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thermal members (3 1) are recupe- rated by the heating medium to be evacuated -via exchangers. The invention i_s useful for tempering,
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DE*VICE FOR GENERATING A THEERMAL FLUX WITH A
MAGNETO-CALORIC ™MATERIAL

Technical field:

The present inverntion concerns a device for generating a thermal flux with a magnesto-caloric
material, compriz=ing at least one thermal flux genewation unit provided with at least two
thermal bodies esach containing at least one magmeto-caloric element, magne-tic means
arranged to emit at least one magnetic field, displacement means coupled to the magnetic
means in order t© move them relative to the magneto-caloric elements so as to s ubject the
latter to a magmmetic field variation or annulment in such manner as to chamnge their
temperature, and means for recovering the positive and/or negative calories emittzed by the

magneto-caloric e lements.

Prior art:

Conventional refrii geration devices usually comprize a compressor for compressing a cooling
fluid in order to raaise its temperature and expansion means to decompress this coo-ling fluid
in order to cool it madiabatically. These conventional devices have a number of disad_vantages.
In effect, gases sumch as the CFCs (chlorofluorocarboras) currently used as the coo.ling fluid
are serious pollu tants and their use entails great risks of atmospheric pollumtion and
destruction of thes ozone layer. Consequently, those gases do not satisfy pressent-day
requirements, nor the environmental standards of ¥rmany countries. Furthermore, such
conventional equipoment, which operates under pressure, has to be installed and m aintained
by trained and ccertified personnel who must follow constraining procedure s whose
implementation de mands lengthy and repeated interven tion times. Finally, such equ-ipment is
noisy, produces nummerous vibrations, is bulky and comaplex, and consumes a lot of eelectrical

energy. So converational devices are not satisfactory.
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Research efforts have identified magneto-caloric materials #that can be used in te=mpering
and/or cooling installations. T he magneto-caloric effect is thes property that certain rmaterials
possess, of becoming warmem under the action of a magnetic field and then cool. ing to a
temperature lower than their Mnitial temperature once the magenetic field has disapp eared or

when the magnetic field is varmed.

A first technology, based on t he use of large, superconductingg magnetic assemblies_, is used
in laboratories and in the fie 1d of nuclear research to get dlown to temperatures close to

absolute zero.

In particular the patent US--A-4.674.288 is known, which describes equipment for the
liquefication of helium, comeprizing a magnetizable substaance that is moved v=vithin a
magnetic field generated by &a superconducting coil and a r eservoir containing he=lium in
thermally conductive contact vavith the said superconducting coil. The translatory mcvement
of the magnetizable substance produces cold, which is tmransmitted to the hel ium by
conducting elements. The uses of superconducting cquipmenL_t necessitates installat@ons for
cooling with liquid nitrogen, w hich are bulky, costly, and whicTh require delicate main .tenance
operations. Such devices ares complex and can only be wased for limited appli cations.

Accordingly, that solution is not satisfactory.

The object of the publication F"R-A-2 525 748 is a magnetic re=fri geration device cormmprizing
a magnetizable material, a sysstem for generating a variable rnagnetic field and me=ans for
transferring heat and cold that comprize a space filled with a saturated liquid coolarmt. In a
first position the magnetizable mmaterial generates cold and the rmeans for cold transfer extract
it from the magnetizable mate-rial by condensation of a coolamnt. In a second positzion the
magnetizable material generatess heat and the means for heat tramnsfer extract the heat fr—om the
magnetizable material by the b oiling or heating of another coolant. The overall efficcacy of
such systems is extremely low~ and they cannot match the cu-rrent refrigeration syst=ems in

terms of efficiency. Thus, this solution is not economically satissfactory.
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Studies carried out in the United States have led to the desvelopment of a new he at flow
production process using a magneto-caloric material. On paassing across the magnetic field
the magnetic moments of™ the magneto-caloric material becorme aligned and this gives: rise to
a rearrangement of its ato ms which causes the magneto-calomric material to heat up. utside
the magnetic field the process is reversed and the magneto-c=aloric material cools dovavn to a
temperature lower than its initial temperature. A first materizal based on gadolinium has been
developed. This material, which is effective at ambient temp erature, has the disadvan—tage of
being costly and difficult to obtain for this application. Less expensive alloys whiich are

easier to obtain are currently being studied.

A team of American reseamchers has developed and implemen_ted a prototype that enab les the
theoretical results of reseaxch on gadolinium to be validated. I his prototype comprises a disc
formed by sectors containiing a gadolinium alloy. The disk is guided in continuous rotation
around its axis so that its sectors pass through a magnetic field created by a permanent
magnet. The permanent mnagnet straddles the sectors of the disk. Opposite the permanent
magnet, the disk passes irto a heat transfer block comprizirag a heat transfer fluid circuit
designed to transport the calories and/or frigories produced by the gadolinium subjected in
alternation to the presence and absence of the magnetic field. The heat transfer block —an be
designed in two ways. In afirst embodiment the heat transfer block is said to be “blindll” and
the circuit passes through it without direct contact between the heat transfer fluid armd the
disk. In this first case the heat transfer efficiency is very low aand the device is not vialble in
energy terms. In a second embodiment the heat transfer bloc_k has inlet and outlet or ifices
which open onto the rotatimg disk and allow the heat transfesr fluid to make direct coontact
with the disk. In this secornd case even if rotary joints are used it is very difficult to preevent
leakage between the disk and the heat transfer block without adverse effect on the owerall

efficiency of the device. Th us, this solution is not satisfactory.

Publication WO-A-03/0504-56 also describes a magnetic refrigeration apparatus wilith a
similar magneto-caloric mat erial which uses two permanent ma_gnets. The device comp rizes
a monoblock annular comtainer which delimits twelve m agnetocaloric compartnents

separated by joints, each compartment containing gadoliniLim in porous form. PEach




10

15

20

25

30

compartment hass a minimum of four orifices, ircluding an inlet orifice= and an outlet orifice
connected to a hoot circuit and an inlet orifice ancd an outlet orifice conne=cted to a cold circuit.
The two perman-ent magnets are set into contiruous rotation moveme-nt so as to sweep in
succession acrosss the fixed magneto-caloric com Jpartments and subject tkem successively to a
different magnetiic field. The calories and/or frigories produced by the gadolinium in the
various compartnments are transported to heat ex changers by hot and comld heat transfer fluid
circuits to which they are successively connecte d by rotary joints whosse rotation is coupled
by one or more b-elts to the axle which drives thee two magnets in contiruous rotation. Thus
the flow of heat transfer fluid passing through the fixed magneto-calcoric compartments is
successively conrected to the hot and cold circ uits by rotating joints. This device, which
therefore simulat es the operation of a liquid ring, necessitates contimnuous and precisely
synchronized rotsation of the various rotary joints and the permane=nt magnets, and is
consequently tecEhnically difficult and costly to produce. Its prineciple of continuous
operation severelye restricts its potential for techn ical evolution. Moreov~er, the design of the
apparatus preclud es the use of a larger number of magneto-caloric co-mpartments without
making it econormically unviable and technically unreliable. Finally, the use of rotary joints
makes it impossillble to guarantee that there wil 1 be no leaks, and red uces the life of the

device.

Publication FR-A—2 601 440 describes a magnetics refrigeration apparatuss and process which
use a magneto-caleoric substance in the form of a amagneto-caloric disk th at rotates relative to
a fixed magnetic r-ing which generates the magne-tic field. Since the magneto-caloric disk is
rotating, it is difficcult to ensure that no leakage wi 1l take place between thee ducts carrying the

heat transfer fluid aand the external hot and cold cir-cuits, which are fixed.

Publication XP 0022047554, which bears the title © ‘Rotary recuperative maagnetic heat pump”,
describes a heat pLamp comprizing a fixed magnetic rotor and moving maagneto-caloric disks
of small thickness comprizing a magneto-caloric rmaterial such as gadolin jum. The magnetic
field variation is Obtained by continuous or reci procating rotation of tithe magneto-caloric

disks. In this case ~the operation is similar to the pr-eceding one and has the= same drawbacks.
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Explanation of the invention:

The present invention is intendedl to overcome the above disadvartages by providing a d evice
for heat flow production which is non-polluting, effective, reliable, simply designed =while
being able to incorporate a larg=e number of thermal bodies, e~volutive, flexible, mocdular,
relatively inexpensive, whose insstallation and maintenance operations can be carried owut by
personnel without specific trainirag, which consumes relatively little electrical energy, w—hose
volume is optimized, whose eff7iciency is high, which requires only a limited amoumnt of
magneto-caloric material, and -which is suitable for use both in large-scale indu_strial

installations and in domestic appl ications.

In this aim the invention concern_s a device for heat flow production with a magneto-ca_loric
material of the type indicated in mthe preamble, characterized in that the displacement m. eans
move in reciprocation and are arranged so as to displace the magenetic means relative to the
magneto-caloric elements in a reciprocating movement chosen freom the group that incl—udes
at least a pivoting motion, pivoting combined with translation stach as a helicoidal mo-tion,
rectilinear translation, circular motion, sinusoidal motion, or maovement along any ther

suitable trajectory.

1n a preferred embodiment the reecuperation means comprize at least one heat transfer £luid
«<ircuit, means for circulating the= said heat transfer fluid in the circuit(s) and means for
extracting the calories and/or frigeories recuperated by the heat transfer fluid(s), said cir-cuit
comprizing at least two transfer z ones each located in the immed. iate vicinity of one of the
rmagneto-caloric elements and arramnged so that the heat transfer fluid recuperates at leasst in

poart the calories and/or frigories enmitted by the corresponding magmeto-caloric element.

Whe recuperation means can comporize means for reversing the ciirculation direction of the

meat transfer fluid in the heat transf=er fluid circuit.
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The recuperatiomn means preferably comprize at le ast two heat transfer fluid circcuits, of which
at least one is -a “hot circuit” for the calories and at least one is a “cold c ircuit” for the
frigories, as wel.1 as commutation means arranged so as to connect each transfeer zone to one

or other of the saaid heat transfer fluid circuits,

Advantageously , the device has synchronizati on means designed to syrichronize the
reciprocating di splacement means with the commutation means in such maanner that, in
accordance with__ the magnetic field to which each magneto-caloric element is subjected, the

corresponding tr-ansfer zone is connected to one or- other of the heat transfer flui d circuits.

Advantageously_, the magneto-caloric element comprizes at least one maagneto-caloric
material chosen from the group that includes at lesast gadolinium (Gd) or a gadiolinium alloy
comprizing at I east material chosen from the group that includes at least= silicon (Si),
germanium (Ge) , iron (Fe), magnesium (Mg), pho sphorus (P) and arsenic (As), the magneto-
caloric material being in one of the forms chose 1 from the group that includlles a block, a
pastille, powder, or an agglomerate of pieces. Thue use of magneto-caloric ma-terials having
different active tzemperature levels makes it possible to obtain a very wide ran_ge of powers

and temperaturess.

Advantageously, each thermal body is made at least partially of a conduc=tive material
selected for its g-ood thermal conductivity and chosen from the group that inclmudes at least
copper, copper a lloys, aluminum, aluminum alloy s, steels, steel alloys, stainlesss metals and

alloys thereof.

Preferably, at le=ast one of the thermal bodies comprizes at least one through-channel
provided with at least one inlet orifice and at leasst one outlet orifice connecteed to the heat

transfer fluid circ-uit, this through-channel constituting the corresponding transfer zone.

Particularly advamntageously, at least one of the thermal bodies comprizes a simagle through-
channel provided with a single inlet orifice and a simgle outlet orifice connected t=o the circuit,

the through-chanrel constituting the corresponding transfer zone.
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Preferably, the magnetic means comperize at least one magnetic eelement provided with at

leas t one permanent magnet.

This magnetic element can comprize aat least one magnetizable material arranged so as to
concentrate and direct the field lines Of the permanent magnet, samid magnetizable mater—ial
beim g chosen from the group that inclucdes at least iron (Fe), cobalt (Co), soft iron, vanadit.am

(V), or a combination of those materialss.

The magnetic element is preferably U -shaped or C-shaped, arran ged so as to receive t_he
magmeto-caloric element between its arrns in a reciprocating movermment. As a function of the
magmetic field to be generated, the shap € of the magnetic element ceaan be different and can Wbe

optirmized.

Advantageously, the thermal bodies are independent and are se-parated by at least ore
therrmally insulating element chosen fir-om the group that includess at least a space or =an
insul ating material. The device can also comprize several magnet-ic elements carried by a

supp<ort coupled to the reciprocating dispslacement means.

In a £irst embodiment the support is essentially circular, forming at least one ring mounted to
pivot in reciprocation about its axis, sai«d ring carrying the magneticc means radially and thme
thermaal bodies defining circular sectors arranged essentially in a cir—cle one after another s o

that they can be freely straddled by the nraagnetic means.

In thi s configuration the magnetic mearms can be orientated so that the gaps of the U or CC
shape s are substantially parallel or perpsendicular to the pivoting axis of the ring, and th-e
therm. al bodies can be orientated, respec tively, substantially parallel or perpendicular to thee

pivoti ng axis of the support.

In a second embodiment the support is esssentially rectilinear, formings at least one bar, whick

travels in reciprocating rectilinear motion, the bar carrying the maagnetic means and the
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thermal bodies being carried b Y at least one frame surrounding the bar and being arranged

esssentially in line so that they czan be straddled freely by the magnetic means.

[rm this configuration the magneetic means can be positioned in a staggered arrangement on
ei ther side of the bar in two rowwvs, and the frame can have two series of thermal bodies each

of= which corresponds to the maggnetic means of one of the rows.

Part of the thermal bodies is ad -vantageously carried by at least one p late comprizing at least

communication orifices that allow the heat transfer fluid to pass into its circuit.

Adcdvantageously, the circulatiora means are chosen from the group that includes at least a

pummp, a circulator, or thermosip honic circulation.

Thae extraction means preferably~ comprize at least two exchangers, at least one exchanger for
ca:lories connected to the “hot ¢ ircuit” and at least one exchanger for frigories connected to

the “cold circuit”.

Th_e reciprocating drive means can be chosen from the group that incluades at least a motor, a

jac=k, a spring mechanism, an aer-ogenerator, an electromagnet or a hydrogenerator.

Adtvantageously, the device cormprizes several thermal flux generati on units connected in

ser ies, in parallel, or in a series-p arallel combination.

Bri ef description of the drawings -

Thes present invention and its adv-antages will be more easily understoo d from the description

below, of several embodiments, gziven as non-limiting examples and re ferring to the attached

drawwings in which:
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— Fig. 1 shows an explodexd perspective view of a fimst embodiment of a edevice

according to the invention

— Fig. 2 shows a sectional si de view of a thermal body fom the heat transfer fluid of the

device in Fig. 1

- Figs. 3A-B are perspectivee views of the device in Fig_. 1, shown respectively~ from

below and from above

-~ Figs. 4A-C are, respectivel y, exploded perspective viewss from above and beloww, of a

second embodiment of a desvice according to the inventio-n

- Figs. SA-C are, respectively, exploded and non-explodecd perspective views of am third

embodiment of a device according to the invention at tweo stages of operation, anad

- Figs. 6A-B are simplified schematic illustrations of t=he way in which a dllevice

according to the invention Operates

Opptimum manner of implementing the invention:

Referring to Figs. 1, 2 and 3A-B and according to a first embo«diment of the inventior, the
de=vice 1 for thermal flux generation with a magneto-caloric mawuterial, called “the devic=e” in
thee remainder of this description, c-omprizes a thermal flux generation unit 10 provided with
tw~elve thermal bodies 11 each defining a circular sector. Eachka thermal body 11 fornm—s an
inclependent mechanical element vwhich can be adapted accordi ng to need. These the=rmal
bo dies 11 are arranged in sequence essentially in a circle, and aree mutually separated b3ye’ One
or more thermally insulating eleme nts such as a space J, an insu Jating material, or any eother

equivalent means.
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The therma] bodies 11 contain a magneto-caloric element 12 made of a maagneto-caloric
material su ch as gadolinium (Gd), a gadolinium alloy containing for examplee silicon (Si),
germanium  (Ge), iron (Fe), magnesium (Mg), phosphorus (P), arsenic (As), or any other
equivalent mmagnetizable material or alloy. The choice between ‘magneto-calordc materials is
made havirg regard to the heating and cdbling powers sought and the temperature ranges

needed. S3milarly, the quantity of magneto-caloric material used in the themrmal body 11

depends on the heating and cooling powers instal led, the range of operating terrmperatures, the

installed power of the magnetic field and the nature of the magneto-caloric rmaterial itself.
For information, it is for examplé possible to obtain 160 Watts of cooling powe=r with 1 kg of
gadolinium , a magnetic field of 1.5 Tesla, a te mperature rangé of 33°C and_ & cycle of 4
seconds, saaid cycle comprizing successive phases of exposure and non-exgposure to the

magnetic fieeld.

In this exarmple the magneto-caloric element 12 _ is in the form of a circular se ctor and each
thermal bocdy 11 comprizes a heat-condﬁcting element 13 whx;ch extends the maagneto-caloric
element 12 laterally. The heat-conducting elemyent 13 is made of a conductive material
chosen for Hts good thermal conductivity, such as copper or its alloys, aluminurr or its alloys,
steel or steel alloys, stainless metals or their alloys, or any other equivalent maaterial. Thus,
when the magneto-caloric element 12 warms up or cools under the effect of the magnetic'
field variati_on, it transfers part of its calories or frigories to the heat-conductimmg element 13
which warms up or cools rapidly, increasing the thermal absorption capacity of the thermal
body 11 to the same exteni. The geometry of the thermal bodies 11 thus f:' avors a large
contact arezm with the magnetic elements 103 described later. In general, the mamgneto-caloric
material carm be a block, a pastille, powder, an a gglomerate of pieces, or any eother suitable
form. The magneto-caloric element 12 can comyprize several magneto-caloric materials, for

example seweral plates arranged side by side.

Each therm al body 11 comprizes a transfer zones 14 through which passes the heat fransfer
fluid to be heated or cooled. This transfer zo ne, illustrated in Fig. 2, is formed of a
through-chasnnel which opens, on the same side in this example, into an essent3ally flat wall

15 of the tkaermal body 11 at an inlet orifice 16 and an outlet orifice 17. O f course it is
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posssible to provide that for alk or some of the thermal bodie=s 11, the inlet 16 and osutlet 17
orif ices are distributed on two or even a larger number of vevalls 15, said walls 15 a_ll being

flat or not.

The= thermal bodies 11 are fixexd, resting on their wall 15 co- mprizing the inlet 16 an_d outlet
17 orifices, on a plate 18 made of a mechanically rigid mater—ial. On the side facing t he plate
18 the thermal bodies 11 are pr ovided with shoulders 11’ whi_ch increase their area in -order to
faci litate their mounting on thes plate 18 and to improve heat exchange with the heat transfer
fluicd. The plate 18 and the thermal bodies 11 are separate=d by a thermal joint 19. This
ther-mal joint 19 and the plate 18 comprize communication o-rifices 100 which allow —passage
of tkae heat transfer fluid. The <ommunication orifices 100 ar—e provided with connecteors (not
showwn) for connecting the inlet 16 and outlet 17 orifices eof the transfer zones 14- of the
vari ous thermal bodies 11 to ome or more external circuits prosvided with heat exchang ers (not
showwn in these figures). These external circuits are for exarnple formed of rigid or flexible
pipess each filled with an identi<al or different heat transfer f1 uid. The external circui®t(s) and

the ®ransfer zones 14 define the heat transfer fluid circuit(s).

Eachh heat transfer fluid circuit has means (not shown in thesze figures) for the forced or free
circralation of the heat transfer fluid, such as a pump or anwy other equivalent mean s. The
chermical composition of the heat transfer fluid is adapted t the temperature range desired
and is chosen to obtain maxixmum heat exchange. For exzample, pure water is u=sed for
positive temperatures and watex containing antifreeze, for ex.ample a glycolated prod-uct, for
negative temperatures. Thus, thhis device 1 makes it possible to avoid using any fluid’ that is
corresive or harmful to man amd/or his environment. Each kmeat transfer fluid circuit is also
prov-ided with extraction means (not shown in these figures), ssuch as exchangers or an y other

equi~valent means to allow the d ispersion of the calories and fr igories.

The magnetic means 102 of thye device | comprize magnetmic elements 103 each pr-ovided
with one or more solid, sintered or laminated permanent magnets which concentramte and
direct the magnetic field lines of the permanent magnet. T he magnetizable materizals can

contzain iron (Fe), cobalt (Co), wanadium (V), soft iron, a conmbination of these mater—als, or
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12

any equivalent mate=rial. Besides, it is understood that any other type of equivalent magnet
such as an electromaagnet or a superconductor can b € used. Nevertheless, perm anent magnets
have certain advantaages in terms of size, simplicity of use, low consumptio-n of electrical

energy, and low cost=.

The magnetic elememnts 103 are carried by a mobile support 104. In this exampBe the device 1
has six magnetic elements 103 arranged in sequerace essentially in a circle &and spaced an
interval I apart. Thes magnetic elements 103 are U— or C-shaped with their arrns far enough
apart to allow free peassage of the thermal bodies 1 1. The magnetic elements 103 are fixed
radially on an essertially circular support in the shape of a ring 104. Thi s ring 104 is
mounted to pivot abeout its axis between two positions and is coupled to mean. s (not shown)
for driving it in recipsrocation, which move the ring 104 reciprocally from one position to the
other. The reciprocating driving means are for examaple a motor, a jack, a sprinzg mechanism,
an aerogenerator, amn electromagnet, a hydrogenerator or any other equiv—alent means.
Compared with conti_nuous or step by step movemerts, the reciprocating pivotimng movement
has the advantage of being obtainable by simple and inexpensive reciprocating drive means.
Moreover, this reciporocating movement only requires two positions and this simplifies

operation over a limitzed and easily controllable displacement path.

The magnetic elememts 103 fit over part of the thermal bodies 11 so that the latter are
straddled and surroun_ded on each side by the arms of the magnetic elements 103 . Since there
are twice as many the=rmal bodies 11 as magnetic elernents 103, as the magnetic eelements 103
pivot in reciprocation_ relative to the thermal bodies 11 the latter are, in successmon, face to a

magnetic element 103 or not so.

In this example the tlaermal bodies 11 are orientated essentially parallel to the poivoting axis
of the ring 104 and the magnetic elements 103 are orientated with their gapp essentially

parallel to the said piv-oting axis,

As described later wi th reference to Figs. 6A-B, the device 1 comprizes commmutation and

synchronization meanzs. Thus, in a first stage the heat: transfer fluid heated by a thhermal body
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11 subjexcted to a magnetic field circulates in a “hot circuit” towards a calorie exchamger. In a
second stage the heat transfer fluid cooled by the thermal body 11 in the absence of a
magneti c field or when subjected to a different magnetic field, circulates in a “col d circuit”

towards a frigorie exchanger.

This thesrmal flux generation unit 10 can be coupled with other units, whether simil ar or not,
with which it can be connected in series and/or in parallel and/or in a serie=s/parallel

combination.

The dev Jce 2 according to a second embodiment and illustrated in Figs. 4A-C is sub stantially
similar ®o the previous one. The difference is that the thermal bodies 21 are owrientated
essential ly perpendicularly to the pivoting axis of the ring 204 and the magnetic m eans 203

are oriemtated with their gap essentially perpendicular to the said pivoting axis.

In a third embodiment illustrated in Figs. SA-C, the device 3 comprizes two ther-mal flux
generation units 30 arranged side by side, each provided with twelve thermal bodie s 31 and
six magre etic elements 303. This device is shown in Figs. 5B and C in two different positions

correspomding to two distinct stages of operation.

The ther-mal bodies 31 are rectilinear and are arranged essentially in line along two
superimp- osed rows. Their structure is essentially similar to that of the previous one s. They
are separ-ated by intervals J. Each row of thermal bodies 31 is carried by an esssentially
rectilinear frame 306, the said rows being positioned on either side of this framme on a
crossmemiber 305. The frame 306 is made of a thermally insulating and mechanica 1ly rigid
material.  The frames 306 are fixed to one another, for example by screwing, r—iveting,
clipping, welding or in any other equivalent way. They can be separated from one another
and/or reRative to the thermal bodies by a thermal joint (not shown). The lines of thermal
bodies 31 are respectively covered at the top and bottom by connection plates esssentially

similar to the previous ones and not shown.
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The magnetic e lements 303 are essentially sirmilar to the previous ones aned are also U- or C-
shaped. They are positioned in a staggered arrangement on either side of two essentially
rectilinear bars 304 each provided between the two crossmembers 305 of ~ the corresponding
frame 306. Thuas, the magnetic elements 303 form two rows of Us or Cs e ach straddling part
of the thermal “bodies 31. The bars 304 are mounted to move in recipr-ocating rectilinear
motion on the farame 306 and are coupled to resciprocating drive means (no—t shown). For that
purpose the bar~s 304 have at their ends guiding fingers 307 which slid_e in reciprocation
within guide flamhges 308 provided in the framess 306.

As with the prewvious embodiments, these thermmal flux generation units 30 can be coupled to
other units, whesther similar or not, with whi ch they can be connected im series and/or in
parallel and/or ®n a series/parallel combination. Differentiated temperatmure stages can be

realized in this vvay.

In other variant: embodiments, not illustrated, the reciprocal movement produced by the
reciprocating di splacement means which move the magnetic means ca&an be a pivoting
combined with am translation, such as a helicoidal motion, a circular translaation, a sinusoidal

translation or a tr-anslation along any other suitzable path.

The operation off the above devices 1-3 is described with reference to Fags. 6A-B, which
illustrate schemantically three stages of the operating cycle. Referring to sthese figures, the
device 4 compri zes two thermal bodies 41a, 41b, a magnetic element 4 Q3 and two heat
transfer fluid circcuits 410a, 410b one of which is a “hot circuit” 410a coumpled to a calorie
exchanger 413a vovhile the other is a “cold circui t” 410b coupled to a frigorie exchanger 413b.
The heat transfer= fluid is circulated by pumps 411a, 411b, for example a dual pump with
multiple chamber=s or several stages. The commutation means 412 enable e=ich thermal body
4la, 41b to be coonnected to one or other of thme heat transfer fluid circuits 410a, 410b and

comprize for exa mple vanes or slide valves cosntrolled by electric, pneumantic, hydraulic or

any other suitable= means.
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In the example described, thes operation of the device 4 can be de composed into three stages,
to change between which thes commutation means 412 are actuated and the magnetic field is
modified. In another variant embodiment (not illustrated) the heat transfer fluid is circulated

by a circulator, by thermosiphonic action or by any other suitable means.

During the first stage when #the cycle begins (see Fig. 6A in part) the thermal body 41a is
connected to the “hot circuit™ 410a by the commutation means 412. It is subjected to the
magnetic field of the magnetic element 403, warms up, and transfers its calories to the heat
transfer fluid passing through the “hot circuit” 410a. The calories are transported by the “hot

circuit” 410a and extracted by~ the calorie exchanger 413a.

To pass from the first to the second stage, the commutation mearas 412 are switched so that
the thermal bodies 41a, 41b are respectively connected to the “co 1d circuit” 410b and to the
“hot circuit” 410a. Moreover, the magnetic element 403 is moved so that the thermal body

41a is no longer subjected to its magnetic field, while the thermal body 41b is.

During the second stage of th < cycle (see Fig. 6B) the thermal bo dy 41a which is no longer
subjected to the magnetic fie1d of the magnetic element 403 cools down to a temperature
lower than its initial temperatwure and transmits its frigories to the heat transfer fluid passing
through the “cold circuit” 410®. The frigories are transported by the “cold circuit” 410b and
extracted by the frigorie exchaanger 413b, which can be located in a cold compartment 414,
Besides, the thermal body 41b is subjected to the magnetic field of the magnetic element 403,
warms up, and transmits its caBlories to the heat transfer fluid passin g through the “hot circuit”
410a. The calories are transported by the “hot circuit” 410a and extracted by the calorie

exchanger 413a.

To change from the second to the third stage, the commutation m eans 412 are switched so
that the thermal bodies 41a, 4 1b are respectively connected to the “hot circuit” 410a and to
the “cold circuit” 410b. More over, the magnetic element 403 is nnoved so that the thermal

body 41b is no longer subjectead to its magnetic field while the therrnal body 41a is subjected
to the field.
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During the third stage of —the cycle (see Fig. 6A) the the=rmal body 41a is thus con nected to
the “hot circuit® 410a amnd the thermal body 41b te the “cold circuit” 410 by the
commutation means 412. The thermal body 41a is subjected to the magnetic fie 1d of the
magnetic element 403, it warms up, and transmits its calories to the “hot circiait” 410a
passing through it. The c-alories are transported by the =‘hot circuit” 410a and extr—acted by
the calorie exchanger 413-a. The thermal body 41b, w~hich is no longer subjecte=d to the
magnetic field of the magn etic element 403, cools down to a temperature lower than its initial
temperature and transmits its frigories to the “cold circ' uit” 410b passing through it. The
frigories are transported bwy the “cold circuit” 410b and ecxtracted by the frigorie ex<changer
413b, which can be located in a cold compartment 414,

The commutation means 4 112 then switch and restore the edevice 4 to the configuration of the
second stage. The heatingz/cooling cycle can therefore bwe repeated without limit. At each
<cycle the magneto-caloric nmaterial of the thermal bodies 4 1a, 41b is successively subj ected to
mnagnetic fields and then remmoved from the said magnetic fields. The frequency of thhe cycle

«depends on the means used and the thermal results to be ob>Stained.

“The switching of the thermal bodies 41a, 41b and of the “acold” 410b and “hot” 410a circuits
can be synchronized with tle reciprocating displacement =of the magnetic field, for e=xample
by pivoting through a constaant angle or linear displacemermt through a constant intervaal. The
Operating cycle can be contr-olled by a temperature sensor #fitted in the cold compartm-ent 414

o1, for example, close to the products to be cooled.

Im a variant embodiment (noet illustrated) the device 4 does not have commutation me=ans and
p~assage from one stage to thhe other is effected by reversimng the circulation direction: of the
h eat transfer fluid in a single= heat transfer fluid circuit. Th_is variant overcomes all preoblems

o fensuring no leaks by dispesnsing with valves.
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Industrial agoplication possibilities:

Thus, the dexvice 4 makes it possible to heat, coo 1 or temper a space, an agroalimentary tunnel
or the inside of a refrigerator, and can also be rased as a heat pump or for any other similar
application, in industry or in the domestic con text. Finally, the device 4 can be used to

regulate the temperature of preservation or dryin % cabinets or for the climatization of spaces.

In general, according to the invention the reciparocating displacement means a-re coupled to
the magnetic means 103, 203, 303, 403 in order ®o move them in reciprocation relative to the
thermal bod y 11, 21, 31, 41a, 41b. Accordingly~, the system of heat transfer fluiid circuits is
fixed and the magnetic field variation is obta ined by reciprocating displacement of the
magnetic mesans 103, 203, 303, 403 themselves. This particular structure thus o vercomes the
many leakagze problems that arise when part of ®he heat transfer fluid circuits 2310a, 410b is

mobile relataive to the rest of the said circuits 410z, 410b.

The above d escription shows clearly that while reducing energy consumption, thhe device 1-4
according to the invention enables the pollution-free generation of large thermal flux that can
be used for any type of application. This simple device can be installed and maaintained by

personnel without specific training. Moreover, it operates very quietly.

Besides, the device 1-4 has the advantage of ormly needing two operating posi_ tions, which
simplifies itss design, operation and control. It is ~therefore less expensive to procluce and use

than are tradxtional devices.

The reciproc ating displacements also make it posssible to obtain structures of th € device 1-4
which allow the number of thermal bodies 11, 21 , 31, 41a, 41b and/or magnetic- means 103,
203, 303, 4903 and/or thermal flux generation units 10, 30 to be increased easily and
economically’. By combining several thermal flux generation units that owperate with
reciprocating; displacements, the thermal capacitdes of the device 1-4 can also be reliably

increased at mmoderate cost and without excessive complication of the operation or structure

of the device 1-4.



The present invention is not limited to the exammple embodiments des=cribed, but extends to
any modification amnd variant evident to those \with knowledge of the field while remaining

within the scope of the protection defined in the attached claims.
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1. Device for g enerating a thermal flux with ma_gneto-caloric material (1 -4), comprizing
at least one thermal flux generation unit (10, 30) pr ovided with at least two thermal bodies
(11, 21, 31, 41a, 4 1b) each containing at least one= magneto-caloric elemert (12, 22, 32),
magnetic means (L 03, 203, 303, 403) arranged to emit at least one mmagnetic field,
displacement means coupled to the said magnetic mesans (103, 203, 303, 403 ) to move them
relative to the said magneto-caloric elements (12, 22, 32) so as to subject the latter to a
magnetic field varization in such manner as to vary. their temperature, and means for the
recuperation of the calories and/or frigories emittec by the said magneto-caaloric elements
(12, 22, 32), characsterized in that the said displacermnent means reciprocate amd are arranged
to move the said magnetic means (103, 203, 303, 4€3) relative to the said nmnagneto-caloric

elements (12, 22, 327 in a reciprocating motion.

2, Device (1-4) according to Claim 1, charac-terized in that the saicd reciprocating
movement is chosen from the group that includes at least pivoting, pivoting ecombined with

translation, and trans lation.

3. Device (1-4) according to Claim 1, charac terized in that the saiad recuperation
means comprize at last one heat transfer fluid circui-t (410a, 410b), means (4-11a, 411b) for
circulating said heat transfer fluid in said circuit (41 0a, 410b) and means (4 13a, 413b) for
extracting said calori es and/or frigories recovered by said heat transfer fluid, the said circuit
(410a, 410b) compri=ing at least two transfer zones (" 14) each located immed3ately adjacent
to one of said magne=to-caloric elements (12, 22, 32) and arranged so that saied heat transfer
fluid recovers, at leas tin part, said calories and/or frigeories emitted by the said corresponding

magneto-caloric elemment (12, 22, 32).

4, Device (1-4) according to Claim 3, charac€erized in that the saicl recuperation
means comprize mea_ns for reversing the circulation direction of said heat treansfer fluid in

said heat transfer fluicd circuit (410a, 410b).
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S. Device (1-4) according to Claim 3, characterized in that the said mecuperation
means comprize at least two circuits (410a, 410b), at least one being a “hot cirecuit” (410a)
for the calories and at least one being a “cold circuit” (410b) for the fri_ gories, and
commuwtation means (412) arranged so as to connect each transfer zone (14) in aRternation to

one or awther of said circuits (410a, 410b).

6. KDevice (1-4) according to Claim 5, characterized in that it comprizes
synchromization means arranged to synchronize the said reciprocating displacerment means
with saied commutation means (412) in such mmanner that, depending on the magn etic field to
which e ach magneto-caloric element (12, 22, 32) is subjected, said corresponding transfer

zone (148) is connected to one or other of said circuits (410a, 410b).

7. Ddevice (i-4) according to Claim 1, characterized in that the said magreto-caloric
element (12, 22, 32) comprizes at least one magneto-caloric material chosen from the group
that incl-udes at least gadolinium (Gd), a gadolinium alloy containing at least ome material
chosen f~rom the group that includes silicon (S1), germanium (Ge), iron (Fe), rnagnesium
(Mg), phosphorus (P) and arsenic (As), said magneto-caloric material being in one of the
forms chaosen from the group that includes a block, a pastille, powder or an aggl -omerate of

pieces.

8. D»evice (1-4) according to Claim 1, characterized in that each thermal body (11, 21,
31, 41a, =41b) is made at least in part from a conductive material selected for its goeod thermal
conductiwity and chosen from the group that inicludes at least copper and its alloys, aluminum

and its alJoys, steels and steel alloys, stainless metals and alloys thereof.

9. D evice (1-4) according to Claim 1, characterized in that said thermal body (11, 21,
31, 41a, <41b) comprizes at least one through-channel provided with at least one irmlet orifice
(16) and at least one outlet orifice (17) connected to said circuit (410a, 410b), saicd through-

channel ¢ onstituting the said corresponding transfer zone (14).
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10. Dewice (1-4) according to Claim 1, chharacterized in that the said thermal body (11,
21, 31, 41a , 41b) comprizes a single through—channel provided with a si-ngle inlet orifice (16)
and a singl e outlet orifice (17) connected to said circuit (410a, 410b), said through-channel

constituting the said corresponding transfer zeone (14).

11, Dewice (1-4) according to Claim 1_ characterized in that s aid magnetic means
comprize at least one magnetic element (1«03, 203, 303, 403) provid ed with at least one

permanent amagnet or an electromagnet or a swperconductor.

12, Dew=ice (1-4) according to Claim 11, characterized in that the said magnetic element
(103, 203, 303, 404) comprizes at least one magnetizable material arr-anged to concentrate
and direct the field lines of said permanent neagnet, and chosen from th-e group that includes

iron (Fe), ceobalt (Co), vanadium (V), soft irom, or a combination of those= materials.

13. Dew=ice (1-4) according to Claim 11, characterized in that the s=aid magnetic element
(103, 203, 303, 403) has the shape of a U or C arranged to receive =said magneto-caloric

element (12,22, 32) between its arms and in &lternation.

14. Dewv-ice (1-4) according to Claim 11, characterized in that the= said thermal bodies
(11, 21, 31 41a, 41b) are independent and amre separated by at least one thermally insulating

element chosen from the group that includes &t least a space or an insulatzing material.

15. Dev~ice (1-4) according to Claim 1, cBharacterized in that it cormprizes a plurality of
magnetic elements (103, 203, 303, 403) carri ed by at least one support ( 104, 304) coupled to

said reciprowcating displacement means.

16. Dev~ice (1, 2) according to Claim 15, echaracterized in that said =support is essentially
circular ancd constitutes at least one ring (1(J4) mounted to pivot in resciprocation about its
axis, said riing carrying the magnetic means ( 103, 203) radially, and in sthat the said thermal
bodies (11, 21) define circular sectors arrang-ed in sequence essentially in a circle to be able

to be straddlled freely by said magnetic meanss (103, 203).
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17. Device (1) according to <Claim 16, characterized in that the said magnetic means
(103) are orientated so that the gaps of the said U or C shapes are essentially parallel to said
ring (104), and in that the said €hermal bodies (11) are orientated essemtially parallel to the

pivoting axis of said ring (104).

18. Device (2) according to Claim 16, characterized in that the s aid magnetic means
(203) are orientated so that the ga s of the said U or C shapes are essentially perpendicular to
the pivoting axis of said ring (20 4), and in that the said thermal bodies (21) are orientated

essentially perpendicularly to the gpivoting axis of said ring (204).

19.  Device (3) according to Claim 15, characterized in that the said support is
essentially rectilinear and defines =t least one bar (304) that moves in reciprocating rectilinear
translation, said bar (304) carryingg said magnetic means (303), and in that the said thermal
bodies (31) are carried by at least one frame (306) positioned around the said bar (304) and
are arranged essentially in line so that they can be straddled freely by saaid magnetic means

(303).

20.  Device (3) according to C laim 19, characterized in that the said magnetic means
(303) are positioned in a staggeredl arrangement on either side of said bar- (304) forming two
rows, and in that the said frame (306) comprizes two series of thermal bodies (31) each of

which corresponds to the magnetic means (303) of one of the said rows.

21.  Device (1-4) according to Claim 1, characterized in that at least part of the said
thermal bodies (11, 21, 31, 41a, 41b) is carried by at least one plate (18, 28), which
comprizes communication orifices (100) to allow passage of said heat transfer fluid to said

circuit (410a, 410b).

22. Device (1-4) according to Claim 3, characterized in that the said circulation means

are chosen from the group that iracludes at least a pump (411a, 411b). a circulator or a

thermosiphon.
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23.  Device (1-4)- according to Claim 4, character—ized in that the said exxtraction means
comprize at least t~wo exchangers, of which at lea st one is a calorie excchanger (413a)
connected to the “ho-t circuit” (410a) and at least one iss a frigorie exchanger (4 13b) connected
to the “cold circuit” «(410b).

24.  Device (1-4) according to Claim 1, characterizzed in that the said recigprocating drive
means are chosen from the group that includes at leas—t a motor, a jack, a sprimng mechanism,

an aerogenerator, an electromagnet or a hydrogeneratonr.

25.  Device (1-4) according to Claim 1, characteri=zed in that it comprizess a plurality of
thermal flux generation units connected in series, in paralle] or in a series-parallel

combination.
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