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A MAGNETIC REGENERATOR, A METHOD OF MAKING A MAGNETIC

REGENERATOR, A METHOD OF MAKING AN ACTIVE MAGNETIC

REFRIGERATOR AND AN ACTIVE MAGNETIC REFRIGERATOR

The present invention relates to a magnetic
regenerator, a method of making a magnetic ‘regenerator, a
method of making an active magnetic refrigerator and an

active magnetic refrigerator.

In an active magnetic refrigerator, the active
component is referred to as a magnetic regenerator and is
formed of a magnetocaloric material, i.e. a material that
heats up when ﬁlaced in an applied magnetic field. Such
materials have been known for a long time and it has been
recognised that they could be used for cooling purposes.
Specifically, an active magnetic refrigerator comprises a
magnetic regenerator arranged between a hot-side heat
exchanger and a cold-side heat exchanger. A source of

magnetic field is also provided. A heat transfer fluid is

“arranged to flow back and forth from the cold-side heat

exchanger to the hot-side heat exchanger through the
magnetic regenerator in a cycle. A magnetic field 1is
repeatedly applied to and removed from the magnetic

regenerator, thereby causing it to heat up and cool down.

There are four stages to an active magnetic
regenerator cycle. First, the application of a magnetic
field warms the magnetic regenerator by the magnetocaloric
effect, causing the heat transfer fluid within the
regenerator to heat up. Second, heat transfer fluid flows
in the direction from the cold-side heat exchanger to the
hot-side heat exchanger. Heat is then released from the

heat transfer fluid to the hot-side heat exchanger. Third,
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the magnetié regenerator is demagnetised, cooling the
magnetocaloric material and the heat transfer fluid in the
bed. Last, the heat transfer fluid flows through the
cooled bed in the direction from the hot-side heat
exchanger to the cold-side heat exchanger. The fluid takes
up heat from the cold-side heat exchanger. The cold-side
heat exchanger can then be used to provide cooling to

another body or system.

Conventionally, metallic materials such as gadolinium
are used as the magnetic regenerator since certain metallic
materials are well known to exhibit the magnetocaloric
effect. Usually, the regenerator comprises a porous bed of
small metallic spheres. In use, a temperature gradient is
established between the cold-side heat exchanger and the
hot-side heat exchanger. The magnetic regenerator in
combination with the heat transfer fluid enables heat to be
‘pumped” from the cold-side heat-exchanger to the hot-side

heat exchanger.

It has been recogniéed that to improve the performance
of an active magnetic regenerator, the active temperature
range of the magnetic regenerator i.e., the temperature at
which the material exhibits the magnetocaloric effect at a
certain position along the flow path of the heat transfer
fluid through the magnetic regenerator should coincide with
the temperature of the regenerator at that position, i.e.
correspond to the temperature on the temperature gradient
at the actual position in the regenerator along the fluid

path.

GB-A-661738 discloses a method and apparatus for

magnetic refrigeration. An active magnetic refrigerator is
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provided having a magnetic regenerator formed of plates
defining a flow path for a heat transfer fluid. The Curie
temperature of the magnetic regenerator varies in the

direction of the flow of the heat transfer fluid.

According to a first aspect of the present invention,
there is provided a method of making a magnetic regenerator
for an active magnetic refrigerator, the method comprising:
forming a magnetic regenerator from a slurry or a paste
containing magnetocaloric material the magnetic regenerator
being formed to have plural paths therethrough for the flow
of a heat transfer fluid; and varying the composition of
the magnetocaloric material and/or the slurry or paste so
that the magnetic transition temperature of the magnetic

regenerator varies along the paths.

Preferably, -the method comprises: forming a magnetic
regenerator from a powder of a magnetocaloric material
together with ancillary components such as binders and
sintering aids, the magnetic regenerator being formed to
have plural paths therethrough for the flow of a heat
transfer fluid; and varying the composition of the material
so that the magnetic transition temperature (e.g., the
Curie temperature in the case of ferromagnetic materials)
of the magnetic regenerator varies along the paths, and

possibly along the direction perpendicular to the flow.

The magnetocaloric material may consist of metals,
metal oxides, or ceramics, or a mixture of these.
Preferably, the material is non-corroding, e.g. a ceramic

material.

In certain embodiments, the invention provides a
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method of making a magnetic regenerator utilising shaping
methods for powder materials in a slurry or paste, followed
by drying and sintering; the sintering may take place under
controlled time, temperature and atmospheric conditions,
e.g. in a reducing or an oxidizing atmosphere. The
sintering results in a solid object with a desired high
density, which is mechanically stable and easy to handle.
This method enables the composition and thus the
magnetocaloric properties of the material easily to be
varied continuously. Furthermore, it enables the magnetic
regenerator to be made in such a way that the active
temperature range of the regenerator at a certain point
coincides with the temperature of a heat transfer fluid at

that point.

In a preferred embodiment, the surface of the ‘green’
(unsintered) magnetocaloric component may be patternéd or
corrugated to increase the effective surface area, thus
optimizing the heat transfer to the liquid. Furthermore,
the sintering of the component ensures a mechanically
stable and, in the case of ceramics, non-corroding
component. Furthermore, the use of ceramic, non-corroding
materials in the preferred embodiment ensures that the cost
of making a magnetic regenerator 1is reduced in comparison
to the cost of making a magnetic regenerator using
conventional metal magnetocaloric materials. In addition,
use of such materials avoids the corrosion issues connected
with magnetocaloric metallic materials that are prone to

corrosion from the heat transfer fluid.

According to a second aspect of the present invention,
there is provided a method of making an active magnetic

refrigerator, the method comprising: providing a magnetic
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regenerator manufactured according to the method of the
first aspect of the present invention; providing a magnet
to selectively apply and remove a magnetic field to the
magnetic regenerator; and providing a heat transfer fluid
driver, for driving a heat transfer fluid back and forth
through the magnetic regenerator in synchronised manner as

the magnetic field is applied and removed.

According to a third aspect of the present invention,
there is provided a magnetic refrigerator, comprising: a
magnetic regenerator comprising plural channels made of a
magnetocaloric material through which in use a heat
transfer fluid is made to flow back and forth through,
wherein the magnetic transition temperature of the
magnetocaloric material varies in the direction of flow of

the heat transfer fluid.

According to a fourth aspect of the present invention,
there is provided a magnetic regenerator comprising plural
paths made of a magﬁetocaloric material through which in
use a heat transfer fluid is made to flow back and forth,
wherein the magnetic transition temperature of the magnetic

regerierator varies along the paths.

Examples of the present invention will now be
described in detail with reference to the accompanying

drawings, in which:
Figure 1 shows a schematic representation of an
example of a magnetic refrigerator according to an

embodiment of the present invention;

Figure 2 shows a schematic representation of an
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example of a method of making a magnetic regenerator;

Figure 3 shows a further example of a method of making

a magnetic regenerator;

Figures 4A and 4B show a further example of a method

of making a magnetic regenerator; and,

Figure 5 show a further example of a method of making

a magnetic regenerator.

Figure 1 shows a schematic representation of an
example of a magnetic refrigerator according to an
embodiment of the present invention. The refrigerator
comprises a magnetocaloric unit 4 arranged in thermal
communication with each of a cold-side heat exchanger 6 and
a hot-side heat exchanger 8. A heat transfer fluid 10 is
provided for being forced back and forth through the
magnetocaloric unit 4. In the example shown pistons 12 and
14 are provided for forcing the heat transfer fluid 10

through the magnetocaloric unit 4.

A magnet (not shown) is also provided for selectively
applying a magnetic field to the magnetocaloric unit 4 and
removing the magnetic field. The magnet may be a permanent
magnet or an array of such magnets, an electromagnet or a
solenoid. For low temperature applications the solenoid may
be formed of superconductive material and be cooled by a

cryogenic liquid such as liquid nitrogen.

In the specific example shown, a vertical section
through the magnetocaloric unit is shown. The

magnetocaloric unit 4 comprises plates 16 defining
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therebetween passages or paths 18 along which the heat

transfer fluid flows.

Also shown in Figure 1 is a graph of the variation of
temperature of the magnetocaloric unit in the. direction x,
from the cold-side heat exchanger to the hot-side heat
exchanger. A temperature gradient is established between
the cold-side heat exchanger 6 and the hot-side heat
exchanger 8. The temperature T(x) at any position x varies
between temperatures Tcoig and Thor- In view of the
recognised fact that the magnetocaloric effect of a
material varies with temperature and is at a maximum at or
near the magnetic transition temperature of the material,
the plates are formed such that the magnetic transition
temperature of the plates 16 within the magnetocaloric unit
4 varies in the direction between the cold-side heat

exchange:‘6 and the hot-side heat exchanger 8.

To optimise the performance of the refrigerator, the
material used in the form of the magnetocaloric unit 4 is
selected so that at the position X, the unit 4 has a
maximum magnetocaloric effect at temperature T,. This
ensures that the maximum possible magnetocaloric effect is
achieved by the device. As will be explained below, this
may be achieved by controlling and/or varying the
composition of the material or powder used to form the unit

4.

The material or materials used to form the plates 16
of the magnetocaloric unit 4 in the example shown in Figure
1 may be non-corroding materials, i.e. they are materials
that substantially do not corrode upon exposure to a liguid

such as a heat transfer fluid. The use of ceramic
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materials 1is particularly preferred as this avoids the
problem of corrosion connected with conventional use of
metallic materials such as gadolinium in magnetic
regenerators. In particular, where metals are used to form
the magnetocaloric unit 4, corrosion of the magnetocaloric
unit as a result of the flow of the heat transfer fluid may
be a problem. Accordingly, in the example shown in Figure

1, this problem is avoided.

In an example, two Or more systems such as the one
shown in Figure 1 are arrénged in parallel. A moveable
permanent magnet is provided enabling the magnet to be
utilised continuously. When one regenerator is demagnetised

the magnet can be used to magnetise one of the others.

In use, initially, the magnetocaloric unit 4 is
démagnetised. Upon application of a magnetic field, the
temperature of the magnetocaloric unit 4 rises due to a
decrease in magnetic entropy and a corresponding incréase
in thermal entropy of the magnetic regenerator. Heat
transfer fluid within the magnetocaloric unit increases in
temperature with the magnetocaloric unit 4. The pistons 12
and 14 are thén actuated to move to the right thereby
forcing heat transfer fluid 10 to the left of the
magnetocaloric unit into the spaces between the plates 16
and the heat transfer fluid that is within the
magnetocaloric unit and therefore heated due to the rise in
temperature of the magnetocaloric unit towards the hot-side

exchanger 8.

In other words, the heat transfer fluid that is
initially within the magnetic regenerator and is heated

upon application of the magnetic field is forced towards



15

20

25

30

WO 2006/074790 PCT/EP2005/013654

-9-

the hot-side heat exchanger where it gives up some of the
heat it has gained as a result of the application of the

magnetic field.

The magnetic fiéld is then removed, e.g., by the
switching off of an electromagnet or a solenoid used to
generate the magnetic field. This causes an increase in
magnetic entropy and a corresponding decrease in thermal
entropy. The magnetocaloric unit 4 thereby reduces in
temperature. The heat transfer fluid within the
magnetocaloric unit 4 at this stage undergoes a similar
temperature drop due to the drop in temperature of the
magnetocaloric unit 4. As the pistons move towards the
left (in Figure 1) this cooled heat transfer fluid is then
forced, by the pistons 12 and 14, towards the left hand
side of the refrigerator (the actual configuration shown in
Figure 1) and the cold-side heat exchanger 6 where it can

receive heat, e.g. from an article being cooled. The cycle

can then be repeated.

Figure 2 shows a schematic representation of an
example of a method of making a magnetic regenerator. The
example shows a tape casting system comprising a conveyor
belt 18 and a number of slurry or paste containers 20.
Each of the slurry containers contains a composition of
ceramic material (s) having a specifically determined
magnetic transition temperature. The magnetic transition
temperatures of the slurries increase monotonically from
left to right in the slurry containers 20. In other words
the slurry in the first container has a specific magnetic
transition temperature T; and the slurry in each of the
containers has its own magnetic transition temperature T, to

Ti0, lncreasing monotonically from T; to Tig. The
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composition of the magnetocaloric material and/or the
slurry or paste used to form the magnetic regenerator is

thus varied.

Alternatively, a single slurry container subdivided by
appropriately placed dividing walls may be used. The
slurries or pastes are formed so as to be suitable to
enable processing of the mixtures as required to form the
magnetocaloric unit. For example, the viscosities of the

slurries or pastes are determined accordingly.

A tape is cast having a thickness of approximately 0.1
mm to approximately 5 mm (preferably approximately 1 mm).
The tape is then cut either into plates or strips which may
subsequently be rolled into cylinders. Where the strips
are rolled into cylinders, the strips are cut in such a way
that the magnetic transition temperature along the
longitudinal axis of the cylinder varies. The cylinders
are preferably formed such that the magnetic transition

temperature varies monotonically along the cylinders.

A doctor blade 22 is provided to control the height of
the tape as it is cast oh the conveyor belt 18. Use of
plural slurry containers enables the variation of the
magnetic transition temperature of the final resultant

product to be accurately controlled.

The tapes (or plates, cylinders etc) are then sintered
(to a desired density and form stability) for 2-24 hours
in a controlled environment which may be oxidizing or
reducing, at a temperature from about 100 to about 1500
degrees Centigrade. The sintering results in the

densification of the tapes and makes them mechanically
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stable and easily handled.

The actual materials used to form the slurries depend

on the desired temperature span for the refrigerator.

Where a refrigerator having a temperature span from 40

degrees Centigrade to zero degrees Centigrade is desired,

the following compositions (e.g. one per slurry or paste)

may be used:

Lay.
Lag.
Lay.
Layg,
Layg.

Lag.

67Cap.

67Ca0

67Cap

67Cayp.
67Ca0.

67Cao.

185Tr0.15sMn0O3; Lag.s7Ca0.1945¥0.136MN03;

.2085Y0.108Mn03; Lag.s7Ca0.2225r0.108MN03;

.2365¥0.094MN0O3;

24950 081MN03; Lag.67Ca0.2635L0.067MN03;
2775¥0.053MN03;

2915¥0.039MN03; Lag.s7Ca0.3055r0.025MN03.

Where a refrigerator having a temperature span from 40

degrees Centigrade to minus 20 degrees Centigrade 1is

desired,

Lao.
Lao.
Lay.
Lao,
Lag.

Lag.

67Cao.
67Cayg.
67Cao.
s7Cao.
67Cao.

s7Ca0.

In

the following compositions may be used:

185r0.1sMn03; Lag.e7Ca0.1975¥0.133Mn03;
2135r0.117Mn03; Lao.s7Ca0.23Sr0.1MN0;3;
24750, 083MN03;

2635T0.067MN03; Lao.s7Ca0.285r0.0sMNO3;
2975¥0.033MN03;

3135T0.017Mn03; Lag.e7Cap.33Mn03.

addition, the following materials may be used to

form the magnetic regenerator.

(R,R'",R"")1-x(A,A",A"")MO3ss,

where 0.15 € x £ 0.5 and 0 £ § £ 0.5 and
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R,R’",R’"’ (which may be identical) are chosen from the group
La, Pr, Y, Nd
A,A",A"" (which may be identical) are chosen from the group

10

15

20

25

30

Ca, Sr, Ba, Na, K

M is chosen from the group Mn, Cr, Co

Figure 3 shows a further example of a method of making
a magnetic regenerator. In the example shown in Figure 3,
an extruder 24 is provided. The extruder comprises a
chamber 26 having a driver 28 arranged therein. An opening
30 is provided through which an extruded product 32 emerges

during operation of the method.

A number of pastes are prepared having different

compositions to ensure that they have correspondingly

- different magnetic transition temperatures. The different

pastes are stacked in a hopper 34. The magnetic tranéition:
tempefatures of the pastes increase monotonically down the
stack. The seduence order of the materials in the stack
may be repeated periodically to facilitate the continuous
extrusion of tubes 32. As in the example described above
with reference to Figure 2, the extruded tubes are sintered

for a few hours under controlled conditions.

In the case where tubes 34 are used within the
magnetocaloric unit 4 shown in Figure 1, the tubes may be
arranged in a close-packed structure.to provide paths for
the heat transfer fluid between the hot-side heat exchanger

and the cold-side heat exchanger.

Figures 4A and 4B show a further example of a method
of making a magnetic regenerator. In this example, again,

pastes are prepared having different compositions such that
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they have correspondingly different magnetic transition
temperatures. The pastes 36 are stacked such that the
magnetic transition temperature of the stack increases
monotonically down the stack. A punch 38 having prongs 40
is provided. The stack 36 is punched with the punch 38,
leaving a block of material 42 (Figure 4B) having channels
44 formed therein. The channels 44 are defined by walls
having magnetic transition temperatures that vary in the
direction along the longitudinal axis of the channels 44.
Again, as in the example described above, the block 42 is

then sintered for a few hours under controlled conditions.

Figure 5 shows a further example of a method of making
a magnetic regenerator. In this example, again, pastes are
prepared having different compositions such that they have:
correspondingly different magnetic transition temperatures.
The pastes are formed into cylinders 46 and placed in side-
by-side relationship to form a slab 48 such‘that the
magnetic transition temperature of the slab 48 increases
monotonically down the slab. The slab 48 is passed through
the counter-rotating rollers 50 of a calender, thus forming
a thin plate 52 with a varying magnetic transition
temperature. Again, as in the examples described above, the
plate 52 is then sintered for a few hours under controlled

conditions.

In the examples described in each of Figures 2 to 5,
alternative configurations for a magnetocaloric unit is
made. In each case, plural channels for a heat transfer
fluid are defined. Any configuration for the
magnetocaloric unit may be utilised so long as plural
channels for a heat transfer fluid are provided. Examples

include thin plates (thickness 0.1-5 mm) stacked together
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with a spacing of 0.1-5 mm, concentric tubes, and small
tubes having round or other (e.g. hexagonal) cross-section
packed in a circular cross section. The tubes may be

straight or toroidal.

‘ Embodiments of the present invention have been
described with particular reference to the examples
illustrated. However, it will be appreciated that
variations and modifications may be made to the examples

described within the scope of the present invention.
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Claims

1. A method of making a magnetic regenerator for an
active magnetic refrigerator, the method comprising:

forming a magnetic regenerator from a slurry or a
paste containing magnetocaloric material the magnetic
regenerator being formed to have plural paths therethrough
for the flow of a heat transfer fluid; and

varying the composition of the magnetocaloric material
and/or the slurry or paste so that the magnetic transition
temperature of the magnetic regenerator varies along the

paths.

2. A method according to claim 1, wherein the
magnetocaloric material is selected from the group
consisting of one or more of a metal, a metal oxide, a

ceramic, or a combination thereof.

3. A method according to claim 2, wherein the
magnetocaloric material is a ceramic, the method
comprising:

forming mixtures of ceramic compositions having
desired magnetocaloric properties;

processing the mixtures to generate component parts of
the magnetic regenerator; and,

arranging the component parts to form the magnetic

regenerator.

4. A method according to claim 3, comprising:
varying the composition of the ceramic material to
achieve a desired variation in the magnetic transition

temperature of the magnetic regenerator along the paths.
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5. A method according to claim 3 or 4, wherein forming
mixtures of ceramic materials having desired magnetic
properties comprises:

preparing slurries or pastes of powders having
variable proportions of materials, wherein the proportions
of materials used are selected such that the magnetic

properties of the mixtures are as desired.

6. A method according to any of claims 3 to 5, wherein
the step of processing the mixtures to generate component
parts of the magnetic regenerator comprises:

tapecasting the mixtures to obtain layers of material
having desired magnetic properties; and,

sintering the layers to a desired density and form
stability to obtain thin plates having a magnetic
transition temperature which varies along the length of the

plates;

7. A method according to any of claims 3 to 5, wherein
the step of processing the mixtures to generate component
parts of the magnetic regenerator comprises:

tapecasting the mixtures to obtain layers of material
having desired magnetic properties;

forming strips of the tapecast material;

rolling the strips into tubes such that the magnetic
transition temperature of the tube varies along the
direction of the longitudinal axis of the tube; and,

sintering the tubes to a desired density and form

stability.

8. A method according to any of claims 3 to 5, wherein
the step of processing the mixtures to generate component

parts of the magnetic regenerator comprises:
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extruding the mixtures to generate a substantially
tubular member having a magnetic transition temperature
that varies along the longitudinal axis of the tubular
member; and,

sintering the tubular member to a desired density and

form stability.

9. A method according to any of claims 3 to 5, wherein
the step of processing the mixtures to generate component
parts of the magnetic regenerator comprises:

generating a block of material formed of layers each
layer having a different magnetic transition temperature;

forcing plural longitudinal projections through the
block thereby to form plural channels in the material
wherein the magnetic transition temperature varies along
each of the channels; and,

sintering the block to a desired density and form

stability.

10. A method according to any of the claims 3 to 5, wherein
the step of processing the mixtures to generate component
parts of the magnetic regenerator comprises:

generating a slab of material formed of strips each
strip having a different magnetic transition temperature;

passing the slab through a calender to form a thin
plate; and,

sintering the plate to a desired high density and form

stability.

11. A method according to any of the claims 3 to 10,
wherein the component parts of the magnetic regenerator are
corrugated or patterned prior to sintering to increase

their surface area.
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12. A method according to any of claims 3 to 11, wherein
mixtures are formed comprising the following compositions:
Lag.67Ca0.33-xSrMn03, where x varies between 0 and 0.33, the
magnetic transition temperature of a mixture being

different for each value of x between 0 and 0.33.

13. A method according to any of claims 3 to 11, wherein

mixtures are formed comprising the following compositions

(R/R",R"")1-x(A,A" A" " ),MOs:s,

in which
0.15 £ x £ 0.5 and 0 £ 8 £ 0.5;
R,R’,R’’ (which may be identical) are chosen from the

group consisting of La, Pr, Y, Nd;
A,A’,A"" (which may be identical) are chosen from the
group Ca, Sr, Ba, Na, K; and

M is chosen from the group consisting of Mn, Cr, Co

14. A method of making an active magnetic refrigerator,
the method comprising:

providing a magnetic regenerator manufactured
according to the method of any of claims 1 to 13;

providing a magnet for selectively applying and
removing a magnetic field to the magnetic regenerator: and

providing a heat transfer fluid driver, for driving a
heat transfer fluid back and forth through the magnetic
regenerator in a synchronised manner as the magnetic field

is applied and removed.

15. A magnetic refrigerator, comprising:

a magnetic regenerator comprising plural channels made
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of a ceramic material through which in use a heat transfer
fluid is made to flow back and forth, wherein the magnetic
transition temperature of the magnetic regenerator varies

in the direction of flow of the heat transfer fluid.

16. A magnetic refrigerator according to claim 15,
comprising;

a magnet for providing a magnetic field for
application and removal from the magnetic regenerator as

heat transfer fluid flows back and forth therethrough.

17. A magnetic refrigerator according to claim 15 or 16,
comprising;

a hot-side heat exchanger for removing heat from the
heat transfer fluid once it has flown through the
magnetised magnetic regenerator; and

a cold-side heat exchanger for providing heat to the
heat transfer fluid once it has flown through the

demagnetised magnetic regenerator.

18. A magnetic regenerator comprising plural paths made of
a ceramic material through which in use a heat transfer

fluid is made to flow back and forth, wherein the magnetic
transition temperature of the magnetic regenerator varies

along the paths.
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