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HEAT GENERATION CELL, HEAT
GENERATION DEVICE, AND HEAT
UTILIZATION SYSTEM

TECHNICAL FIELD

[0001] The present invention relates to a heat generating
cell generating heat by the occlusion and the discharge of
hydrogen, an integrated heat generating/heat exchanging
type heat generating device including a plurality of the heat
generating cells, and a heat utilization system utilizing heat
generated in the heat generating device.

BACKGROUND ART

[0002] It is known that a hydrogen storage alloy has
properties of repeatedly occluding and discharging a large
amount of hydrogen in a certain reaction condition, and is
accompanied with significant reaction heat when occluding
and discharging hydrogen. A heat utilization system such as
a heat pump system, a heat transport system, and a cooling
(freezing) system, or a hydrogen storage system, which
utilizes the reaction heat, has been proposed (for example,
refer to PTL 1 and PTL 2).

[0003] The applicant et al. found that in a heat generating
device including a heat generating element using a hydrogen
storage alloy or the like, by configuring the heat generating
element with a support, and a multilayer film supported on
the support, heat is generated when occluding hydrogen to
the heat generating element and when discharging hydrogen
from the heat generating element. The applicant et al.
previously proposed a heat utilization system and a heat
generating device, on the basis of such findings (refer to PTL
3).

[0004] Specifically, the support provided in the heat gen-
erating element of the heat generating device is made of at
least one of a porous body, a hydrogen permeable film, and
a proton dielectric, and the multilayer film supported on the
support, for example, is formed by alternately stacking a first
layer that is made of a hydrogen storage metal or a hydrogen
storage alloy and has a thickness of less than 1000 nm and
a second layer that is made of a hydrogen storage metal or
a hydrogen storage alloy, which is different from that of the
first layer, or ceramics and has a thickness of less than 1000
nm.

CITATION LIST

Patent Literature

[0005] PTL 1: JPS56-100276A
[0006] PTL 2: JPS58-022854A
[0007] PTL 3: JP6749035B
SUMMARY OF INVENTION
Technical Problem
[0008] However, in the heat generating device proposed in

PTL 3, the heat generating element generating heat is not
incorporated in the state of being integrated at a high density,
and thus, it is not possible for the heat generating element to
efficiently generate heat, and there is room for improvement.
[0009] Therefore, as illustrated in FIG. 17, it is considered
to respectively dispose a first flow path 106 for introducing
hydrogen to a heat generating element 105 and a second flow
path 107 for receiving hydrogen that has permeated through
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the heat generating element 105 on both sides of the heat
generating element 105, and stack the heat generating ele-
ment 105, and the first flow path 106 and the second flow
path 107 at a high density such that a heat generating device
101 has a small and compact size, a high heat generating
efficiency, and a high output. In the heat generating device
101 having such a configuration, the hydrogen introduced to
the first flow path 106 permeates through the heat generating
element 105, and thus, the heat generating element 105
generates heat. In this case, the hydrogen that has permeated
through the heat generating element 105 (hereinafter, may
be referred to as “permeated hydrogen”) flows into the
second flow path 107, and thus, the pressure of the second
flow path 107 is lower than the pressure of the first flow path
106.

[0010] Here, since the heat generating element 105 is
configured as an extremely thin flat plate made of a hydro-
gen storage metal or a hydrogen storage alloy, as illustrated
in FIG. 18, the heat generating element 105 is bent and
deformed into the shape of a circular arc-like curved surface
to bulge to the second flow path 107 side with a lower
pressure, and a large stress is generated due to the bending
deformation, and thus, there is a possibility that the multi-
layer film is peeled off from the support of the heat genet-
ating element 105, the durability of the heat generating
element 105 decreases, and the heat generating element 105
is not capable of stably generating heat.

[0011] The invention has been made in consideration of
the problems described above, and an object thereof is to
provide a heat generating cell that has high durability and is
capable of stably generating heat, a heat generating device
that has a high output and high durability while being small
and compact, and a heat utilization system that is capable of
efficiently recovering heat generated in the heat generating
device and effectively utilizing the heat.

Solution to Problem

[0012] In order to attain the object described above, a heat
generating cell according to the invention includes: a sup-
port having tubular shape; and a multilayer film formed on
an inner peripheral surface of the support for generating heat
by occlusion and discharge of hydrogen

[0013] Aheat generating device according to the invention
includes: a plurality of heat generating cells including the
heat generating cell described above; a sealed container; a
plurality of separators dividing an inside of the sealed
container into a first space, a second space, and a third space
in an axial direction of the sealed container, the first space
and the second space being locating at both ends in the axial
direction in the sealed container; and a heater for heating
each of the plurality of heat generating cells. The plurality of
heat generating cells penetrate through the plurality of
separators, and both ends of each of the plurality of heat
generating cells in an axial direction are respectively opened
to the first space and the second space.

[0014] Aheat utilization system according to the invention
includes: the heat generating device described above; a
hydrogen supply line for supplying hydrogen to the first
space of the heat generating device; a hydrogen recovery
line for recovering hydrogen discharged from the second
space of the heat generating device and returning the hydro-
gen to the hydrogen supply line; a heat utilization device for
utilizing heat generated in the heat generating device; a heat
medium supply line for supplying a heat medium discharged



US 2024/0240836 Al

from the third space of the heat generating device to the heat
utilization device; and a heat medium recovery line for
recovering a heat medium discharged from the heat utiliza-
tion device and returning the heat medium to the third space
of the heat generating device.

Advantageous Effects of Invention

[0015] The heat generating cell according to the invention
has a structure in which the multilayer film is formed on the
inner peripheral surface of the tubular support with high
rigidity, and thus, the heat generating cell is not easily
deformed even when subjected to an external force, and the
multilayer film formed on the inner peripheral surface of the
support is not peeled off. Accordingly, the heat generating
cell stably generates heat, and the durability thereof
increases.

[0016] The heat generating device according to the inven-
tion includes the plurality of heat generating cells with high
durability, which are integrated in the sealed container, and
thus, a heat generation amount of the heat generating device
increases and a high output is achieved while the heat
generating device is small and compact, and the durability
increases. Since the heat medium is heated by heat exchange
between the hydrogen heated by the plurality of heat gen-
erating cells and the heat medium flowing through the third
space, the heat generated by the plurality of heat generating
cells is efficiently recovered by the heat medium. That is, the
heat generating device functions as an integrated heat gen-
erating/heat exchanging g type heat generating device that
also functions as a shell and tube type heat exchanger.
[0017] According to the heat utilization system according
to the invention, the heat generated in the heat generating
device with a high output, which also functions as the shell
and tube type heat exchanger, is efficiently recovered by the
heat medium, and thus, it is possible to drive the heat
utilization device by effectively utilizing the heat recovered
by the heat medium.

BRIEF DESCRIPTION OF DRAWINGS

[0018] FIG. 1 is a cross-sectional side view of a heat
generating cell according to the invention.

[0019] FIG. 2 is an enlarged cross-sectional view taken
along line A-A in FIG. 1.

[0020] FIG. 3 is an enlarged detail view of a part B in FIG.
2 illustrating a configuration of a multilayer film of the heat
generating cell according to the invention.

[0021] FIG. 4 is a schematic view illustrating a mecha-
nism in which excess heat is generated in the multilayer film
of the heat generating cell according to the invention.
[0022] FIG. 5 is a cross-sectional view illustrating Modi-
fication Example 1 of the multilayer film of the heat gen-
erating cell according to the invention.

[0023] FIG. 6 is a cross-sectional view illustrating Modi-
fication Example 2 of the multilayer film of the heat gen-
erating cell according to the invention.

[0024] FIG. 7 is a cross-sectional side view of a heat
generating device according to a first embodiment of the
invention.

[0025] FIG. 8 is a cross-sectional view taken along line
C-C in FIG. 7.
[0026] FIG. 9 is a diagram illustrating a relationship

between a 1/tube filling ratio and a heat removal amount (a
heat generation amount).
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[0027] FIG. 10 is a diagram illustrating a relationship
between the number of tubes and a shell inner diameter for
obtaining a predetermined tube filling ratio.

[0028] FIG. 11 is a diagram illustrating a relationship
between the 1/tube filling ratio and a Di (a shell inner
diameter)/L (a tube length) ratio.

[0029] FIG. 12 is a diagram illustrating a relationship
between the Di/L ratio and a shell side fluid pressure loss.
[0030] FIG. 13 is a diagram illustrating a relationship
between the 1/tube filling ratio and a baffle exit flow/cross
flow ratio.

[0031] FIG. 14 is a cross-sectional side view of a heat
generating device according to a second embodiment of the
invention.

[0032] FIG. 15 is a cross-sectional side view of a heat
generating device according to a third embodiment of the
invention.

[0033] FIG. 16 is a block diagram illustrating a configu-
ration of a heat utilization system according to the invention.
[0034] FIG. 17 is a cross-sectional view illustrating a basic
configuration of a heat generating device including a plate-
shaped heat generating element.

[0035] FIG. 18 is a schematic cross-sectional view illus-
trating deformation of a heat generating element of a heat
generating device illustrated in FIG. 17.

DESCRIPTION OF EMBODIMENTS

[0036] Hereinafter, embodiments of the invention will be
described on the basis of the attached drawings.

[Heat Generating Cell]

[0037] The configuration of a heat generating cell accord-
ing to the invention will be described below on the basis of
FIG. 1 and FIG. 2.

[0038] FIG. 1 is a cross-sectional side view of a heat
generating cell according to the invention, and FIG. 2 is an
enlarged cross-sectional view taken along line A-A in FIG.
1. A heat generating cell 1, which is illustrated, has a
structure in which a multilayer film 1B for generating heat
by the occlusion and the discharge of hydrogen is formed on
the inner peripheral surface of a cylindrical (round pipe-
shaped) support 1A formed of a porous metal sintered
compact, a porous ceramic sintered compact, or a metal.
Here, a plurality of pores having a size allowing hydrogen
to permeate therethrough are formed in the porous metal
sintered compact or the porous ceramic sintered compact for
forming the support 1A. A material that does not inhibit a
heat generating reaction between the hydrogen and the
multilayer film 1B is used in the porous metal sintered
compact or the porous ceramic sintered compact. Specifi-
cally, in the porous metal sintered compact, for example, Ti,
SUS, Mo, and the like are used, and in the ceramic sintered
compact, for example, Al,O;, MgO, Cao, and the like are
used. As the metal for forming the support 1A, for example,
stainless steel (SUS) is used.

[0039] In this embodiment, the cylindrical (round pipe-
shaped) support is used as the support 1A, and a polygonal
tubular (square pipe-shaped) support may be used.

[0040] The hydrogen includes hydrogen-based gas con-
taining an isotope of the hydrogen, and as the hydrogen-
based gas, either deuterium gas or protium gas is used. The
protium gas contains a mixture of naturally occurring pro-
tium and deuterium, that is, a mixture in which the ratio of
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the protium is 99.985%, and the ratio of the deuterium is
0.015%. In the following description, gas containing the
hydrogen-based gas will be collectively referred to as
“hydrogen”. Here, the configuration of the multilayer film
1B will be described on the basis of FIG. 3.

<Configuration of Multilayer Film>

[0041] FIG. 3 is an enlarged detail view of a part B in FIG.
2. In this embodiment, the multilayer film 1B formed on the
inner peripheral surface of the support 1A illustrated in the
same drawing includes a first layer 11 formed of a hydrogen
storage metal or a hydrogen storage alloy, and a second layer
12 formed of a hydrogen storage metal or a hydrogen storage
alloy, which is different from that of the first layer 11, or
ceramics, and a heterogeneous material interface 13 is
formed between the first layer 11 and the second layer 12. In
the example illustrated in FIG. 3, the multilayer film 1B is
formed as a film structure of a total of 10 layers by
alternately stacking five first layers 11 and five second layers
12 in this order on the inner peripheral surface of the support
1A. The number of first layers 11 and second layers 12 is
arbitrary, and unlike the example illustrated in FIG. 3, the
multilayer film may be formed by alternately stacking a
plurality of second layers 12 and a plurality of first layers 11
in this order on the inner peripheral surface of the support
1A. The multilayer film 1B includes at least one or more first
layers 11 and at least one or more second layers 12, and one
or more heterogeneous material interfaces 13 formed
between the first layer 11 and the second layer 12 may be
provided.

[0042] Here, the first layer 11, for example, is made of any
one of Ni, Pd, Cu, Mn, Cr, Fe, Mg, Co, and an alloy thereof.
Here, as the alloy for forming the first layer 11, an alloy
made of two or more types of Ni, Pd, Cu, Mn, Cr, Fe, Mg,
and Co is preferable. As the alloy for forming the first layer
11, an alloy obtained by adding additives to Ni, Pd, Cu, Mn,
Cr, Fe, Mg, and Co may be used.

[0043] The second layer 12, for example, is made of any
one of Ni, Pd, Cu, Mn, Cr, Fe, Mg, Co, and an alloy thereof,
or SiC. Here, as the alloy for forming the second layer 12,
an alloy made of two or more types of Ni, Pd, Cu, Mn, Cr,
Fe, Mg, and Co is preferable. As the alloy for forming the
second layer 12, an alloy obtained by adding additives to Ni,
Pd, Cu, Mn, Cr, Fe, Mg, and Co may be used.

[0044] A combination of the first layer 11 and the second
layer 12 is preferably Pd—Ni, Ni—Cu, Ni—Cr, Ni—Fe,
Ni—Mg, or Ni—Co when the types of elements are
expressed as “First Layer-Second Layer”. When the second
layer 12 is made of ceramics, a combination of Ni—SiC is
desirable.

[0045] Here, a mechanism by which the heat generating
cell 1 generates heat (generates excess heat) will be
described on the basis of FIG. 4.

[0046] FIG. 4 is a schematic view illustrating the mecha-
nism of excess heat generation in the heat generating cell.
The heterogeneous material interface 13 formed between the
first layer 11 and the second layer 12 of the multilayer film
1B of the heat generating cell 1 allows hydrogen atoms to
permeate therethrough. When hydrogen is supplied to the
heat generating cell 1 from the inner peripheral surface side,
the first layer 11 and the second layer 12 having a face-
centered cubic structure, that is, the multilayer film 1B
occludes the hydrogen. Here, even when the supply of the
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hydrogen is stopped, the heat generating cell 1 maintains a
state where the hydrogen is occluded by the multilayer film
1B.

[0047] When heating is started by a heater of the heat
generating cell 1, which is not illustrated, as illustrated in
FIG. 4, hydrogen atoms in a metal lattice of the first layer 11
permeate through the heterogeneous material interface 13 to
move into a metal lattice of the second layer 12, the
hydrogen occluded in the multilayer film 1B is discharged,
and the hydrogen is quantum-diffused while hopping inside
the multilayer film 1B. Here, it is known that hydrogen is
light, and hydrogen atoms are quantum-diffused while hop-
ping a site (an octahedral or tetrahedral site) occupied by
hydrogen of certain substance A and substance B. Accord-
ingly, by heating the heat generating cell 1 with the heater,
the hydrogen permeates through the heterogeneous material
interface 13 by quantum diffusion, or the hydrogen perme-
ates through the heterogeneous material interface 13 by
diffusion, and thus, the heat generating cell 1 generates heat,
and heat with a heat quantity greater than or equal to a
heating amount by the heater is generated as excess heat.
[0048] It is desirable that the thickness of each of the first
layer 11 and the second layer 12 in the multilayer film of the
heat generating cell 1 is less than 1000 nm. When the
thickness of each of the first layer 11 and the second layer
12 is less than 1000 nm, the first layer 11 and the second
layer 12 can maintain a nano-structure that does not exhibit
bulk properties. When the thickness of each of the first layer
11 and the second layer 12 is 1000 nm or more, it is difficult
for the hydrogen to permeate through the multilayer film 1B.
It is desirable that the thickness of each of the first layer 11
and the second layer 12 is less than 500 nm. As described
above, when the thickness of each of the first layer 11 and
the second layer 12 is less than 500 nm, the first layer 11 and
the second layer 12 can maintain the nano-structure that
does not completely exhibit the bulk properties.

<Method for Producing Heat Generating Cell>

[0049] Here, an example of a method for producing the
heat generating cell 1 will be described.

[0050] Theheat generating cell 1 is produced by preparing
the cylindrical (round pipe-shaped) support 1A, setting a
hydrogen storage metal or a hydrogen storage alloy to be the
first layer 11 or the second layer 12 in a gas phase state by
a vapor deposition equipment while rotating the support 1A
around the axis, and alternately forming the first layer 11 and
the second layer 12 on the inner peripheral surface of the
support 1A by the aggregation or the adsorption of the
hydrogen storage metal or the hydrogen storage alloy in the
gas phase state. In this case, it is preferable to continuously
form the first layer 11 and the second layer 12 in a vacuum
state, and thus, the heterogeneous material interface 13 is
formed between the first layer 11 and the second layer 12
without forming a natural oxide film.

[0051] As the vapor deposition equipment, a physical
vapor deposition equipment vapor-depositing the hydrogen
storage metal or the hydrogen storage alloy by a physical
method is used, and as the physical vapor deposition equip-
ment, a sputtering device, a vacuum vapor deposition equip-
ment, or a chemical vapor deposition (CVD) equipment are
used. The first layer 11 and the second layer 12 may be
alternately formed by precipitating the hydrogen storage
metal or the hydrogen storage alloy on the inner peripheral
surface of the support 1A by an electroplating method.
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[0052] Here, Modification Examples 1 and 2 of the struc-
ture of the multilayer film of the heat generating cell are
illustrated in FIG. § and FIG. 6, respectively. FIG. § and
FIG. 6 are cross-sectional views illustrating a layer structure
of multilayer films 60B and 70B according to Modification
Examples 1 and 2.

Modification Example 1 of Layer Structure of
Multilayer Film

[0053] In this embodiment described above, as illustrated
in FIG. 3, the multilayer film 1B of the heat generating cell
1 is formed by alternately stacking five first layers 11 and
five second layers 12, but in a heat generating cell 60
illustrated in FIG. 5, a third layer 63 is further provided in
addition to a first layer 61 and a second layer 62. Here, it is
desirable that the third layer 63 is made of a hydrogen
storage metal, a hydrogen storage alloy, or ceramics, which
is different from that of the first layer 61 and the second layer
62, and the thickness thereof is less than 1000 nm.

[0054] In the heat generating cell 60 illustrated in FIG. 5,
the first layer 61, the second layer 62, the first layer 61, and
the third layer 63, which form the multilayer film 60B, are
stacked in this order on the inner peripheral surface of the
support 60A. In the heat generating cell 60, a heterogeneous
material interface 64 formed between the first layer 61 and
the second layer 62 and a heterogeneous material interface
65 formed between the first layer 61 and the third layer 63
allow hydrogen atoms to permeate therethrough. The first
layer 61, the second layer 62, and the third layer 63 may be
stacked on the inner peripheral surface of the support 60A in
the order of the first layer 61, the third layer 63, the first layer
61, and the second layer 62. That is, the multilayer film 60B
has a stack structure in which the first layer 61 is provided
between the second layer 62 and the third layer 63. The
multilayer film 60B may include one or more third layers 63.
[0055] Here, the third layer 63 is made of any one of Ni,
Pd, Cu, Cr, Fe, Mg, Co, or an alloy thereof, or SiC, Cao,
Y,0;, TiC, LaB, SrO, and BaO. As the alloy for forming
the third layer 63, an alloy made of two or more types of Ni,
Pd, Cu, Cr, Fe, Mg, and Co is desirable. As the alloy for
forming the third layer 63, an alloy obtained by adding an
additive element to Ni, Pd, Cu, Cr, Fe, Mg, and Co.
[0056] In particular, it is desirable that the third layer 63 is
made of any one of Cao, Y,0;, TiC, LaB,, SrO, and BaO.
In the heat generating cell 60 including the third layer 63
made of any one of Cao, Y,0;, TiC, LaB,, StO, and BaO,
the occluding amount of hydrogen increases, the amount of
hydrogen permeating through the heterogeneous material
interfaces 64 and 65 increases, and a high output of excess
heat is achieved.

[0057] Itis desirable that the thickness of the third layer 63
made of any one of Cao, Y,O;, TiC, LaBg, SrO, and BaO is
10 nm or less. Accordingly, the multilayer film 60B is
capable of allowing hydrogen atoms to easily permeate
therethrough. The third layer 63 made of any one of Cao,
Y,0;, TiC, LaB,, SrO, and BaO may be formed into the
shape of an island but not a complete film. It is desirable that
the first layer 61 and the third layer 63 are continuously
formed in a vacuum state. Accordingly, only the heteroge-
neous material interface 65 is formed between the first layer
61 and the third layer 63 without forming a natural oxide
film.

[0058] A combination of the first layer 61, the second layer
62, and the third layer 63 is desirably any one of Pd—CaO—
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Ni, Pd—Y,0, Ni, PdTiC—Ni, Pd—LaB, Ni, Ni—
Ca0—Cu, Ni—Y,0,—Cu, Ni—TiC—Cu, Ni—LaB,—Cu,
Ni—Co—Cu, Ni-CaO—Cr, Ni—Y,0, Cr, Ni_TiC—
Cr, Ni—LaB,—Cr, Ni—CaO—Fe, Ni—Y,0,—Fe, Ni—
TiC—Fe, Ni—LaBs—Fe, Ni—Cr—Fe, Ni—CaO—Mg,
Ni—Y,0, Mg,  Ni—TiC—Mg,  Ni LaB, Mg,
Ni—CaO—Co, Ni—Y,0,—Co, Ni—TiC—Co,
Ni—LaBg;—Co, Ni-Cao-SiC, Ni—Y,0,—SiC, Ni—TiC—
SiC, and Ni—LaB,—SiC when the types of elements are
expressed as “First Layer-Third Layer-Second Layer”.

Modification Example 2 of Layer Structure of
Multilayer Film

[0059] As illustrated in FIG. 6, a multilayer film 70B of a
heat generating cell 70 according to this embodiment further
includes a fourth layer 74 in addition to a first layer 71, a
second layer 72, and a third layer 73. Here, it is desirable that
the fourth layer 74 is made of a hydrogen storage metal, a
hydrogen storage alloy, or ceramics, which is different from
that of the first layer 71, the second layer 72, and the third
layer 73, and the thickness thereof is less than 1000 nm.
[0060] InFIG. 6, the first layer 71, the second layer 72, the
first layer 71, the third layer 73, the first layer 71, and the
fourth layer 74 are stacked in this order on the inner
peripheral surface of a support 70A. The first layer 71, the
fourth layer 74, the first layer 71, the third layer 73, the first
layer 71, and the second layer 72 may be stacked in this
order on the inner peripheral surface of the support 70A.
That 1s, the multilayer film 70B has a stack structure in
which the second layer 72, the third layer 73, and the fourth
layer 74 are stacked in any order, and the first layer 71 is
provided between each of the second layer 72, the third layer
73, and the fourth layer 74. Here, a heterogeneous material
interface 75 formed between the first layer 71 and the second
layer 72, a heterogeneous material interface 76 formed
between the first layer 71 and the third layer 73, and a
heterogeneous material interface 77 formed between the first
layer 71 and the fourth layer 74 allow hydrogen atoms to
permeate therethrough. The multilayer film 70B may
include one or more fourth layers 74.

[0061] The fourth layer 74 is made of any one of Ni, Pd,
Cu, Cr, Fe, Mg, Co, or an alloy thereof, or Sic, Y,O0;, TiC,
LaBy, SrO, and BaQ. Here, it is desirable that the alloy for
forming the fourth layer 74 contains two or more types of Ni,
Pd, Cu, Cr, Fe, Mg, and Co. As the alloy for forming the
fourth layer 74, an alloy obtained by adding additive element
to Ni, Pd, Cu, Cr, Fe, Mg, and Co may be used.

[0062] In particular, it is desirable that the fourth layer 74
1s made of any one of Cao, Y,05, TiC, LaBg, SrO, and BaO.
Here, in the heat generating cell 70 including the fourth layer
74 made of any one of Cao, Y,O,, TiC, LaB, SrO, and BaO,
the occluding amount of hydrogen increases, the amount of
hydrogen permeating through the heterogeneous material
interfaces 75, 76, and 77 increases, and thus, a high output
of excess heat generated by the heat generating cell 70 is
achieved. It is desirable that the thickness of the fourth layer
74 made of any one of Cao, Y,0;, TiC, LaB, SrO, and BaO
is 10 nm or less in order to allow hydrogen atoms to easily
permeate therethrough.

[0063] The fourth layer 74 made of any one of Cao, Y,O,,
TiC, LaB, SrO, and BaO may be formed into the shape of
an island but not a complete film. It is desirable that the first
layer 71 and the fourth layer 74 are continuously formed in
a vacuum state, and thus, only the heterogeneous material
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interface 77 is formed between the first layer 71 and the
fourth layer 74 without forming a natural oxide film.

[0064] A combination of the first layer 71, the second layer
72, the third layer 73, and the fourth layer 74 is desirably a
combination of Ni—CaO—Cr—Fe, Ni—Y,0,—Cr—Fe,
Ni—TiC—Cr—Fe, and Ni—LaB,—Cr—Fe when types of
elements are expressed as “First Layer-Fourth Layer-Third
Layer-Second Layer”. The structure of the multilayer film
70B, for example, a thickness ratio of each layer, the number
of each of the layers, and the material can be set suitably and
in any manner in accordance with a temperature to be
heated.

[0065] As described above, the heat generating cell 1
according to this embodiment, which is illustrated in FIG. 1,
has a structure in which the multilayer film 1B is formed on
the inner peripheral surface of the cylindrical (round pipe-
shaped) support 1A with high rigidity, and thus, the heat
generating cell is not easily deformed even when subjected
to an external force, and the multilayer film 1B formed on
the inner peripheral surface of the support 1A is not peeled
off. Accordingly, the heat generating cell 1 stably generates
heat, and the durability thereof increases.

[0066] The heat generating cell 1 is formed of the support
1A and the multilayer film 1B, but is not limited thereto, and
may further include a base made of a hydrogen storage
metal, a hydrogen storage alloy, or a proton dielectric. The
heat generating cell including the base, for example, can be
configured by forming the base on the inner peripheral
surface of the support 1A and forming the multilayer film 1B
on the inner peripheral surface of the base. The multilayer
film 1B is not limited to a case where the multilayer film is
formed only on the inner peripheral surface of the base, and
may be formed only on the outer peripheral surface of the
base, that is, between the support 1A and the base. The
multilayer film 1B may be formed both of the inner periph-
eral surface and the outer peripheral surface of the base. A
plurality of bases and a plurality of multilayer films 1B may
be alternately stacked on the support 1A. As the hydrogen
storage metal used in the base, for example, Ni, Pd, V, Nb,
Ta, Ti, and the like are used. As the hydrogen storage alloy
used in the base, for example, LaNis, CaCus, MgZn,, ZrNi,,
71Cr,, TiFe, TiCo, Mg,Ni, Mg,Cu, and the like are used. As
the proton dielectric used in the base, for example, a
BaCeO;-based (for example, Ba(Ce; o5Y, 15)05.6) dielec-
tric, a SrCeO;-based (for example, Sr(Ce,o5Y005)0;.6)
dielectric, a CaZrO;-based (for example, Ca(Zr, o5 Y 05)O;.
«) dielectric, a SrZrO5-based (for example, Sr(Zr, 5 Y, ;)O;.
a) dielectric, BALO;, fGa,0,, and the like are used. The
base may be made of a porous body or a hydrogen perme-
able film. The porous body includes a plurality of pores
having a size allowing hydrogen-based gas to pass there-
through. The porous body, for example, is made of a material
such as a metal, a non-metal, and ceramics. It is preferable
that the porous body is made of a material that does not
inhibit the heat generating reaction between the hydrogen
and the multilayer film 1B. The hydrogen permeable film is
made of a material for allowing hydrogen to permeate
therethrough. As the material of the hydrogen permeable
film, a hydrogen storage metal or a hydrogen storage alloy
is preferable. The hydrogen permeable film includes a film
having a mesh-shaped sheet.
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[Heat Generating Device]

[0067] Next, a heat generating device according to the
invention will be described.

First Embodiment

[0068] FIG. 7 is a cross-sectional side view of a heat
generating device 20 according to a first embodiment of the
invention, FIG. 8 is a cross-sectional view taken along line
C-C in FIG. 7, and the heat generating device 20, which is
illustrated, is an integrated heat generating/heat exchanging
type heat generating device that also functions as a shell and
tube type heat exchanger.

[0069] Specifically, the heat generating device 20 includes
a hollow columnar sealed container (shell) 21 provided in a
lateral direction (a horizontal direction), and the inside of the
sealed container 21 is divided into three spaces of a first
space S1, a second space S2, and a third space S3 in an axial
direction (a right and left direction of FIG. 7) by two
separators (tube plates) 22 disposed in a vertical direction.
That is, the inside of the sealed container 21 is divided into
the first space S1 and the second space S2 on both ends in
the axial direction, and the third space S3 between the first
space S1 and the second space S2.

[0070] In the upper portion of the sealed container 21, a
hydrogen supply port 21a opened to the first space S1 and
a heat medium discharge port 215 opened to the third space
S3 are respectively opened, and a hydrogen supply nozzle 23
and a heat medium discharge nozzle 24 are connected to the
hydrogen supply port 21a and the heat medium discharge
port 215, respectively. In the lower portion of the sealed
container 21, a hydrogen discharge port 21¢ opened to the
second space S2 and a heat medium supply port 214 opened
to the third space S3 are respectively opened, and a hydro-
gen discharge nozzle 25 and a heat medium supply nozzle 26
are connected to the hydrogen discharge port 21¢ and the
heat medium supply port 21d, respectively. Here, in the
hydrogen discharge nozzle 25, an on-off valve 27 is pro-
vided.

[0071] The sealed container 21, the separator 22, the
hydrogen supply nozzle 23, the heat medium discharge
nozzle 24, the hydrogen discharge nozzle 25, and the heat
medium supply nozzle 26 described above are made of
stainless steel (SUS) or the like, which has high pressure
resistance and high corrosion resistance, and has low heat
conductivity. In this embodiment, the inside of the sealed
container 21 is divided into three spaces of the first space S1,
the second space S2, and the third space S3, but the inside
of the sealed container 21 may be divided into four or more
spaces.

[0072] In the sealed container 21, a plurality of the heat
generating cells 1 illustrated in FIG. 1 penetrate through two
separators 22 and are horizontally supported in parallel to
each other, and both ends of the heat generating cells 1 in the
axial direction are respectively opened to the first space S1
and the second space S2. Here, as illustrated in FIG. 8, the
plurality of heat generating cells 1 are orderly disposed at an
equal interval in an up and down direction and a right and
left direction. In this embodiment, as the heat generating cell
1, a heat generating cell is used in which the support 1A is
made of stainless steel (SUS).

[0073] In the center of each of the heat generating cells 1,
a heater 2 that is heating means is provided, and both ends
of the heater 2 are respectively supported by bus bars 3 and
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4 having conductivity, which are a support member. A power
supply, which is not illustrated, is electrically connected to
one bus bar 3 (on the left side in FIG. 7) through a power
cord 5, and a power cord 6 extending from the other bus bar
4 (on the right side in FIG. 7) is earthed (grounded). In this
embodiment, the heater 2 is made of a heating wire with high
electric resistance, such as molybdenum or tungsten.
[0074] In the third space S3 of the sealed container 21, a
labyrinthine flow path 29 is formed by a plurality of baffle
plates 28.

[0075] Next, the operation of the heat generating device
20 having structure described above will be described.
[0076] First, in a state where the on-off valve 27 provided
in the hydrogen discharge nozzle 25 is opened, the sealed
container 21 is depressurized to a predetermined pressure by
driving a vacuum pump (not illustrated) connected to the
hydrogen discharge nozzle 25, and then, the on-off valve 27
is closed.

[0077] Next, the hydrogen-based gas is supplied into the
sealed container 21 from the hydrogen supply nozzle 23.
The hydrogen-based gas is introduced to the first space S1
in the sealed container 21 from the hydrogen supply nozzle
23, and pass through the inside of each of the heat generating
cells 1 from the first space S1 to flow into the second space
S2. In such a process where the hydrogen-based gas pass
through each of the heat generating cells 1, the hydrogen-
based gas is occluded in the multilayer film 1B (refer to FIG.
1) formed on the inner peripheral surface of each of the heat
generating cells 1. In this time, a hydrogen molecule is
adsorbed on the inner peripheral surface of the multilayer
film 1B. Then, the hydrogen molecule adsorbed on the inner
peripheral surface of the multilayer film 1B is dissociated
into two hydrogen atoms, the hydrogen atoms after disso-
ciation penetrate into the multilayer film 1B, and the hydro-
gen atoms permeate through the heterogeneous material
interface 13 (refer to FIG. 3) by quantum diffusion, or the
hydrogen atoms permeate through the heterogeneous mate-
rial interface 13 by diffusion.

[0078] Next, in a state where the on-off valve 27 provided
in the hydrogen discharge nozzle 25 is opened, the sealed
container 21 is vacuum-evacuated by driving the vacuum
pump (not illustrated) connected to the hydrogen discharge
nozzle 25, and a current flows into each of the heaters 2 from
the power supply (not illustrated) through the power cord 5
and the bus bar 3, and thus, each of the heaters 2 generates
heat, and each of the heat generating cells 1 is heated from
the inner periphery side. Then, the hydrogen occluded in the
multilayer film 1B of each of the heat generating cells 1 is
discharged. In this time, the hydrogen atoms that have
penetrated into the multilayer film 1B are returned to the
inner peripheral surface of the multilayer film 1B and
recombined, and thus, are discharged as the hydrogen mol-
ecule. In the process where the hydrogen atoms are returned
to the inner peripheral surface of the multilayer film 1B, the
hydrogen atoms permeate through the heterogeneous mate-
rial interface 13 (refer to FIG. 3) by quantum diffusion, or
the hydrogen atoms permeate through the heterogeneous
material interface 13 by diffusion.

[0079] In the process where each of the heat generating
cells 1 occludes the hydrogen, the hydrogen atoms permeate
through the heterogeneous material interface 13 by quantum
diffusion, or the hydrogen atoms permeate through the
heterogeneous material interface 13 by diffusion to generate
heat, and in the process where the hydrogen is discharged,
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the hydrogen atoms permeate through the heterogeneous
material interface 13 by quantum diffusion, or the hydrogen
atoms permeate through the heterogeneous material inter-
face 13 by diffusion to generate heat. A method for inter-
mittently supplying and discharging hydrogen with respect
to the sealed container 21, and allowing the heat generating
cell 1 to generate heat by the occlusion and the discharge of
the hydrogen is referred to as a batch method. In the heat
generating device 20 using a batch method, the supply of the
hydrogen-based gas into the sealed container 21, the vacuum
evacuation of the sealed container 21, and the heating of
each of the heat generating cells 1 may be repeated, and the
occlusion and the discharge of the hydrogen in each of the
heat generating cells 1 may be repeated.

[0080] On the other hand, a heat medium is supplied to the
third space S3 of the sealed container 21 from the heat
medium supply nozzle 26, and the heat medium is heated by
the heat generated from each of the heat generating cells 1
in the process of flowing through the labyrinthine flow path
29 formed in the third space S3, and thus, the temperature
increases. That is, the heat medium is heated by heat
exchange with respect to each of the heat generating cells 1
in the process of flowing through each of the heat generating
cells 1, and efficiently recovers the heat generated in each of
the heat generating cells 1. In this time, the heat medium
flows along the labyrinthine flow path 29 formed in the third
space S3 in the sealed container 21 while alternately chang-
ing the direction up and down, and thus, a heat exchange
efficiency between the heat medium and each of the heat
generating cells 1 increases. As described above, the heat
medium flowing through the third space S3 of the sealed
container 21 is heated by the heat exchange with respect to
each of the heat generating cells 1, and the heat recovered by
the heat medium is provided to a heat utilization system
described below. As the heat medium, a heat medium having
excellent heat conductivity and chemical stability is prefer-
able, and for example, rare gas such as helium gas or argon
gas, hydrogen gas, nitrogen gas, water vapor, the air, carbon
dioxide, gas forming a hydride, and the like are used.
[0081] As described above, the heat generating device 20
according to this embodiment includes the plurality of heat
generating cells 1 with high durability, which are integrated
in the sealed container 21, and thus, the heat generation
amount increases and a high output is achieved, and the
durability increases. Since the heat medium is heated by the
heat exchange between the plurality of heat generating cells
1 and the heat medium flowing through the third space S3,
the heat generated by the plurality of heat generating cells 1
is efficiently recovered by the heat medium. That is, the heat
generating device 20 is configured as an integrated heat
generating/heat exchanging type heat generating device that
also functions as a shell and tube type heat exchanger.

[0082] Here, a change in a heat removal amount (a heat
generation amount) or the like when changing the parameter
of the heat generating device 20 (the outer diameter and the
inner diameter of the support 1A (hereinafter, referred to as
a “tube” or a “stainless steel tube™)) will be described below,
on the basis of FIG. 9 to FIG. 13. FIG. 9 is a diagram
illustrating a relationship between a 1/tube filling ratio and
the heat removal amount (the heat generation amount), FIG.
10 is a diagram illustrating a relationship between the
number of tubes and a shell inner diameter for obtaining a
predetermined tube filling ratio, FIG. 11 is a diagram illus-
trating a relationship between the 1/tube filling ratio and a Di
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(a shell inner diameter)/L (a tube length) ratio, FIG. 12 is a
diagram illustrating a relationship between the Di/L ratio
and a shell side fluid pressure loss (a pressure loss of the heat
medium), and FIG. 13 is a diagram illustrating a relationship
between the 1/tube filling ratio and a baffle exit flow/cross
flow ratio.

[0083] Various studies have been conducted using a case
where among various parameters of the heat generating
device 20, the outer diameter and the inner diameter of the
stainless steel tube (the support 1A) are changed as shown
in Table 1 as each of Case 1, Case 2, and Case 3. Specifically,
a case where the outer diameter and the inner diameter of the
stainless steel tube are 27.2 mm and 23.2 mm is set to Case
1, a case where the outer diameter and the inner diameter of
the stainless steel tube are 34 mm and 30 mm is set to Case
2, a case where the outer diameter and the inner diameter of
the stainless steel tube are 45 mm and 41 mm is set to Case
3, and in all the cases, the length of the stainless steel tube
is set to 1000 mm (constant).

TABLE 1
Stainless steel tube size [mm] Tube
Outer Inner arrangement Pitch
Case diameter diameter Length pattern [—]
1 21.2 23.2 1000 Regular 1.23
2 34 30 1000 triangle
3 45 41 1000  arrangement

[0084] For the tube filling ratio and the Di/L ratio, when
the tube outer diameter is set to do, the number of tubes is
set to Nt, and the shell (sealed container) inner diameter is
set to Di, the tube filling ratio is a value obtained by the
following expression.

Tube Filling Ratio = )

Total Tube Sectional Area/Shell Inner Sectional Area = Nt X do’/Di*

[0085] In the heat generating device 20, a change in the
heat removal amount (the heat generation amount) (KW)
with respect to the 1/tube filling ratio in each of Cases 1, 2,
and 3 is illustrated in FIG. 9. For each of Cases 1, 2, and 3,
a desired region having a small shell side pressure loss and
a high heat exchange efficiency is a range of 1/Tube Filling
Ratio<1.8. When calculating the heat removal amount (the
heat generation amount) (KW) illustrated in FIG. 9, the
inflow temperature of the heat medium (argon gas) is set to
650° C., and the temperature of a heat generating element
(the temperature in the tube) is set to 800° C.

[0086] Here, the relationship between the number of tubes
and the shell inner diameter for retaining the tube filling ratio
obtained by Expression (1) described above at a predeter-
mined value is illustrated in FIG. 10. A result illustrated in
FIG. 10 indicates a relationship between the shell inner
diameter and the number of tubes for allowing the tube
filling ratio to be 2.0 when setting the outer diameter do of
the tube (support 1A) to be constant (27.2) mm.

[0087] A change in the Di/L ratio with respect to the 1/tube
filling ratio in each of Cases 1, 2, and 3 is illustrated in FIG.
11, and a change in the shell side fluid pressure loss (the
pressure loss of the heat medium) with respect to the Di/L
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ratio is illustrated in FIG. 12. When the Di/L ratio is greater
than 0.4, that is, when the plurality of baffle plates 28 are
disposed in a short section in the shell (the sealed container)
21, the pressure loss of the heat medium tends to increase.
Accordingly, in order to suppress the pressure loss of the
heat medium to a constant value or less, the Di/L ratio is to
be suppressed to 0.4 or less. When assuming the use of an
axial flow fan in order to circulate the heat medium, it is
desirable that the pressure loss of the heat medium is 3000
Pa (305 mmHg) or less. On the contrary, when the Di/L ratio
is 0.15 or less, there is a concern that a pipe may vibrate due
to the flow resistance of the heat medium, but in such a case,
as illustrated in FIG. 7, the problem can be solved by
disposing an inrush prevention plate 28A in the vicinity of
the heat medium supply port 21d in the sealed container (the
shell) 21.

[0088] Therefore, when considering the results illustrated
in FIG. 9 to FIG. 12, a range in which the 1/tube filling ratio
illustrated in FIG. 11 is 1.8 or less and the Di/L ratio is 0.4
or less is a desired range.

[0089] When the 1/tube filling ratio is greater than 1.8, in
the shell (the sealed container) 21, the heat medium exits and
flows from a gap between the baffle plate 28 and the tube
(the support 1A) in a radial direction (such a flow will be
referred to as a “baffle exit flow” or an “invalid flow”), but
when the flow rate of the baffle exit flow is greater than 40%
of the flow rate of the valid flow of the heat medium
(hereinafter, referred to as a “cross flow”) in the labyrinthine
flow path 29 in the shell 21, a heat exchange efficiency
considerably decreases. Here, the relationship between the
baffle exit flow/cross flow ratio and the 1/tube filling ratio in
each of Cases 1, 2, and 3 is illustrated in FIG. 13.

[0090] Therefore, in order to suppress the pressure loss of
the heat medium to 3000 Pa or less while ensuring a high
heat exchange efficiency, a range is desirable in which the
1/tube filling ratio illustrated in FIG. 13 is 1.8 or less and the
baffle exit flow/cross flow ratio is 0.4 or less.

Second Embodiment

[0091] Next, a heat generating device 20A according to a
second embodiment of the invention will be described
below, on the basis of FIG. 14.

[0092] FIG. 14 is a cross-sectional side view of the heat
generating device 20A according to the second embodiment
of the invention, and in this drawing, the same reference
numerals will be applied to the same elements as those
illustrated in FIG. 7, and hereinafter, the repeated descrip-
tion thereof will be omitted.

[0093] The basic configuration of the heat generating
device 20A according to this embodiment is the same as that
of the heat generating device 20 according to the first
embodiment, except that the heater 2 is wound around the
outer periphery of each of the heat generating cells 1 into the
shape of a spiral. As with the heat generating device 20, the
heat generating device 20A is a heat generating device using
a batch method that intermittently supplies and discharges
hydrogen with respect to the sealed container 21.

[0094] In the heat generating device 20A according to this
embodiment, each of the heat generating cells 1 is heated
from the outer periphery side by the heater 2, but such an
operation is the same as that of the heat generating device 20
according to the first embodiment, and the same effect as the
effect obtained by the heat generating device 20 can be
obtained.
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Third Embodiment

[0095] Next, a heat generating device 20B according to a
third embodiment of the invention will be described below,
on the basis of FIG. 15.

[0096] FIG. 15 is a cross-sectional side view of the heat
generating device 20B according to the third embodiment of
the invention, and in this drawing, the same reference
numerals will be applied to the same elements as those
illustrated in FIG. 7, and hereinafter, the repeated descrip-
tion thereof will be omitted.

[0097] The heat generating device 20B according to this
embodiment is different from the heat generating device 20
according to the first embodiment only in that a heat
generating cell in which the support 1A (refer to FIG. 1) is
made of a porous metal sintered compact or a porous
ceramic sintered compact that allows hydrogen to permeate
therethrough is used as the heat generating cell 1.

[0098] Next, the operation of the heat generating device
20B will be described.

[0099] First, in a state where the on-off valve 27 provided
in the hydrogen discharge nozzle 25 is opened, the sealed
container 21 is depressurized to a predetermined pressure by
driving the vacuum pump (not illustrated) connected to the
hydrogen discharge nozzle 25. Next, the hydrogen-based gas
is supplied to the first space S1 of the sealed container 21
from the hydrogen supply nozzle 23, and the heat medium
is supplied to the third space S3 of the sealed container 21
from the heat medium supply nozzle 26. In the heat gener-
ating device 20B, the hydrogen-based gas flows inside each
of the heat generating cells 1, and the heat medium flows
outside each of the heat generating cells 1, and thus, a
difference in a hydrogen partial pressure occurs inside and
outside each of the heat generating cells 1, the hydrogen
permeates through the multilayer film 1B (refer to FIG. 3) of
each of the heat generating cells 1 due to a difference in the
hydrogen partial pressure, and each of the heat generating
cells 1 generates heat due to the permeation of the hydrogen.
Specifically, the hydrogen molecule is adsorbed on the inner
peripheral surface of the multilayer film 1B of each of the
heat generating cells 1, and the hydrogen molecule is
dissociated into two hydrogen atoms. Then, the hydrogen
atoms after dissociation penetrate (are occluded) into the
multilayer film 1B, the hydrogen atoms are recombined on
the outer peripheral surface of the multilayer film 1B (a
surface in contact with the support 1A) and discharged as the
hydrogen molecule. As described above, when the hydrogen
atoms move to the outer peripheral surface from the inner
peripheral surface of the multilayer film 1B, the hydrogen
atoms permeate through the heterogeneous material inter-
face 13 (refer to FIG. 3) by quantum diffusion, or the
hydrogen atoms permeate through the heterogeneous mate-
rial interface 13 by diffusion, and thus, each of the heat
generating cells 1 generates heat. A method for allowing the
heat generating cell 1 to generate heat by utilizing a differ-
ence in the hydrogen partial pressure to allow the perme-
ation of the hydrogen is referred to as a permeation method.
In the heat generating device 20B using a permeation
method, the hydrogen continuously permeates through each
of the heat generating cells 1, and thus, it is possible to
efficiently generate excess heat.

[0100] The hydrogen (the permeated hydrogen) at a high
temperature, which has permeated through each of the heat
generating cells 1, flows out into the third space S3, and is
supplied to the third space S3 from the heat medium supply
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nozzle 26 to perform heat exchange with respect to the heat
medium flowing through the labyrinthine flow path 29 of the
third space S3, and thus, mixed gas of the hydrogen and the
heat medium is discharged to the outside of the sealed
container 21 from the heat medium discharge nozzle 24.
Hydrogen (non-permeated hydrogen) that has not permeated
through each of the heat generating cells 1 is discharged to
the outside of the sealed container 21 from the hydrogen
discharge nozzle 25.

[0101] Inthe heat generating device 20B according to this
embodiment, as with the heat generating device 20 accord-
ing to the first embodiment, each of the heat generating cells
1 is heated from the inner periphery side by the heater 2, and
such an operation is the same as that of the heat generating
device 20 according to the first embodiment, and thus, the
same effect as the effect obtained by the heat generating
device 20 can be obtained. In this embodiment, the on-off
valve 27 is opened, and the non-permeated hydrogen is
discharged, but in consideration of the occurrence of a
hydrogen pressure difference, it may be more preferable to
close the on-off valve 27.

[Heat Utilization System]

[0102] Next, a heat utilization system according to the
invention will be described below, on the basis of FIG. 16.
[0103] FIG. 16 is a block diagram illustrating the configu-
ration of the heat utilization system according to the inven-
tion, and a heat utilization system 30, which is illustrated,
includes the heat generating device 20 using a batch method,
which is illustrated in FIG. 7, a heat utilization device 50, a
temperature adjustment unit T, a hydrogen supply line L1, a
hydrogen recovery line L2, a heat medium supply line L3,
and a heat medium recovery line L4. In this embodiment, the
heat generating device 20 using a batch method is used, but
the heat generating device 20A using a batch method or the
heat generating device 20B using a permeation method may
be used.

[0104] Hereinafter, the temperature adjustment unit T, the
hydrogen supply line L1, the hydrogen recovery line 1.2, the
heat medium supply line L3, and the heat medium recovery
line 14 will be respectively described.

(Temperature Adjustment Unit)

[0105] The temperature adjustment unit T adjusts the
temperature of the heat generating cell 1 built in the heat
generating device 20 and maintains the heat generating cell
1 at an optimal temperature (for example, 50° C. to 1500°
C.) to generate heat, and includes a plurality of heaters 2
respectively passing through the heat generating cells 1, a
power supply 31 supplying power to the heaters 2, a
temperature sensor 32 such as a thermocouple detecting the
temperature of the heater 2, and a control unit 33 controlling
the output of the power supply 31 on the basis of the
temperature detected by the temperature sensor 32. The
control unit 33 includes a central processing unit (CPU), a
storage unit such as a read only memory (ROM) or a random
access memory (RAM), and the like, and in CPU, various
arithmetic processing pieces are executed by using a pro-
gram, data, or the like stored in ROM or RAM.

(Hydrogen Supply Line)

[0106] The hydrogen supply line L1 supplies hydrogen at
alow temperature to the first space S1 in the sealed container
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21 from the hydrogen supply nozzle 23 through a supply
pipe 34, the supply pipe 34 extends from an ejection side of
a circulation pump 35, and in the middle of the supply pipe
34, a buffer tank 36, a motorized pressure adjustment valve
(a pressure reducing valve) 37, and a filter 38 are provided.
The circulation pump 35 and the pressure adjustment valve
37 are electrically connected to the control unit 33, and the
operation of the circulation pump 35 and the pressure
adjustment valve 37 is controlled in accordance with a
control signal output from the control unit 33. In the
circulation pump 35, for example, a metal bellows pump is
used.

[0107] The buffer tank 36 temporarily stores the hydrogen
and absorbs a variation in the flow rate of the hydrogen. The
pressure adjustment t valve 37 functions to adjust the
pressure of hydrogen that is supplied to the heat generating
device 20 from the buffer tank 36 by receiving the control
signal from the control unit 33 such that the opening degree
thereof is adjusted.

[0108] The filter 38 removes impurities contained in the
hydrogen. Here, the amount of hydrogen (a hydrogen per-
meation amount) permeating through the multilayer film 1B
of the heat generating cell 1 depends on the temperature of
the heat generating cell 1, a pressure difference inside and
outside the heat generating cell 1, and the surface state of the
inner peripheral surface of the heat generating cell 1, and
when the impurities are contained in the hydrogen, the
impurities are attached to the inner peripheral surface of the
heat generating cell 1, and thus, the surface state of the heat
generating cell 1 may be degraded. When the surface state
of the heat generating cell 1 is degraded, a problem occurs
in which the adsorption and the dissociation of the hydrogen
molecule on the inner peripheral surface of the multilayer
film 1B of the heat generating cell 1 are inhibited, and the
hydrogen permeation amount decreases. As a component
inhibiting the adsorption and the dissociation of the hydro-
gen molecule on the inner peripheral surface of the multi-
layer film 1B of the heat generating cell 1, for example,
water (including water vapor), hydrocarbon (methane, eth-
ane, methanol, ethanol, and the like), C, S, Si, and the like
are considered.

[0109] By the filter 38 removing water (including water
vapor), hydrocarbon, C, S, Si, and the like, as the impurities
contained in the hydrogen or the heat medium, a decrease in
the hydrogen permeation amount of the heat generating cell
1 is suppressed.

(Hydrogen Recovery Line)

[0110] The hydrogen recovery line L2 is a line for recov-
ering the hydrogen that passes through each of the heat
generating cells 1 from the first space S1 of the heat
generating device 20 and flows into the second space S2 and
returning the hydrogen to the hydrogen supply line L1, and
a recovery pipe 39 extending from the hydrogen discharge
nozzle 25 of the sealed container 21 is connected to a suction
side of the circulation pump 35.

(Heat Medium Supply Line)

[0111] The heat medium supply line L3 is a line for
supplying the heat medium discharged from the third space
S3 of the heat generating device 20 to the heat utilization
device 50, and includes a supply pipe 40 that extends from
the heat medium discharge nozzle 24 of the sealed container
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21 and is connected to the inlet side of the heat utilization
device 50. In the middle of the supply pipe 40, a circulation
pump 41 and a flow rate control valve 42 are provided. As
the circulation pump 41, a metal bellows pump and the like
are used, and as the flow rate control valve 42, a variable
leak valve and the like are used.

(Heat Medium Recovery Line)

[0112] The heat medium recovery line [4 is a line for
recovering the heat medium that has supplied the heat to the
heat utilization device 50 and returning the heat medium to
the third space S3 of the heat generating device 20, and
includes a recovery pipe 43 that extends from the outlet side
of the heat utilization device 50 utilizing the heat generated
in the heat generating device 20 and is connected to the heat
medium supply nozzle 26 of the sealed container 21.
[0113] Examples of the heat utilization device 50 include
a heating device, a heat pump system, a heat transport
system, and a cooling (freezing) system, which are used for
the preheating of the air for combustion that is supplied to
a boiler, the heating of an adsorbent that has absorbed CO,
by a chemical absorption method, the heating of raw mate-
rial gas containing CO, and H, in a device for producing
methane, and the like, in addition to a power generator
converting thermal energy into electric energy.

(Operation of Heat Utilization System)

[0114] Next, the operation of the heat utilization system 30
configured as described above will be described.

[0115] When the circulation pump 35 is driven in accor-
dance with the control signal from the control unit 33, the
hydrogen ejected from the circulation pump 35 is introduced
into the first space S1 of the heat generating device 20 from
the hydrogen supply nozzle 23 through the supply pipe 34 of
the supply line 1. The pressure variation of the hydrogen is
suppressed by the buffer tank 36 in the process where the
hydrogen flows through the supply pipe 34, and the hydro-
gen is depressurized to a predetermined value by the pres-
sure adjustment valve 37.

[0116] The plurality of heaters 2 provided in the heat
generating device 20 generate heat by the power supplied
from the power supply 31, and heat each of the heat
generating cells 1 to a predetermined temperature (for
example, 50° C. to 1500° C.) from the inner periphery side.
As described above, the temperature of the heat generating
cell 1 is adjusted predetermined temperature by the tem-
perature adjustment unit T. Specifically, the output of the
power supply 31 is controlled by the control unit 33, on the
basis of the temperature detected by the temperature sensor
32, and thus, the temperature of each of the heat generating
cells 1 is adjusted to an appropriate value.

[0117] As described above, in the heat generating device
20 using a batch method, each of the heat generating cells 1
generates the excess heat by the occlusion and the discharge
of the hydrogen. The mechanism by which the heat gener-
ating cell 1 generates heat has been described above (refer
to FIG. 4), and by supplying the hydrogen-based gas into the
sealed container 21 from the hydrogen supply nozzle 23, the
hydrogen molecule is adsorbed on the inner peripheral
surface of the multilayer film 1B of each of the heat
generating cells 1, the hydrogen molecule is dissociated into
two hydrogen atoms, and the hydrogen atoms after disso-
ciation penetrate into the multilayer film 1B. The hydrogen



US 2024/0240836 Al

atoms permeate through the heterogeneous material inter-
face 13 (refer to FIG. 3) by quantum diffusion, or permeate
through the heterogeneous material interface 13 by diffu-
sion. That is, the hydrogen is occluded in the heat generating
cell 1. In a state where the on-off valve 27 provided in the
hydrogen discharge nozzle 25 is opened, the sealed con-
tainer 21 is vacuum-evacuated by driving the vacuum pump
(not illustrated) connected to the hydrogen discharge nozzle
25, each of the heat generating cells 1 is heated by each of
the heaters 2, the hydrogen atoms that have penetrated
through the multilayer film 1B are returned to the inner
peripheral surface of the multilayer film 1B and recombined,
and thus, are discharged as the hydrogen molecule. That is,
the hydrogen is discharged from the heat generating cell 1.
In the process where the hydrogen atoms are returned to the
inner peripheral surface of the multilayer film 1B, the
hydrogen atoms permeate through the heterogeneous mate-
rial interface 13 (refer to FIG. 3) by quantum diffusion, or
the hydrogen atoms permeate through the heterogeneous
material interface 13 by diffusion. Therefore, the heat gen-
erating cell 1 generates heat by occluding the hydrogen, and
generates heat by discharging the hydrogen.

[0118] As described above, in the heat generating device
20, the hydrogen used for generating heat in each of the heat
generating cells 1 by the occlusion and the discharge flows
into the second space S2 in the sealed container 21, is
returned to the suction side of the circulation pump 35 from
the second space S2 through the recovery pipe 39 of the
hydrogen recovery line L2, is pressurized to a predetermined
pressure by the circulation pump 35, and then, is sent to the
supply pipe 34 of the hydrogen supply line L1, and then, is
circulated through the same path, and is used for the heat
generation of the plurality of heat generating cells 1 and the
heat exchange with respect to the heat medium.

[0119] On the other hand, when the circulation pump 41
provided in the supply pipe 40 of the heat medium supply
line L3 is driven, the heat medium continuously circulates a
closed loop formed by the supply pipe 40, the heat utiliza-
tion device 50, the recovery pipe 43, and the labyrinthine
flow path 29 formed in the third space S3 of the heat
generating device 20. That is, the heat medium introduced to
the third space S3 of the sealed container 21 from the heat
medium supply nozzle 26 through the recovery pipe 43 is
heated by the heat exchange with respect to the plurality of
heat generating cells 1 in the process of flowing through the
labyrinthine flow path 29 of the third space S3, and thus, the
heat generated in the plurality of heat generating cells 1 is
efficiently recovered.

[0120] As described above, the heat medium that has
recovered the heat generated in the plurality of heat gener-
ating cells 1 is discharged to the supply pipe 40 from the heat
medium discharge nozzle 24, is supplied to the heat utili-
zation device 50 through the circulation pump 41 and the
flow rate control valve 42 provided in the supply pipe 40,
and supplies the recovered heat to the heat utilization device
50. Then, the heat utilization device 50 is driven by using the
heat supplied from the heat medium as a heat source to
perform required work such as power generation. The heat
medium of which the temperature is decreased by being
used for driving the heat utilization device 50 is discharged
to the recovery pipe 43 from the heat utilization device 50,
is introduced to the third space S3 of the heat generating
device 20 from the heat medium supply nozzle 26 through
the recovery pipe 43, and then, repeats the same operation,
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recovers the heat generated in the plurality of heat generat-
ing cells 1, and continuously supplies the heat to the heat
utilization device 50.

[0121] Inthe heat generating device 20, the hydrogen used
for generating heat in the heat generating cell 1 by the
occlusion and the discharge is discharged from the second
space S2 of the sealed container 21, is returned to the
hydrogen supply line L1 through the hydrogen recovery line
L2, is supplied again to the first space S1 of the sealed
container 21, and is used for the heat generation of the heat
generating cell 1 and the heat exchange of the heat generated
in the heat generating cell 1 with respect to the heat medium,
and then, the same operation is repeated.

[0122] According to the heat utilization system 30 that is
operated as described above, the heat generated in the heat
generating high output, which also functions as the shell and
tube type heat exchanger, is efficiently recovered by the heat
medium, and thus, an effect that the heat utilization device
50 can be driven by effectively utilizing the heat recovered
by the heat medium can be obtained.

[0123] The heat utilization system 30 including the heat
generating device 20 using a batch method according to the
first embodiment illustrated in FIG. 7, has been described
above, but even when the heat utilization system according
to the invention is configured by including the heat gener-
ating device 20A using a batch method according to the
second embodiment illustrated in FIG. 14 or the heat gen-
erating device 20B using a permeation method according to
the third embodiment illustrated in FIG. 15, the same effect
as described above can be obtained.

[0124] The application of the invention is not limited to
the embodiments described above, and it is obvious that
various modifications can be made within the scope of the
technical idea described in the claims, the specification, and
the drawings.

REFERENCE SIGN LIST

[0125] 1. 60, 70: heat generating cell

[0126] 1A, 60A, 70A: support

[0127] 1B, 60B, 70B: multilayer film

[0128] 2: heater

[0129] 20, 20A, 20B: heat generating device

[0130] 21: sealed container

[0131] 22: separator

[0132] 28: baflle plate

[0133] 29: flow path

[0134] 30: heat utilization system

[0135] 50: heat utilization device

[0136] L1: hydrogen supply line

[0137] L2: hydrogen recovery line

[0138] L3: heat medium supply line

[0139] L4: heat medium recovery line

[0140] SI: first space

[0141] S2: second space

[0142] S3: third space

1. A heat generating cell, comprising:

a support having tubular shape; and

a multilayer film formed on an inner peripheral surface of
the support for generating heat by occlusion and dis-
charge of hydrogen.

2. A heat generating device, comprising;

a plurality of heat generating cells including the heat
generating cell according to claim 1,

a sealed container;
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a plurality of separators dividing an inside of the sealed
container into a first space, a second space, and a third
space in an axial direction of the sealed container, the
first space and the second space being locating at both
ends in the axial direction in the sealed container; and

a heater for heating each of the plurality of heat generating
cells, wherein

the plurality of heat generating cells penetrate through the
plurality of separators, and both ends of each of the
plurality of heat generating cells in an axial direction
are respectively opened to the first space and the second
space.

3. The heat generating device according to claim 2,
wherein the heater includes a heating wire, and the heating
wire 1s provided inside each of the plurality of heat gener-
ating cell.

4. The heat generating device according to claim 2,
wherein the heater includes a heating wire, and the heating
wire is wound around an outer periphery of the support of
the heat generating cell.
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5. The heat generating device according to claim 2,
wherein in the third space, a labyrinthine flow path is formed
by a plurality of baffle plates.

6. A heat utilization system, comprising:

the heat generating device according to claim 2;

a hydrogen supply line for supplying hydrogen to the first
space of the heat generating device;

a hydrogen recovery line for recovering hydrogen dis-
charged from the second space of the heat generating
device and returning the hydrogen to the hydrogen
supply line;

a heat utilization device for utilizing heat generated in the
heat generating device;

a heat medium supply line for supplying a heat medium
discharged from the third space of the heat generating
device to the heat utilization device; and

a heat medium recovery line for recovering a heat
medium discharged from the heat utilization device and
returning the heat medium to the third space of the heat
generating device.
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