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(57) Abstract: A generator apparatus (11) for converting thermal energy to electric energy comprises a core region (12) made of a
magnetic material having a temperature dependent reluctance, the core region having channels (13) running from a first (12a) to a
second (12b) vertical side of the core region; windings (14) arranged above one another in horizontal planes around the core re-
gion; C-shaped frame sections (15, 15" arranged vertically and in a staggered row alternately around the first and second vertical
sides the core region; a hot and cold fluid distribution system (6) connected to the channels of the core region for distributing al-
ternately hot and cold fluid through the channels of the core region to vary the temperature of the core region alternately above
and below a selected temperature, thereby varying the reluctance of a magnetic circuit formed by the core region and the C-shaped
frame sections; and means (7) for creating a magnetic flux in the magnetic circuit wherein electric currents are induced in the
windings in response to a varying magnetic flux in the magnetic circuit caused by the varying reluctance of the core region.
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GENERATOR APPARATUS

TECHNICAL FIELD OF THE INVENTION

The present invention generally relates to a generator apparatus

for converting thermal energy to electric energy.

DESCRIPTION OF RELATED ART AND BACKGROUND OF THE INVENTION

Apparatuses for transforming thermal energy directly into
electric energy using a minimum of moving parts have been known

since long.

At the end of the 19'th century, Edison and Tesla described
devices based on thermomagnetic materials for converting thermal
energy into electricity. Edison’s pyro-magnetic generator as
described in the British patent No. 16709 includes a
thermomagnetic working material, means for magnetizing the
working material, sources of heat and cold connected to the
working material, and a winding enclosing the working material
and in which an alternating electric current 1s induced by
thermally cycling the working material. Tesla discloses in U.S.
patent No. 428,057 some improvements of Edison’s generator by

suggesting an alternative heat exchanging mechanism.

Chilowsky discloses in U.S. patent No. 2,510,806 a device for
thermomagnetic energy conversion, wherein the temperature
variations are achieved by hot and cold fluids in a closed fluid

circuit.

Bartels discloses in German patent No. 23 47 377 a device
similar to Edison’s generator, but suggests gadolinium as
magnetic working medium. In one embodiment a permanent magnet is
provided to create the magnetic flux in the thermomagnetic
material and in another embodiment a battery is used to induce a
current in a coil to thereby form an electromagnet to create the

magnetic flux.
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While the apparatuses described above do convert thermal energy
directly to electric energy, they seem not to be efficient,
compact, optimized for practical use, and/or cost-efficient to

manufacture.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a generator
apparatus for converting thermal energy to electric energy,
which is adopted for practical use and which has an improved

structure and operation.

It is a particular object of the invention to provide such
apparatus, which wuse a smooth and energetically efficient

thermal cycling.

It is still a further object to provide such apparatus, which is

reliable, flexible, and of reasonable cost.

These objects, among others, are according to the present
invention attained by generator apparatuses as specified in the

appended patent claims.

According to one aspect of the invention there is provided a
generator apparatus for converting thermal energy to electric
energy comprising a core region, windings, C-shaped frame
sections, a hot and cold fluid distribution system, and means

for creating a magnetic flux.

The core region 1s made of a magnetic material with a
temperature dependent reluctance and has channels running from
a first vertical side to a second vertical side of the core
region opposite to the first side. The windings are arranged
above one another in horizontal planes around the core region.
The C-shaped frame sections are made of a magnetic material and
are arranged vertically and 1in a staggered row alternately

around the first and second vertical sides the core region. The
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core region and the C-shaped frame sections form together a

magnetic circuit.

The hot and cold fluid distribution system is connected to the
channels of the core region for distributing alternately hot
and cold fluid through the channels of the core region to vary
the temperature of the core region alternately above and below
a selected temperature to, in turn, vary the reluctance of the
magnetic circuit. Access to the channels is obtained through
spaces between the windings and the C-shaped frame sections on

each of the first and second sides of the generator apparatus.

The means for creating a magnetic flux i1s adapted to create a
magnetic flux in the magnetic circuit and may be implemented by
a capacitor device connected to the windings, by a current
source connected to separate winding arranged around the
magnetic circuit, or by a permanent magnet arranged in the

magnetic circuit.

The apparatus operates by means of electric currents being
induced in the windings in response to a varying magnetic flux
in the magnetic circuit caused by the varying reluctance, which
in turn is caused by the temperature variation of the core

region.

The core region may be made of a material having a magnetic
rhase transition temperature, such as a Curie temperature or a
Néel temperature, which coincides with the selected
temperature. Alternatively, the core region may be made of a
material having a significant temperature dependent reluctance

at the selected temperature.

The generator device of the invention has an efficient design
by which large electric power outputs can be obtained without
requiring large and thick frames closing the magnetic path and
without essential fluid frictional losses and thermal

gradients.
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Further characteristics of the invention and advantages thereof,
will be evident from the following detailed description of
preferred embodiments of the present invention given hereinafter
and the accompanying Figs. 1-5, which are given by way of
illustration only and thus, are not limitative of the present

invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 displays schematically the general principles of a

generator apparatus in accordance with the invention.

Fig. 2 displays schematically in a perspective view major parts
of a generator apparatus in accordance with an embodiment of the

invention.

Fig. 3 displays schematically in a perspective view a core

region as being comprised in the generator apparatus of Fig. 2.

Fig. 4 displays schematically in a transversal cross section the

generator apparatus of Fig. 2.

Fig. 5 displays schematically in a longitudinal cross section

the generator apparatus of Fig. 2.
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DETAILED DESCRIPTION OF EMBODIMENTS

A  generator apparatus for converting thermal energy into
electric energy in accordance with the invention comprises, as
shown in Fig. 1, a core region 2 made of a magnetic material
having a reluctance that is temperature-dependent, preferably
highly temperature-dependent, a coil or winding 4, a yoke 5
made of iron or other magnetic material, a hot and cold fluid
distribution system 6, and means 7 for creating a magnetic flux
in the magnetic circuit formed by the core region 2 and the

yoke 5.

The core region 2 has a plurality of channels 3 running through
the core region 2. The winding 4 is arranged around the core
region 2. The hot and cold fluid distribution system 6 1is
connected to the channels 3 of the core region 2 for
distributing alternately hot and c¢old fluid through the
channels 3 to vary the temperature of the core region 2
alternately above and below a selected temperature to thereby

vary the reluctance of the magnetic circuit.

The apparatus operates by means of electric currents being
induced in the winding 4 in response to a varying magnetic flux
in the magnetic circuit caused by the varying reluctance, which
in turn is caused by the temperature variation of the core
region 2. The core region 2 may be made of a material having a
magnetic phase transition temperature, such as a Curie
temperature or a Néel temperature, which coincides with the
selected temperature. Alternatively, the core region 2 is made
of a material having a significant temperature dependent
reluctance at and around the selected temperature. Examples of
materials include gadolinium, bismuth, zinc, antimony,
tellurium, selenium, lead, silicon, germanium, tin, magnesium,

manganese, arsenic, nickel, lanthanum, gallium, phosphorus,
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calcium, barium, strontium, vytterbium, iron, and any alloy or

compound thereof.

The hot and cold fluid distribution system ©6 1is further
detailed in the International patent application publication

WO2008/116789 as well as in JP 7107764.

The means 7 for creating the magnetic flux may be a capacitor
device arranged to feed the winding 4 with current induced in
the winding 4. Alternatively, the means 7 for creating the
magnetic flux may be, a current source connected to a further
coil or winding arranged around the magnetic c¢ircuit, or a

rermanent magnet.

The operation of the apparatus is further described in the
above identified publications as well as in the International
patent application publication W02008/116785 and W02008/116792,

the contents of which being hereby incorporated by reference.

Fig. 2 displays schematically in a perspective view major parts
of a generator apparatus 11 in accordance with an embodiment of
the invention. The generator apparatus 11 comprises an interior
core region 12 which 1is not visible in the Fig. 2 perspective
view, but is separately illustrated in Fig. 3. The core region
12 is made of a magnetic material with a temperature dependent
reluctance such as those disclosed with reference to Fig. 1 and
comprises a plurality of channels 13 running from a first
vertical side 12a to a second vertical side 12b of the core
region 12. The vertical direction is the y direction in Figs. 2-
3.

Turning back to Fig. 2, the generator apparatus 11 comprises
windings 14 connected in series or in parallel with one another.
The windings 14 are arranged above one another in horizontal
planes around the core region 12. The horizontal planes are the
xzZ planes in Figs. 2-3. The windings 14 are spaced apart by gaps

21. Essentially C- or U-shaped frame sections or yokes 15, 15’
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are arranged vertically alternately around the first 12a and
second 12b vertical sides of the core region 12. The C-shaped
frame sections 15, 15’ are thus arranged alternately facing the
first 12a and second 12k vertical sides of the core region 12 in
a staggered row, which extends in a direction z essentially
perpendicular to a main direction x of the channels 13 of the
core region 12. The C-shaped frame sections 15, 15” at each of
the first and second vertical sides 12a-b of the core region 12
are thus spaced apart by gaps 22, the width of which is equal to
the width of the C-shaped frame sections 15, 15’. Thus, the
channels 13 are accessible through the spaces formed by the gaps
21 between the windings 14 and the gaps 22 between the C-shaped

frame sections 15, 157.

The C-shaped frame sections 15, 15’ form with the core region 12
a magnetic circuit by closing a magnetic path alternately on
opposite sides of the core region 12 and the windings 14. To
this end, the C-shaped frame sections 15, 15’ are made of a
magnetic material such as iron. A magnetic flow in the core
region 12 will thus be in a direction vy essentially

perpendicular to the main direction x of the channels 13.

Figs. 4 and 5 display schematically in transversal and

longitudinal cross sections the generator apparatus of Fig. 2.

The outer ends 1%a-b of the C-shaped frame sections 15 arranged
around the first vertical side 12a of the core region 12 reach
preferably the second vertical side 12b of the core region 12
and the outer ends 157a-b of the C-shaped frame sections 157
arranged around the second vertical side 12b of the core region
12 reach preferably the first vertical side 123 of the core

region 12b as can be seen in Fig. 4.

The <core region 12 comprises advantageously a plurality of
horizontally arranged core plates 31 on top of one another,

wherein the core plates 31 comprise each a row of the channels
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13. The pitch of the windings 14, i.e. the center distance
between two neighboring windings 14, and the pitch of the core
plates 31, i.e. the center distance between two neighboring core
plates 31, are similar and wherein the windings 14 are displaced
with respect to the core plates 31 to allow access to the rows
of channels 13 between the windings 14 in a direction x, which

coincides with the main direction x of the channels 13.

For smaller electric power outputs, the generator device 11 may
comprise passive material 40 which is not magnetic or which has
not a temperature dependent reluctance arranged between each
pair of neighboring ones of the core plates 31 in order to
obtain a practical height of the generator apparatus and to
reduce the width of the windings 14. For larger electric power

outputs, this is not required or not even beneficial.

The channels 13 may be straight or have any suitable shape.
Advantageously, they have each a height which 1is larger than
the gap 21 between the windings 14 in order to use the core
region 12 efficiently. The number and shape o0of the channels may
be selected for each application, design, and electric power

output required.

The windings 14 are favorably arranged between the core region
12 and the essentially C-shaped frame sections 15, 15’, wherein
the C-shaped frame sections 15, 15’ may be spaced apart from
the windings 14 in a direction coinciding with the main
direction x of the channels 13 of the core region 12 in order
to facilitate the <connection o0of a hot and cold fluid

distribution system (not illustrated in Figs. 2-5}.

The hot and cold fluid distribution system is provided for
distributing alternately hot and cold fluid through the
channels 13 to wvary the temperature of the core region 12
alternately above and below a selected temperature to thereby

vary the reluctance of the magnetic circuit. The hot and cold
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fluid distribution system comprises advantageously fluid
connection end portions 41 as shown in Fig. 4 connected to the
channels 13, wherein the fluid connection end portions 41 have
cross sectional areas which preferably increase gradually
towards the channels 13. A gradually increasing height towards
the channels 13 may be required when the channels have a height
which is larger than the distance between adjacent windings 14.
A gradually increasing width towards the channels 13 may be
required when the fluid connection end portions 41 should be
connected to channels 13 which are lying straight behind the C-
shaped frame sections 15, 15’ and which are thus not facing the
gaps 22 between the C-shaped frame sections 15, 15’. The fluid
connection end portions 41 may be comprised of pipes or hoses
or similar structures. In other respects, the hot and cold
fluid distribution system may be implemented as described with

reference to Fig. 1.

Finally, an arrangement (not illustrated in Figs. 2-5) for
creating a magnetic flux in the magnetic circuit is provided.
The arrangement for c¢reating the magnetic flux may be

implemented as described with reference to Fig. 1.

The generator apparatus of the present invention reduces the
requirements on the frame section thickness and allows for

direct and simple fluid access to the channels 13.

Fluid frictional losses and thermal gradients set a limit on the
thickness of the generator apparatus 11, i.e. on the dimension
of the generator apparatus 11 in the main direction x of the

channels. This thickness is estimated to be about 0.1-0.2 m.

The generator apparatus 11 1is thus designed for a selected
output electric power by means of, i.a., the height of the core
region 12, the height of the C-shaped frame sections 15, 157,
and the number of the windings 14; and/or by means of the

length of the core region 12, the length of the windings 14,
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and the number of the C-shaped frame sections 15, 15’, wherein
the lengths of the core region 12 and the windings 14 are the
dimensions of the core region 12 and the windings 14 in a
horizontal direction 2z essentially perpendicular to the main
direction x of the channels 13. In other words, the generator
apparatus 11 is scalable in height (y direction) and length (z

direction), but advantageously not in thickness (x direction).

It shall be appreciated by a person skilled in the art that the
present invention can be implemented in yet further
embodiments. In particular, the hot and cold fluid distribution
system and the arrangement for creating a magnetic flux in the
magnetic circuit may be implemented in other manners than those

disclosed above.
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CLAIMS

1. A generator apparatus (11) for converting thermal energy to

electric energy comprising:

- a core region (12) made of a magnetic material having a
temperature dependent reluctance, the core region having
channels (13) running in a main direction (x) from a first
vertical side (lZ2a) to a second vertical side (12b) of the core

region opposite to the first side of said core region;

- windings (14) arranged above, and spaced apart from, one

another in horizontal (xz) planes around said core region;

- essentially C-shaped frame sections (15, 15’) of a magnetic
material arranged vertically alternately around the first and
second vertical sides of the core region so as to alternately
face the first and second vertical sides of the core region in
a staggered row extending 1n a horizontal direction (z)
essentially perpendicular to the main direction (x) of the
channels (13), wherein the core region and the C-shaped frame

sections form a magnetic circuit;

- a hot and cold fluid distribution system (6) connected to the
channels of said core region for distributing alternately hot
and cold fluid through the channels of said core region to vary
the temperature of said core region alternately above and below
a selected temperature, thereby varying the reluctance of the

magnetic circuit; and

- means (7) for creating a magnetic flux 1in the magnetic

circuit.

2. The apparatus of claim 1 wherein said core region is made of
a material having a magnetic phase transition temperature, such

as a Curie temperature or a Néel temperature, said selected
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temperature coinciding with said magnetic phase transition

temperature.

3. The apparatus of claim 1 wherein said core region is made of
a material having a significant temperature dependent

reluctance at said selected temperature.

4. The apparatus of any of claims 1-3 wherein said core region
comprises a plurality of horizontally arranged core plates (31)
on top of one another, and said channels comprises a row of

channels in each of the core plates.

5. The apparatus of claim 4 wherein the pitch of the windings
and the pitch of the core plates are similar and wherein the
windings are displaced with respect to the core plates to allow
access to the rows of channels between the windings in a
direction (x) which coincides with said main direction of the

channels.

6. The apparatus of claim 4 comprising material which 1is not
magnetic or which has not a temperature dependent reluctance
arranged between each pair of neighboring ones of the core

plates.

7. The apparatus of any of claims 1-6 wherein said channels
have each a height which 1is larger than an average distance

between each pair of neighboring ones of the windings.

8. The apparatus of any of claims 1-7 wherein said windings are

connected in parallel or in series.

9. The apparatus of any of claims 1-8 wherein said windings are
arranged between said core region and said essentially C-shaped

frame sections.

10. The apparatus claim 9 wherein said essentially C-shaped

frame sections are spaced apart from said windings in a
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direction (x) coinciding with said main direction of the

channels of said core region.

11. The apparatus of any of claims 1-10 wherein the outer ends
(15a-b) of the C-shaped frame sections (15) arranged around the
first vertical side of the core region reach essentially the
second vertical side of the core region and the outer ends
(15"a-b) of the C-shaped frame sections (15’) arranged around
the second vertical side of the core region reach essentially

the first vertical side of the core region.

12. The apparatus of any of claims 1-11 wherein said apparatus
is designed for a selected output electric power by means of
the height of said core region, the height of said C-shaped
frame sections, and the number of said windings, and/or by
means of the length of said core region, the length of said
windings, and the number of said C-shaped frame sections,
wherein the lengths of said core region and said windings are
the dimension of said c¢ore region and said windings in a
horizontal direction (z) essentially perpendicular to said main

direction (x) of the channels.

13. The apparatus of any of claims 1-12 wherein said a hot and
cold fluid distribution system comprises fluid connection end
portions (41, 42) connected to the channels, said fluid
connection end portions having cross sectional areas which

increase towards the channels.

14. The apparatus of any of claims 1-12 wherein said means (7)
for creating a magnetic flux in the magnetic circuit includes a

capacitor device connected to said windings.
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