The TE Module 301 is 1n
good thermal contact with heat pipes 302, 303. As with the
FIG. 2 configuration, the hotter side heat pipes 302 are
comprised of sealed shells 312 with a fluid having a liquid
phase 306 and vapor phase, with an interface 314. Similarly,
the cooler side heat pipes 303 are comprised of sealed shells
313, containing tluid with liquid phase 307 and vapor phase,
with an interface 315. The heat exchanger fins 304, 305 are
in good thermal communication with the heat pipes 302,
303. An arrow 308 points in the direction of an outward

force generated as the rotary assembly rotates about the axis
310.

[0094] In operation, the outward forces push the liquid
phases 306, 307 of the heat transfer fluids within the heat
pipes 302, 303 outward, forming the liquid phases 306, 307
and the mterfaces 314 and 315. Heat flux from the hot side
working fluid (not shown) flowing past the hot side heat
exchanger 304 evaporates portions of the flmd 306, which
condenses at the hotter side heat pipe shells 312 at the TE
Module 301 interface. Similarly, a portion of the heat flux
passes through the TE Module 301 to its interface with
cooler side heat pipe shells 313, and into the cooler side heat
pipe fluid 307, causing the tluid 307 to boil. The vapor phase
condenses on the inner portion of the cool side heat pipe
shell 313 as heat 1s removed by transier to the cooler side
heat exchanger 305, and to the cooler side working fluid (not
shown). This heat transfer process 1s analogous to that
described in more detail 1n the descriptions of FIGS. 2A, 2B
and 2C.

[0095] FIG. 4 depicts one side of another rotating power
generator 400 1n cross-section. A TE Module 401 1s con-
nected thermally to a cooler side heat exchanger 402 and a
hotter side heat exchanger 403. In the depicted embodiment,
the cooler side heat exchanger 402 has segments of heat
pipes 404 and fins 406. Similarly, hotter side heat exchanger
403 has segments of heat pipes 405 and fins 407. A cooler
working fluid 408, 410 1s confined to a chamber formed by
insulators 416, 423, 424 and a duct 412. Similarly, a hotter
working fluid 414 and 415 1s confined by the msulators 423,
424 and an outer duct 411. Rotor insulation 416 1s connected
rigidly to a motor rotor 417, the mnner portion of the
exchanger 402, and thereby to the TE Module 401 and heat
exchanger 403. Wires 420 and a shroud 423 are connected
rigidly to the TE Module 401. Similarly, a fan blade assem-
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bly 413 i1s rigidly attached to the TE Module 401. A shaft
assembly 419 1s attached to the motor rotor 417, and to
bearings 418. A slip ring assembly 421 1s 1n electrical
communication to a shait assembly 419. The 1nsulators 423
and 424 are configured to form a labyrinth seal 422. Spokes
409 connect the left most bearing 418 to isulation 424 and

to duct 411.

[0096] The assembly formed by the motor rotor 417, the
insulators 416, 423, the heat pipes 402, 403, the TE Module
401, the fan blades 413, the wires 420, the shaft 419 and the
shroud 425 rotate as a unit. Rotation of the fan blades 413

provides motive force for the hot and the cold working fluids
408, 410, 414, 415.

[0097] The hot working fluid 414 enters from the left and
transiers thermal energy to the hot side heat exchanger 402
and then, to TE Module 401. The flow of the hot working
fluid 414 1s driven by the rotation of the fan blades 413.
Similarly, the cooler working fluid 408 enters from the left
and extracts waste thermal energy from the cooler side heat
exchanger 403 and the TE Module 401. The electrical power
created passes through the wires 420 and out of the rotating
portion through the shaft assembly 419 and the slip ring

assembly 421, as was described 1n more detaill i the
discussion of FIG. 1F.

[0098] The heat pipes 402, 403 are segmented to thermally
1solate one portion from another for the purposes taught 1n
U.S. Pat. No. 6,539,725 filed Apr. 27, 2001, entitled Eili-
ciency Thermoelectncs Utilizing, Thermal Isolatlon which
application 1s incorporated by reference herein. Heat transfer
within the heat pipes 402, 403 1s enhanced by the centrifugal
acceleration as discussed above, and thereby, increases
ciliciency of thermal power transport and the allowable
power density at which the system can operate. By utilizing
centrifugal force to enhance the heat transfer, the overall
device can be more compact and employ thermoelectric
materials that advantageously operate at high thermal power
densities.

[0099] The seal 422 is representative of any seal configu-
ration that suitably separates hot fluid 414 from cold fluid
408 with a moving to stationary boundary. In some configu-
rations, the pumping power of the fan 413 in combination
with the inlet geometry may negate the need for the seal 422.
Alternately, seal 422 may serve the function of providing
separation of the hotter and cooler working fluids 408, 422
i an external, alternate mechanism (not shown) to fan blades
413 provides the force to pump the working fluids 408, 422
through the heat exchangers 402, 403. In such an embodi-
ment, the fan 413 may be omitted or 1ts function supple-
mented by an alternate fluid pump mechanism.

[0100] FIG. 5 depicts a power generator configuration in
which the heat exchangers act as fan blades. The TE Module
and heat exchanger are similar 1n concept to the configura-

tion depicted 1n FIG. 3. The rotor assembly 500 consists of
TE Modules 501, cooler fluid heat exchanger 502, a hotter

fluid heat exchanger 503, mnsulation 315, 517, spokes 508
and a motor rotor 509, all of which are connected rigidly to
one another to form a rigid unit that rotates about a shaft 510.
The cooler fluid heat exchanger 502 has heat pipes in good
thermal contact with fins 504. Similarly, the hotter fluids
heat exchanger 503 has heat pipes in good thermal contact
with fins 505. Insulation 515, 517 and a duct 507 form a
chamber that confines a hotter working fluud 511, 512.
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Similarly, isulation 515, 517 and a duct 506 form a cham-
ber, which confines a cooler working tluid 513, 514. A seal
516 1s formed 1n the insulation 515, 517 to separate the
hotter 511 and the colder working 513 fluids.

[0101] The assembly 500 operates by the motor rotor 509
providing motive force to rotate the heat exchangers 502,
503, which, in turn, creates a pumping action to pull hot and
cold fluid through the heat exchangers 502, 503 to produce
a temperature gradient across the TE Module 501. Electrical
power generated thereby 1s extracted and transferred to
external circuitry by the design shown in FIGS. 1A-1E, or by
any other transfer method acceptable 1n the environment.

10102] Advantageously, several working fluids may be
used within a single assembly. A generator such as that of
FIG. 4 may have several sources of hot side working fluids
cach with a diflerent composition and/or temperature. This
condition can arise, for example, with waste electrical power
generation systems that have several sources of exhaust gas
to be processed with waste heated fluid from a boiler, dryer
or the like. Such multiple sources of working fluids may be
introduced through wall 411 at a position along the axis of
rotation where the hot side working fluid 422 has been
cooled to a temperature that when combined with an added
working fluid, advantageously generates electrical power. In

this circumstance, the heat flux may vary in some of the heat
pipes 402, 407 and fins 405, 409 so that TE Modules 101,
heat pipes 402, 207 and fins 405, 409 may differ i their

construction, size, shape, and/or materials from one section
to the next 1n the direction of fluid flow. Also, insulation and
fin structure can be used to separate different fluids. Finally,
more than one cold side working fluid 409, 410 can be

utilized 1 combination with at least one hot side working
flud.

[0103] The design of FIG. 6 also utilizes heat pipes as
described 1n FIG. 4. The assembly 600 of FIG. 6 utilizes
counter-flow as taught 1 U.S. patent application Ser. No.
09/844,818, which 1s incorporated by reference herein. FIG.
6 depicts a cross-section of yet another rotary thermoelectric
power generator. Advantageously, this embodiment also
utilizes thermal 1solation. The generator assembly 600 has a
rotating assembly formed of a TE Module 601, pairs of

thermally 1solated heat exchangers 602, 603, fan assemblies
610, 613 with shrouds 607, 614, insulation 615, 616, 619,

620, 624, a motor rotor 617 and a shaft assembly 618.

10104] Hotter side working fluid 611, 612 is confined by
insulation 609, 615, 619, 620, 621. Cooler side working tluid
604, 606 1s confined by insulation 609, 615, 616, 619, 621,
and a duct 608. Spokes 605 connect a bearing 622 to the
insulation 615.

[0105] Cooler side working fluid 604 enters from the left,
absorbs thermal power from heat exchangers 602, thereby
cooling them, and 1s pumped radially outward by the cen-
trifugal action of fan blades 610. The fan blades 610 may or
may not contain an mner shroud 607 which can be employed
to provide structural support and act as a partial seal to keep
hotter working fluid 611 separate from the cooler working
fluud 606, and help guide the cooler working fluid’s 606
flow. The hotter working fluid 611 enters 1n a radially inward
direction, conveys thermal power to hotter side heat
exchangers 603 and then 1s pumped radially outward by the
action of the rotating fan blades 613. The shroud 614 may be
employed to add structural rigidity to the fan blades 613, act
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as a partial seal to separate cooler working fluid 604 from the
exiting hotter working fluid 612, and help guide the hotter
working fluid’s 612 flow.

10106] FIG. 7 depicts a cross-section of yet another rotary
thermoelectric power generator. The design of FIG. 7 1s
configured to operate 1 counter tflow. The heat exchangers
may or may not contain heat pipes to enhance heat transfer.

10107] FIG. 7 depicts a radial flow power generator 700.
A rotating assembly consists of a TE Module 701, heat
exchangers 702, 703, with fins 704, 705, insulation 720, fan
blades 723, a motor rotor 718 and a shaft 719. Bearings 721
attach the shatt assembly 719 to a non-rotating duct 717
inner support 707, spokes 722 and a duct 710. The hotter
working tluid 706, 709 1s confined by an inner support 707,
the duct 710, msulation 720, the TE Module 701 and an
exhaust duct 711. The cooler Workmg flmd 712, 713, 714 15
confined by exhaust ducts 711, 716, insulation 720, the TE
Module 701 and a duct 717. A seal 715 separates the hotter

working fluid 709 from the cooler working fluid 712.

[0108] The assembly 700 operates using counter-flow of
the same general type discussed in the description of FIG. 6.
It operates 1n a generally radial direction with the hot side
heat exchanger 702 with its fins 704 acting as rotating fan
blades to pump hotter working fluid 706, 709. Cooler
working fluid 712, 713, 714 responds to the net effect of a
radially outward force produced by heat exchanger heat
pipes 703 and fins 704 and a larger radially outward force
produced by the rotation of fan blades 723 actmg on the
cooler side working flmd 713, 714. The net eflect of the
counteracting forces 1s to cause tluid 712, 713, 714 to tlow
in the directions shown in FIG. 7. Since,, the larger blade
force 1s generated by the position of fan blades 723, being
longer than, and extending radially outward farther than the
heat exchangers 703 with 1ts fins 705. Alternately, any
portion of the fluids” 706, 709, 712, 713, 714 motion could
be generated by external fans or pumps. In such configura-
tions, the fan 723 may be, but need not be, deleted.

10109] Electrical power 1s generated and transmitted by
methods and design described 1n FIGS. 1 and 35-6, or any
other advantageous way.

[0110] FIG. 8 depicts a power generator that combines
radial and axial geometries. The general arrangement 800
has a rotational portion consisting of a TE Module 801, heat
exchangers 802, 803, a thermal shunt 804, insulation 811, a
fan assembly 808 and 809, a duct 807, a motor rotor 817 and
a shaft assembly 818. Cooler working flud 805, 815 is
coniined by a shroud 807, imnsulation 811, a fan duct 808, and
a wall 810. Hotter working fluid 812, 813 is confined by a
shunt 804, a shroud 807, insulation 811, 816 and a wall 814.

A bearing 819 connects rotating shaft assembly 818 to
spokes 806 and wall 810.

[0111] Operation is similar to that previously described in
FIG. 7, except that the cooler working fluid 8035 tlows
through heat exchanger 802 1n a generally axial direction. As
depicted herein, the thermal shunt 804 and the heat exchang-
ers 802, 803 may or may not contain heat pipes. Further, the
heat exchangers 802, 803, the TE Module 801 and the
thermal shunt 804 may or may not be constructed so as to be
made up of thermally 1solated elements as taught in U.S.
patent application Ser. No. 09/844,818, entitled Improved
Thermoelectrics Utilizing Thermal Isolation, filed Apr. 27,
2001, which patent application 1s 1ncorporated by reference
herein.
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[0112] FIG. 9 depicts an integrated TE Module and heat
exchanger. An assembly 900 1s a segment of a ring-shaped
array ol TE Modules 901 with a center of rotation 909 a heat
exchanger 902 with fins 904, heat exchanger 903 with fins
905 and thermal 1nsulation 908. Gaps 906, 907 clectrically
1solate sections of the fins 904, 905 that are connected to the
individual heat exchanger parts 902, 903. When operating,
one heat exchanger 903, for example, 1s cooled and the other
heat exchanger 902 i1s heated creating a thermal gradient
across TE Modules 901. Electrical power 1s produced by the
resultant heat flow.

[0113] In this configuration, the TE Modules 901 may be
individual TE elements 901 with a current 910 flowing 1n a
generally circular direction around the ring of which assem-
bly 900 1s a portion. In a portion where the TE Modules 901
are 1ndividual thermoelectric elements, for the current 910 to
flow as shown, the elements 901 are alternately of N-and
P-type. Advantageously, heat exchangers 902, 903 are e¢lec-
trically conductive in that portion between the adjacent TE
clements 901. If the fins 904, 9035 are electrically conductive
and 1n electric contact with heat exchangers 902, 903,
adjacent fins must be electrically 1solated from on another as
indicated by gaps 906, 907. Electric power can be extracted
by breaking the circular current tlow at one or more loca-
tions and connecting, at the breaks, to electrical circuitry as

discussed 1in FIG. 7.

[0114] Alternately, groups of elements can be between
adjacent heat exchangers 903, 902, thus forming TE Mod-
ules 901. Such TE Modules 901 can be connected electri-
cally 1n series and/or parallel and may have internal provi-
sions for electrical 1solation so that gaps 906, 907 are not
needed. Thermal 1solation between hot and cold sides may
be maintained by insulation 1008.

[0115] If the heat exchangers 902, 903 contain heat pipes,
advantageously, working fluids cool the inner heat exchang-
ers 903 and heat the outer heat exchangers 902.

[0116] FIG. 10 illustrates a block diagram of a thermo-
clectric power generator system 1000. As illustrated, the
system has a hotter working fluid source 1002, a colder
working fluid source 1004, a generator assembly 1006,
exhaust fluid outputs 1008, and electrical power output
1010. The generator assembly 1006 1s configured with any
of the embodiments disclosed above, or any similar embodi-
ment using the principals taught herein. A source of hotter
fluid 1002 provide a heat source for the generator assembly
1006. A source of colder fluid 1004 provide a source of
working tluid suthiciently cooler 1n temperature to create an
advantageous temperature gradient across the thermoelectric
in the generator assembly 1006. The waste working fluid
exits the generator assembly at an output 1008. Electrical
power from the generator assembly 1006 1s provided at a
power output 1010. This system 1000 1s merely a generally
exemplary system, and 1s not restrictive of the manner 1n
which the generator assemblies of the present invention
would be incorporated into a power generation system.

[0117] FIG. 11 depicts a convective thermoelectric power
generation system 1120. TE elements 1121, 1122 are in good
thermal communication at one end at constant temperature
T 1125 with a hotter side plate 1123, and thereby with a
heat source Q 1124. At the other end, of a constant
temperature T, 1128, the TEs 1121, 1122 are in thermal

communication with a colder side plate or heat sink 1126
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that removes waste heat Q. 1127. A duct 1136, 1139 encases
the TE elements 1121, 1122 and an exhaust 1140. A load
1131 1s connected to the TEs 1121, 1122 via wires 1130. A
convective working fluid 1133, 1134 and 1135 1s confined by
the duct 1136 and 1139 to the desired tlow paths through the
power generator 1120. The temperature difference between
the hotter side plate 1123 and the colder side plate 1126 1s
AT 129.

[0118] In operation, the fluid 1133, 1134, such as air, is
pumped by a fan 1132 through the colder Slde plate 1126
through holes 1137 (or the plate being porous or both) and
then through the TE elements 1121, 1122 (via holes or the
TEs being porous) and finally through the hotter side plate
1123 (through holes 1138, through the plate being porous, or
a combination). As the fluid 1133, 1134 transits from the
colder side plate 1126 to hotter side plate 1123, 1t 1s heated
by heat transfer from the TE elements 1121, 1122. The fluid
1135 exits at a temperature T,; 1125 through the exhaust
1140. Heat Q;; 1124 1s supplied to the system 1120 at hotter
side plate 1123 and 1s partially converted to electrical power
for the load 1131. The remainder of 1its thermal power is
convected away by the heated fluid 1135, or exits through
colder side plate 1126 as waste heat Q. 1127. The electrical
power for the load 1131 1s conducted through wires 1130.
Electrical power conversion efliciency generally increases

with increasing AT 1129. Details of the operation of this type
ol generator can be found 1n U.S. Pat. No. 6,598,405.

[0119] An important characteristic of this design is that a
portion of the thermal power Q; 1124 1s utilized to heat the
fluid 1133, 1134 1nstead of exiting through colder side plate
1126 as waste heat Q~ 1127. Thus, the heated fluid 1135 can
be used as part of a second cycle 1n which electrical power,
in addition to that provided to the load 1131 by the generator
1120, 1s produced. For example, the heated fluid 1135
exiting through exhaust 1140 could be used with another
power generator configuration, such as disclosed in FIGS.
13-17. Alternately, the power generator 1120, 1n addition to
clectrical power production, could provide a source of hot
fluid 1135, such as air, that can be combusted, all or 1n part,
to provide a source of hot fluid whose combustion process
1s enhanced, and made more eflicient, by preheating.

[0120] In order to better understand the subsequent
improved efliciency embodiments utilizing convective heat
transport as set forth 1n FIGS. 13-17, a brief description of
operation and efliciency for the power generator 160 when
actually applied 1n a practical application 1s described with
respect to FIG. 12. This description explains how the efli-
ciency drops dramatically from the theoretical possibilities
when applied 1n a real world setting.

[0121] FIG. 12A depicts a power generator 1200, where
thermal power Q. 1205 1n a working medium 1214 at an
initial temperature T;; 1204. A hotter side plate 1202 at a
substantially uniform temperature T, 212 1s 1n good thermal
contact with the medium 1214 and the hotter side of a TE
1201. The colder side of the TE 1201 1s 1n good thermal
contact with a heat sink 1208 at temperature T 1209. Waste
thermal power Q. 1210 exits the power generator 1200
tf’lrough the heat sink 1208. Electrical power for a load 1221
1s produced by the power generator 1200. The difference
between temperature T;; 1204 at which the convective
medium 1214 enters the power generator 1200 and exats at
Ty, 1212 imparts thermal power (O, 1203 to the hotter side
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of the TE 1201. The temperature gradient across the TE
1201 1s AT 1211. The total temperature difference 1s AT
1213. The medium 1214 1s mmitially at temperature T 1206
and 1s heated by applied thermal power Q; 1205 as repre-
sented by a vertical line 1207.

[0122] The working medium 1214 at temperature T,; 1204
transters a portion Q,, 1203 of 1ts thermal power to the hotter
side plate 1202. The working medium 1214 then exits the
system at a temperature T,,. The balance of the thermal
power from temperature T,, to T~ 1s lost or wasted. The
elliciency ¢, 1s governed in part by the Carnot term 1n
parenthesis 1 Equation (9).

Ty —1¢
'y

9)

d1E = ( )T?TE

[0123] Power conversion efficiency is zero when Ty, 1212
equals T, 1204 and increases as T,, 1212 increases the
elliciency. Also, the portion Q,; 1203 of the input power Q4
1205 that 1s converted to thermal power the portion Q, , 1206
decreases to zero when T,, 1212 equals T; 1204. Thus, for
some Ty, 1212 between T~ 1211 and T4 1204, efliciency 1s
maximized. Analysis shows that for representative practical
assumptions, the efliciency of the power generator 1200 1s
about 32% that theoretically possible for the power genera-
tor 160 of FIG. 1A. Accordingly, 1t 1s readily apparent that
the efliciency of power generation 1s well below that theo-
retically possible when placed 1n a practical application. The
difference 1s associated with heating the working medium
1214 from T 1206 to T,; 1204 and the condition that only

a Iraction of the thermal power mput Q. 1205 1s available
as thermal power Q,, 1203 that passes to the TE 1201.

10124] FIG. 12B depicts a power generator 1220, similar
to generator 1200, but with working medium 1239 that 1s
cooled by AT 1232 from T to Ty 1231 by passing over
the hotter side plate 1202. In doing so, the working medium
imparts thermal power Q,; 1223 to the TE 1201, which 1s
in good thermal contact with the hotter side plate 1202 on
one side and the colder side plate 1228 on the other side. The
working media 1238, mitially at T~ 1209, absorbs waste heat
Qnie 1223 as 1t passes colder side plate 1225 and rises AT~
1234 to temperature T,,~ 1233. Electrical power for a load
1214 1s produced by the TE 1201. The working medium
1207 enters the system at T 1206 and 1s heated by an input
power source Q. 1203 to temperature 1 1204.

[0125] In operation, external thermal power Q. 1205,
created by combustion of air for example, produces a hot
working medium 1239 which imparts thermal power Q,
1223 to the hot side of the TE 1201. The thermal power Q4
1229 not converted to electrical power for the load 1221
heats the working medium 1238 to temperature T,,~ 1233
where the convective medium exits the power generator
1220. The total power 1nput 1s thus Q4 1205, and the fraction
Qun e 1223 15 limited more than in the power generator 1200,
since the colder side plate 1228 i1s at a temperature Ty~
1233, which 1s higher than T~ 1209. If the working media
1238, 1239 are the same material and in equal amounts or
otherwise have about the same thermal capacity, AT~ 1234
will be somewhat less than AT 1232. Neither should be

zero because then thermal power Qg 1223 or Qu~ 1229
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would be zero. Similarly, the dlﬁerence T 1231 minus
1 1233 should not be zero or the efficiency;

Ty —The (10)

b28

would be zero. Calculations for representative conditions
show that efliciency ¢, 1s about 15% of the theoretical
clliciency of the generator 160. The efliciency 1s low because
the requirement that the convective media transier thermal
power to and from the TE can reduce substantially the
temperature differential across TE 1201, and hence, the
Carnot efliciency. Further the requirement just noted reduces
the fraction of the total heat mput that 1s utilized.

10126] FIG. 12C depicts a power generator 1240 similar to
the power generator 1220 of FIG. 12B. The descriptions are
the same except that the working medium 1238 at tempera-
ture Ty~ 1233 1s heated by source Q; 1205 by temperature
Al 1242 to temperature 1, 1204.

10127] In operation, waste heat Q,,~ 1229 entering the
working medium 1238 1s utilized to preheat the medium
1238 to a temperature T, .-, so that thermal power Q4 1205
need 1mpart less thermal power to achieve the same opera-
tion and electrical power output for the load 1221. As a
result, the ethiciency operating 1n this mode 1s about 23% that
of the generator 160. Thus, it 1s substantially greater than
that of the generator 1220, but, nevertheless, 1s quite small
compared to the theoretical efliciency of the generator 160.

[0128] Accordingly, given that the power generators oper-
ate at such low efliciencies when applied 1n a practical
setting, it 1s desirable to 1dentily other designs that can use
convective media as 1n FIG. 11, such as hot waste fluids, to
produce electrical power at hlgher clliciencies and higher
power levels. FIG. 13A depicts a stack design power gen-
erator 1300 of the type discussed 1n U.S. patent application
Ser. No. 10/227,398 entitled Compact, High FEifliciency
Thermoelectric Systems, configured to operate as a fuel-
powered auxiliary generator, a remote electric power gen-
erator, or the like.

10129] Advantageously, a power generator 1300 contains
TE elements 1301 of one conductivity type alternating with
TE elements 1304 of the opposite conductivity type. The TE
material 1s 1n good electrical and thermal contact with heat
exchangers 1302, 1305, and at 90° to them, yet other heat
exchangers 1306, 1303. This 1s better seen 1n the perspective
view of FIG. 13B. Connecting heat exchangers 1302 are
conduits 1309 that, advantageously, are electrical insulators
and of very low thermal conductivity. Similarly, conduits
1314 connect heat exchangers 1303. Air or other fluid 1307
enters an inlet conduit 1308 and exits at an exit conduit
1310. Similarly, exhaust 1316 enters through an inlet con-
duit 1320 and heat exchanger 1306 and exits at an exit
conduit 1315. The general direction of movement on fluid
1307 1s indicated by arrows 1307, 1321. The general direc-
tion of exhaust gas 1316 1s indicated by arrows 1313. A load
1317 1s connected to the end heat exchangers 1302 and 1306
by wire 1322. A conduit 1310 1s connected to a burner 1311,
through which the working fluid, such as air 1312 passes, as
does fuel 1323 from a fuel tank 1318. A valve 1319 controls

tuel tlow. Not shown 1s a blower or pump to provide air 1307
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to the generator 1300. Preferably, the valve could be con-
trolled by a feedback control system to adapt to varying
conditions.

[0130] In operation, the air 1312 is combusted with the
tuel 1323 with the valve 1319 controlling the flow rate of
fuel 1323. The combination, when burned, heats the air 1312
to a desired temperature. The exhaust pass into the heat
exchangers 1306 where a portion of the air’s thermal power
passes through the TEs 1301, 1304 creating electrical power
in general accordance with Equation (2). In the process,
incoming air 1321 is incrementally heated before entering
the combustor 1311 through conduit 1310. As the exhaust
1316 continues to pass through other heat exchanges 1303,
it 1s progressively cooled, giving up its heat to the TEs 1301,
1304, and at each stage adding to the power produced for the
load 1317. A portion of the waste heat from the process
progressively heats incoming air 1307 as it passes through
heat exchangers 1302.

[0131] A valve 1323 can be used, along with an air supply
control, not shown, to control the exhaust gas’ 1312 tem-
perature to adjust electrical power to the load 1317 and the
generator’s 1300 efliciency.

10132] Any other fuel system, such as hydrogen and
oxygen, could be employed. Also gaseous fuel such as
propane could enter a second generator of the same type,
along with the air 1307. After combustion, the exhaust can
be divided appropriately to provide the heat source to both
generators. Alternately, the heat source could come from
nuclear 1sotope decay, solar power, or any other heat source.
Generator 1300 can have more or fewer heat exchangers
1302, 1303 and TE elements 1301, 1304 than shown.
Similarly, the TE elements 1301, 1304 can be replaced with
TE modules or any other suitable solid-state energy con-
verter. Electrical wiring 1322 and the characteristics of the
load 1317 would change accordingly, and could be specified
by the system designer for the particular application. It solar,
nuclear or exterior combustion systems were used to transier
thermal power to the system, air 1307, 1312, 1316 could be
replaced by any suitable fluid that could then be configured
as either a closed or open loop system. If the heat exchangers
1302, 1303, 1306 are electrically 1solated from the TEs
1301, 1304, the medium could be a liquid metal such as
mercury or advantageously, less toxic mercury replacement
alloys for high temperature use such as NaK, Wood’s metal
or any other suitable liqud metal.

10133] FIG. 13C depicts an operational schematic 1323
for the generator 1300. Exhaust from the combustor 1311
enters at temperature T, 1324, and 1n good thermal com-
munication with the heat exchangers 1303, 1306, which in
turn, are 1n good thermal communication with the TEs 1301,
1304. The exhaust 1316 exits at temperature T, 1324.
Similarly, air 1307, 1321, and 1310 at temperature T 1326
1s progressively heated to a temperature T-,, 1324. The
portion ol waste heat from the exhaust not converted to
clectrical power (not shown), passes through the TEs 1301,
1304 into heat exchangers 1302, 1305, and air 1307. The
heat source, 1n the form of the combustor 1311 and fuel
1318, provides thermal power to the generator 1320.

[0134] Heat flow across the temperature differences, for
example, between T,y 1324, and T, 1302, between T
1325 and T, 1324, and elsewhere 1n schematic 1320,

produces electrical power across each TE 1301, 1304 n
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accordance with Equation (2). The ratio of the total of all
such electrical power produced by the TEs 1301, 1304 of
generator 1300 to the thermal power from the combustor
1311, 1s the system efliciency. For this design, detailed
calculations 1ndicate that efliciencies can range theoretically
up to about 130% of that of generator 160 1f system losses
and fan (or blower) power 1s 1gnored. Actual results may be
considerably lower ranging from the 40% to 70% of gen-
crator 160. However, as explained above, 1 the actual
practical operating efliciency of the generator 160 1s 12%-
25%, the power generator 1300 can operate at multiple
time(s) the efliciency of the generator 160 i1n practical
applications. Thus, the efliciencies can be substantially
higher than those produced by generators 1220 and 1240.

[0135] FIG. 14A depicts a generator 1400 that employs
thermal 1solation as taught 1n U.S. Pat. No. 6,539,725, and
recirculation of the present disclosure, 1n the configuration
of a linear array. The generator 1400 has a TE element 1401
or arrays of TE elements 1n good thermal contact with a
hotter side heat exchanger 1402 and a colder side heat
exchanger 1403. Air 1407 enters a blower 1408 and then
passes to the inlet 1406 of the cold side heat exchangers
1403. The heated air 1410 1s mixed 1n chamber 1411 with
high temperature combustion products 1412 or other hot
fluid, which enter through a duct 1413. The heated air
mixture 1410 passes through hotter side heat exchangers
1402, and the air mixture 1414 exits the housing 1409
through an exhaust 1416. The housing 1409 encloses the
assembly. A load 1415 1s connected to the TEs 1401. Gaps
1405 separate and thermally 1solate individual parings of

TEs 1401 and heat exchangers 1402 and 1403.

[0136] Operation is similar to the generator 1300, except
that the TEs 1401 are paired with hot and cold side heat
exchangers 1402 and 1403 to achieve thermal isolation.
When operating, the temperature diflerence across the TE
clements or modules produces electrical power, which 1s

collected and passed to the load 1415. This system 1s about
as eflicient as the generator 1300 of FIG. 13A.

10137] Air 1407, 1410 and 1414 can be replaced with a
liquid, solid, any combination of gas, liquid and solid media
such as slurries, foams, nano particles distributed 1n fluids,
or any other advantageous media. As with the power gen-
crator 1300, any heat source can be used to supply thermal
power at mixing chamber 1411. Finally, the convective
medium can operate 1n a closed loop fashion with a pump or
clectric motor and drive system replacing blower 1408. In
the closed loop system, the exhaust 1414 1s passed back to
the 1nlet in some manner after some cooling.

[0138] FIG. 14B depicts a schematic 1420 of the operation
of the power generator 1400 of FIG. 14A. Hot gas 1412 at

temperature T~ convects thermal power Q; to mixing cham-
ber 1411 thereby raising colder side convective medium

1421 by AT, 1428, from T, ,~ 1425 to T 1427. The hotter
fluid 1410 cools and exits at temperature T,,; 1426. TEs
1401 are 1n good thermal contact with the hot side 1410 and
cold side 1406 convective media. Colder side fluid 1406
enters at temperature T 1424 and exits at temperature T, ;-

1425. Load 1415 1s electrically connected to the TEs 1401.

[0139] In operation, if there are at least forty thermally

isolated heat exchangers thereby coupled to at least twenty
TEs 1401, the temperature distributions 1421, 1422 1n
convective media 1406, 1410 will appear as nearly smooth
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sloping lines, as depicted 1n FIG. 14B. Under these condi-
tions, efliciency can be relatively high with each thermally
isolated TE segment 1401 contributing electrical power 1n
accordance with Equation (2), and the individual hot and
cold side temperatures replacing T;; and T~ 1n that Equation.
Fewer TEs 1401 can also be used, and will generally
produce somewhat lower efliciencies.

[0140] FIG. 15A depicts a co-generation system 1500 that
has a convective generator section and isolated element
generator section. The generator 1500 has a fan 1511, a heat
sink 1512, a convective TE 1502, a convective medium
1504, a hotter side electrode 1505, a heat source 1506 a
hotter fluid 1511, 1508, a plurality of thermally 1solated heat
exchangers 1507, coupled to a plurality of TEs 1501, an exit
1509 and a housing 1510. The fan 1511 pumps the convec-
tive fluid 1503 past the heat sink 1512, which 1s 1 good
thermal contact with the colder side of the convective TE
1502, through which a convective medium 1504 passes.
This can be accomplished with a porous thermoelectric
material or holes through the thermoelectric material or in
any other similar manner. The convective medium 1504
passes through the convective TE 1502 and exits through the
hotter side electrode 1505, and passes the heat source 1506.
The hotter side electrode 1505 may be porous or have holes
in order to permit passage of the convective medium 1504.
The heated fluid 1511, 1508 passes through the plurality of
thermally 1solated heat exchangers 1507, and exits at the exat
1509. The colder sides of the TEs 1501 are in good thermal
contact with the heat sink 1512. The generator housing 1510
contains the assembly.

[0141] In operation, a convective media 1503 at a colder
temperature 1s pumped through generator 1500 by the fan or
pump 1511. It first passes through a portion of heat sink 1512
(via holes or a porous portion of the heat sink) and then
through the convective TE 1502. The convective TE 1502
operates as noted brietly in the description of FIG. 11.
Convective fluid 1504 exits through the hotter side electrode
1505 and, advantageously, through the heat source 1506.
The heat source 1506 could be a catalytic burner or any other
suitable heat source. Part of the thermal power produced 1s
conducted to the TE 1502 and produces electrical power 1n
that portion of generator 1500. The balance of the thermal
power produced by the heat source 1506 1s passed through
the heat exchanger 1507 and exits after a fraction, or
advantageously, nearly all, of 1ts thermal power has been
extracted and passed through by the heat exchangers 1507,
the TEs 1501. TEs 1501 also produce electric power that can
be combined with that from the convective TE 1502.

[0142] Other convective media besides air 1503 can be
used. Specifically, co-generator 1500 can employ advanta-
geously a low viscosity oil, such as a low molecular weight
silicone o1l 1n a closed loop system 1n which the fan 1511 1s
replaced by a pump. Also, the convective TE 1502 can be
replaced by solid TEs with effective external heat transier
capabilities, like the configurations disclosed in U.S. Pat.
No. 6,598,405, or by any other internal or external heat
transfer methods. If the convective TE 1502 1s electrically
1solated from the convective medium, liguid metal or solid
convective media can be used.

10143] FIG. 15B depicts a schematic for the operation of
the co-generator 1500. TE11501 1dentifies one TE assembly
operating as an 1solated TE element array, with 1ts hotter side




US 2008/0035195 Al

1521 descending 1n temperature from T; 1522 at the left to
T 15235 at the lower right, and 1ts colder side at T 1523.
The second TE generator TE21502 employs convective
power generation technology as discussed 1 U.S. Pat. No.
6,598,405, and has 1ts hotter side at Ti; 1522 and colder side
at T~ 1523. Heat source Q; 1524 imparts thermal power to
the convective media 1503 entering through the convective
TE 1502 and exiting as heated media 1511, 1508 to pass by
the thermally 1solated TEs 1501.

10144 If essentially all of the thermal power in convective
media 1521 i1s extracted through the thermally 1solated TE1s
1501, and both TE1s 1501 and convective TE2s 1502 are
operated near optimum efliciency, co-generator 1500 eth-
ciency 1s about the same as that theoretically possible for
generator 160 for thermoelectric materials with a Z'T; from

1.0 to 2.5.

10145] FIG. 16 depicts a power generator 1600 that uti-
lizes a solid convective media to generate electrical power.
The power generator 1600 has a plurality of TEs 1601, a
load 1614, first and second conductive media 1602, 1606, a
first mounting shaft 1605, a second mounting shaft 1608 a
thermally insulated plate 1604, a thermal power source
1611, a hotter side heat exchanger 1613, and a colder side
heat exchanger 1609. Preferably, the stationary TEs 1601 are
clectrically connected to the load 1614 and electrically
1solated from, but in good thermal contact with, the first and
the second moving media 1602, 1606. For embodiment
shown 1n FIG. 16, the first and second moving media 1602,
1606 are disk-shaped as depicted. Preferably, the TE ele-
ments 1601 form blocks of TE material, which extend from
about the outer diameter to about the mnner diameter of the
first and second moving media disk shapes. In an advanta-
geous embodiment, the TE eclements 1601 are slightly
smaller than the width of the disks so as to not quite reach
the outer circumierence or the mner circumierence of the
first and second moving media disks 1602, 1606. A first side
shaft 1605, driven by an electric motor or other drive
mechanism (not shown) 1s attached to thermally insulative
plate 1604, which 1n turn, 1s attached to first convective
moving medium 1602, so that the three parts form a single
moving part. The second rotating shaft 1608 1s connected to
the second insulative plate (not visible) and a second con-
vective moving media 1606 1n a similar fashion. Arrows
1603 and 1607 indicate the direction of motion of moving
media 1602 and 1606, respectively. The thermal source 1611
provides thermal power QH 1612 to the hotter side heat
exchanger 1613 which i1s in good thermal contact with both
the first and second moving media 1602, 1606, and imparts
thermal power to the first and second moving media 1602,

1606. Similarly, the colder side heat exchanger 1609 1s 1n
good thermal contact with both the first and second moving
media 1602, 1606 approximately 180 degrees from the
hotter side exchanger 1613. The colder side heat exchanger
1609 extracts waste thermal power Q- 1610 from the mov-
ing media 1602 and 1606. Advantageously, the moving
media 1602, 1606 have very good thermal conductivity in
the vertical and axial directions of FIG. 16, and have very
low thermal conductivity in the direction of rotation 1603
and 1607. In this manner, thermal 1nsulation 1n accordance
with the teachings of U.S. Pat. No. 6,539,725 can be
obtained. This could be obtained by making small slices
(like slices of pie) of copper bound together by epoxy
fixating material such that the slices of copper form the first
and second moving media and are thinner 1n the direction of
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movement than the gaps between TE elements 1601. In this
manner, any conduction of heat from TE to TE 1s minimized.
Alternatively, the conductive media 1602 and 1606 are made
from laminated material consisting of a high conductivity
material such as copper sheets oriented to have theirr width
and length i the axial and radial planes, with the sheets
separated by low conductivity epoxy adhesive to reduce
thermal conductivity 1n the radial direction. Thermal grease,
thin layers of liquid metal or any other suitable thermal

transier matenal, not shown, could connect thermally mov-
ing media 1602 and 1606 with heat exchangers 1609 and

1613.

[0146] Operation is similar to that of schematic 14B
except the moving media 1602, 1606 transier thermal power
directly to TEs 1601. Nomenclature and the schematic of
that of FIG. 14 1s used to describe the operation of the
generator 1600.

[0147] In operation, thermal power Qy; obtained from the
heat source 1611 1s transierred to the moving media 1602 by
heat exchanger 1613, raising the moving media temperature
to T¢; as 1t exits the area of contact with the heat exchanger
1613 moving 1n the direction indicated by the arrow 1603.
The moving media 1602 exiting the heat exchanger 1613
transfers thermal power to the TEs 1601 as 1t cools to
temperature T, 1426 before coming into thermal contact
with the heat exchanger 1609 at temperature T, 1424. The
moving media 1602, after being cooled to T, continues in
the direction of motion indicated by the arrow 1603 toward
the hotter side heat exchanger 1613. Concurrently, the
second moving media 1606 1s also cooled to T~ 1424 by
contact with the colder side heat exchanger 1609. As the
second moving medium 1606 rotates, it 1s 1n good thermal
contact with the TEs 1601, and extracts waste thermal power
from their cold side. In the process, the second moving
media 1606 1s heated to temperature T,,~ 14135. The hotter
side heat exchanger 1613 then heats the second side media
1606 to T; 1427. The temperature distribution of the moving,
media 1602, 1606 and TEs 1601 are thus similar to tem-
perature profiles 1422 and 1421. Once a point on moving
media 1602 passes, and 1s cooled to T~ 1424 by heat
exchanger 1609, the moving media 1602 becomes a portion
of the colder side of a second portion of generator 1600, and
once a spot on second moving media 1606 1s heated to T
14277 by heat exchanger 1613, 1t becomes the hot side of a
portion of generator 1600. Thermal power Q 1612 can
come Irom the thermal source 1611 which can be any
suitable heat source such as an 1sotope, catalytic burner or
flame. The hotter side heat exchanger 1613 and the thermal
power source 1611 can be replaced by an external source of
thermal power Q;; 1612 such as concentrated solar radiation,
or any other suitable non-contacting source (Q;; 1612. If the
thermal power (Q;; 1612 varies with time, rotational rate of
shafts 1605, 1608 can be varied to maintain T, 1427 at a
desired temperature. In addition, the rotational speed can be
varied to change etliciency by controlling the differences
between T, ,~ 1425 and T, 1426. It should be understood
that the moving medium disks 1602, 1606 may also be
constructed of liquid metal as described above.

|0148] In order to control the speed, in an advantageous
embodiment, a controller 1640, with at least hotter tempera-
ture sensor 1642 and colder temperature sensor 1644 as
inputs 1s provided to adaptively control the speed of the
shafts 1605, 1608. By use of a stepper or servo motor, the
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speed of these can be controlled very simply through the
controller 1640 with approprniate feedback. Feedback 1is
provided to monitor the temperature of the hot and cold sides
of the disks such that the speed could be varied to maintain
proper operational boundaries as the conditions change. For
example, 1 the heat source 1s a waste heat system where
power varies over time, and waste heat becomes hotter or
cooler over time, the feedback would be provided to the
control system to speed the disks up as the waste heat 1s
increasing and to slow them down as the waste heat 1s
decreasing. Such a control system could be programmed to
maintain the highest level of efliciency, the highest level of
power output, or a combination for both which creates a
particular desired sweet spot for operation of the power
generator for the particular application. It should be noted
that very high efliciency can be obtained by moving the
disks quite slowly, such that the outlet temperature at T
1s lower than T, ,~ 1n an amount whereby the level of boost
heat required to be added 1s small. In this manner, most of
the heat recirculates 1n the system and little 1s lost to waste.
Similar control systems could be provided for any of the
embodiments of FIGS. 13-17 to control the speed of the
working medium movement.

10149] FIG. 17 depicts a generator system 1700 powered
by waste thermal power. As a specific example, waste
thermal power recovery from the exhaust system 1706 from
a vehicle engine 17035 1s presented. Exhaust 1713 passes
through a catalytic converter 1707, a counter flow heat
exchanger 1704, a mufller 1708 and exits 1709. A Plurality
of TEs 1701 are 1n good thermal contact with moving media
1702 and 1703 moving in directions indicated by arrows
1714, 1715 and 1716. The moving media 1702, 1703 passes
through radiator 1710, a pump 1711 and through the heat
exchanger 1704. Load 1712 1s attached to the TEs 1701.

[0150] In operation, exhaust 1713 from an engine 1705 1s
processed by catalytic converter 1707 and enters counter-
flow heat exchanger 1704, where exhaust 1713 transiers
thermal power to moving medium 1702, 1703. The cooled
exhaust 1713 exits at 1709. The heated medium 1703,
transiers thermal power to the TEs 1701, cooling the heated
medium 1703. The moved medium 1s further cooled as 1t
passes through radiator 1710. Advantageously, the working,
media 1702 and 1703 1s a single liquid that 1s pumped
through the closed loop configuration depicted 1n FIG. 17 by
pump 1711. Electrical power produced is transferred to the
load 1712.

[0151] As noted in the description of generator 1600, the
speed of the pump 1711 can be varied to adjust performance
and compensate for variations in the exhaust 1713 output
from engine 1705.

[0152] FIG. 17B depicts a schematic 1720 for operator of
the generator 1700 of FIG. 17A. The source of thermal
power Qi 1721 1s 1n contact with the media 1702, 1703 at
countertlow heat exchanger 1704. Hot side medium 1702
exits heat exchange 1704 at temperature T,; 1723 and enters
radiator 1710 at temperature T,,,; 1724. Waste thermal

power Q. 1725 exits the system at that point. Hotter medium
1703 cools to temperature T 1726 as 1t passes the TE, 1701
and the radiator 1710. The medium then passes through
pump 1711, by TEs 1701 on the colder side, and enters heat
exchanger 1704 at temperature T, ,~ 1722.

[0153] In operation, the medium 1702, 1703 1s pumped in
a closed loop through the heat exchanger 1704 where 1t
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absorbs thermal power (Q;; 1721 and exits at temperature T+
1723. The medium 1702 transfers thermal power to TEs
1701, thereby cooling medium 1702 to T,y 1724. Waste
thermal power Q. 1725 1s rejected from the system by
radiator 1710, and 1n the process, cools the hotter medium
1703 to T~ 1726. Now cooled medium 1702 absorbs waste
thermal power from the cool side of TEs 1701, and 1n the
process, heats medium 1702 to temperature T,,~ 1722.
Power produced by the flow of thermal power through TEs
1701, 1s delivered to load 1712. This process occurs con-
tinuously during operation.

[0154] It will be noted that across the TEs of the various
power generation systems of FIGS. 13-17, the TEs may
operate at significantly different temperatures from one end
of the assembly to the other end of the assembly, 1n addition
to the gradient from the hotter side to the colder side of the
individual TE elements. Therefore, advantageously, the TEs
are configured to best operate under the diflering operating
temperatures and conditions. For example, for the TEs
operating at the hotter temperatures, the TEs may be made
with a different TE matenal than those operating at a cooler
temperatures. For example, for the hotter of the TE ele-
ments, the TE elements may be made from a matenal well
suited for hotter operational temperatures, such as Silicon
Germaniun, or the like, and for the cooler of the TFE
clements, the TE elements may be made of a material such
as Bismuth Telluride. Other materials are known that are
particularly suited for hotter or cooler operating tempera-
tures.

[0155] Another advantageous manner in which to accom-
modate the varying operational temperatures of the TEs in
the power generators of FIGS. 13-17 1s to construct the
individual TE elements 1n a non-uniform manner, such as
making the colder side portion of at least some of the TE
clements of a first material, and the hotter side portion of the
same TE elements from a second TE material. In other
words, individual TE elements are constructed of at least
two different materials, to create what 1s known as a uni-
couple TE element. The two materials may be also be of the
same TE material, but doped differently from the hotter side
of the TE element than from the colder side. For example,
doping at a first concentration level at the colder side of the
TE element and at a different concentration level for the
hotter side, may provide suitable properties for optimal
operation. Alternatively, or in combination, a diflering
dopant could be used for the hotter side than used for the
colder side of each TE element or at least some of the TE
clements.

[0156] In yet another embodiment, the construction of the
TEs would be varied, i1deally, in a constantly changing
manner across the assembly in accordance with the tem-
perature changes. More practically, the TEs would be
divided into groups of operating ranges, and the TE elements
constructed appropnately for the operating range. For
example, as depicted 1n FIG. 17B, a dotted line through the
middle of the temperature profile representing the operating
temperature across the TEs in the system, represents one
manner 1 which to construct the TEs. To the left of the
Figure, a small or no portion of the TEs would be con-
structed of a first TE material suited to operate at a cooler
temperature, and all or most of the TE element would be
constructed of a second TE material that has better charac-
teristics for operating at hotter temperatures. At the right side
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of the assembly, all or most of each TE elements would be
constructed of a TE material with characteristics better
suited for operating at a cooler temperature, and no portion,
or a small portion of each TE element would be constructed
of a TE material with characteristics better suited for oper-
ating at a hotter temperature. It will be apparent that the
percentage or portion of each TE element or at least some of
the TE elements that 1s constructed of a TE material better
suited for hotter side operation will be the upper portion 1n
FIG. 17B, and the portion of each TE element or at least
some of the TE elements that 1s constructed of a TE material
better suited for colder temperatures will be the bottom
portion 1 FIG. 17B. The dotted line marks a theoretical
distribution of such material. Practically, the TE elements
are grouped into two or more categories, rather than a
gradual change in each TE element, which would be more
costly. For example a group of TE elements constructed of
90%/10% portions, a group at 50%/50% and an group at
10%/90%, where the convention 1s (hotter material
%)/(colder material %). Other proportions are feasible.

[0157] It should be noted that although the embodiment of
FIG. 17 1s used for discussion, this principle of TE con-

struction applies to any TE system where the operating
temperatures difler across the assembly.

[0158] The individual teachings in this application may be
combined 1n any advantageous way. Such combinations are
part of this invention. Similarly, the teachings of U.S. Pat.
No. 6,539,725 enftitled Improved Efliciency Thermoelectrics
Utlhzmg Thermal Isolation, and U.S. application Ser. No.
09/971,339, entitled Thermoelectric Heat Exchanger related
to rotary heat exchangers can be used in combination with
this application to create variations on the teachings herein.
For example, the heat exchangers of the hot and/or cold
sides, 1n one embodiment, are configured 1n portions that are
substantially thermally 1solated from other portions of the
heat exchanger. Similarly, portions of the thermoelectric
module, 1n one embodiment, are thermally 1solation from
other portions of the thermoelectric module.

[0159] Furthermore, various convective power generators
of FIGS. 13-17 can be combined together to provide a power
generator that operates at two different levels.

[0160] Accordingly, the inventions are not limited to any
particular embodiment, or specific disclosure. Rather, the
inventions are defined by the appended claims, 1n which
terms are presented to have their ordinary and customary
meaning.

What 1s claimed 1s:
1. A thermoelectric power generation system comprising:

a plurality of thermoelectric elements, wherein a working,
medium 1n thermal communication with at least some
of the plurality of thermoelectric elements collects heat
from the at least some of the plurality of thermoelectric
clements, and wherein after collecting said heat, the
working medium collects heat from a heat source and
then dispenses at least a portion of 1ts heat to at least
some ol the plurality of thermoelectric elements,
thereby generating power; and

at least one electrical system that transfers the power from
the plurality of thermoelectric elements.
2. The thermoelectric power generation system of claim 1,
wherein the working medium 1s solid.
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3. The thermoelectric power generation system of claim 1,
wherein the working medium 1s tluid.

4. The thermoelectric power generation system of claim 1,
wherein the heat source comprises a combusted portion of
the working medium.

5. The thermoelectric power generation system of claim 1,
wherein the working medium 1s a combination of fluid and
solid.

6. The thermoelectric power generation system of claim 1,
wherein at least some of the plurality of thermoelectric
clements are configured to allow the working medium to
pass through them.

7. The thermoelectric power generation system of claim 6,
wherein at least some of the plurality of thermoelectric
clements are porous.

8. The thermoelectric power generation system of claim 1,
wherein at least some of the plurality of thermoelectric
clements are configured to allow convective heat transport
by the working medium.

9. The thermoelectric power generation system of claim 1,
further comprising a power generation controller.

10. The thermoelectric power generation system of claim
9, wherein the power generation controller controls the
speed of working medium movement.

11. The thermoelectric power generation system of claim
1, further comprising a plurality of heat exchangers, wherein
at least some of the heat exchangers are 1n thermal commu-
nication with at least some of the thermoelectric elements.

12. The thermoelectric power generation system of claim
11, wherein the at least some of the heat exchangers provide

thermal 1solation 1n a direction of working medium move-
ment.

13. The thermoelectric power generation system of claim
1, wherein at least one thermoelectric element of the plu-
rality of thermoelectric elements 1s configured to allow
convective heat transport by the working medium, and at
least a plurality of other thermoelectric elements of the
plurality of thermoelectric elements are configured to pro-
vide thermal isolation 1n a direction of working medium
movement.

14. The thermoelectric power generation system of claim
13, wherein the working medium comprises a working fluid
that convects heat through the at least one of the plurality of
thermocelectric elements, and 1s thereby heated.

15. A method of generating power with a thermoelectric
power generation system, the method comprising:

moving a working medium to be in thermal communica-
tion with a plurality of thermoelectric elements;

transierring heat into the working medium from the at
least some of the plurality of thermocelectric elements;

adding further heat to the working medium;

dispensing heat from the working medium to at least some
of the plurality of thermoelectric elements, thereby
generating power.

16. The method of claim 15, wherein adding further heat
comprises combusting a portion of the working medium.

17. The method of claim 15, wherein adding further heat
comprises solar heating the working medium.

18. The method of claim 15, further comprising passing
the working medium through at least some of the plurality
of thermoelectric elements.
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19. The method of claim 13, further comprising convect- 22. The method of claim 20, further comprising control-
ing heat with the working medium. ling the speed of movement of the working medium.
20. The method of claim 15, further comprising control- 23. The method of claim 15, further comprising thermally
ling the power generation to match a criterion. 1solating at least some of the thermoelectric elements 1n a

21. The method of claim 20, wherein said criterion 1s direction of working media movement.

efliciency. * ok ok %k ok
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