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(57) ABSTRACT 

The invention concerns a rotary magnetic refrigerator/heat 
pump able to operate in a continuously working process, able 
to be applied in industrial thermal processes and having a high 
efficiency and a low cost manufacturing. The rotary magnetic 
refrigerator (10) comprises a magnet (11), a magnetocaloric 
ring (12) and a fluid conducting subassembly (13). The fluid 
conducting Subassembly (13) comprises a horizontally posi 
tioned rotating disc (14), frame-Suspended with bearings (15 
and 16) in stationary ducts above (17) and below (18), which 
serve to supply and evacuate a working fluid (19, 20, 21, 22). 
The rotating disc (14) has two circular arrays of hollow sec 
tors (23 and 24), one close to each of its planar faces. Every 
hollow sector (23 and 24) comprises a slot (25 and 26) to the 
adjacent planar Surface and to the circumferential Surface of 
the rotating disc (14). The working fluid is introduced axially 
into the lower hollow sectors through the openings on the 
lower planar surface, in order to flow out in radial direction 
through the circumferential openings of the lower array of 
hollow sectors and back into the disc through the circumfer 
ential openings of the upper array of hollow sectors, from 
where it finally exits the disc axially through the openings of 
each hollow sector on the upper planar Surface. 
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FIG. 13 
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CONTINUOUSLY ROTARY MAGNETIC 
REFRGERATOR OR HEAT PUMP 

0001. This application is a national stage completion of 
PCT/CH2006/000324 filed Jun. 15, 2006 which claims pri 
ority from EP Application Serial No. 05405393.9 filed Jun. 
20, 2005. 

TECHNICAL FIELD 

0002 The present invention relates to a continuously 
rotary magnetic refrigerator or heat pump comprising one 
partially hollow rotating magnetocaloric ring member, at 
least one magnetic device provided for generating a predeter 
mined magnetic field, the rotating magnetocaloric ring mem 
ber rotating through the predetermined magnetic field, and a 
working fluid conducting Subassembly for conducting the 
working fluid in and out of the partially hollow rotating mag 
netocaloric ring member. 

BACKGROUND ART 

0003. Since Brown G. V. Magnetic heat pumping. U.S. 
Pat. No. 4,069,028; and Magnetic heat pumping near room 
temperature.J. App. Phys. 1976, 47, p. 3673-3680 presented 
the first room-temperature magnetic refrigerator in 1976, a 
number of “room temperature” refrigerators have been con 
structed and patented. The concepts of these refrigerators 
have largely comprised Superconducting magnets, which 
demand enormous investment costs. Since the 1980s, a num 
ber of different applications have been proposed. In 2001, the 
Astronautics Cooperation of America Zimm CB, Sternberg 
A, Jastrab AG, Boeder AM, Lawton L. M. Chell J.J. Rotating 
bed magnetic refrigeration apparatus and process, U.S. Pat. 
No. 5,743,095 reported on the world's first “room tempera 
ture' magnetic refrigerator operating with magnets. 
0004 Parallel to the development of magnetic refrigera 

tors, the research on magnetocaloric materials suitable for 
magnetic refrigeration at room temperature has been going on 
and has been increasing exponentially since the invention of 
Gadolinium based alloys at AMES Laboratory Gschneidner 
Jr. KA, Pecharsky V.K. Active magnetic refrigerants based on 
Gd—Si-Ge material and refrigeration apparatus and pro 
cess. U.S. Pat. No. 5,743,095, Pecharsky VK, Gschneidner Jr. 
KA. Effect of Alloying on the Giant Magnetocaloric Effect of 
Gd5(SiGe), J. Magnetism and Magnetic Materials 1997, 
167, p. 179-184. Among the various magnetocaloric com 
pounds which have been suggested, those worth emphasizing 
are based on Manganese Brick E. Tegus O. Li X W. de Boer 
F R. Buschow KHJ. Magnetic refrigeration-towards room 
temperature applications. Physics B 2003, 327, p. 431-437; 
Wada H. Tamabe Y. Giant magnetocaloric effect of Mnas. 
aSb. Appl. Phy. Lett. 2001, Vol. 79, No. 20, p. 3302-3304), 
because they exhibit a very large magnetocaloric effect. A 
review of different types of magnetic refrigerators and mag 
netocaloric materials may be found in the references Yu BF, 
Gao Q, Zhang B. Meng X Z, Chen Z. Review on research of 
room temperature magnetic refrigeration. International Jour 
nal of Refrigeration 2003, 26, p. 1-15, Tishin AM, Spichkin 
YI. The Magnetocaloric Effect and its Applications, Institute 
of Physics, Series in Condensed Matter Physics, Institute of 
Physics Publishing 2003 and Gschneidner K.A. Pecharsky 
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V. K. Magnetic Refrigeration. Intermetallic Compounds, 
Principles and Practice, Vol. 3, John Wiley & Sons 2002, p. 
519-539. 
0005. In the last decade, the discovery of new magnetic 
refrigerants-alloys called magnetocaloric materials with high 
Currie temperatures and giant magnetocaloric effect (MCE) 
resulted in the development of numerous applications for 
magnetic cooling. These developments may be the inaugura 
tion of alternative cooling technologies, which could drasti 
cally influence the application of conventional cooling tech 
niques. In the quest for cooling technologies that do not need 
the conventional environmentally benign refrigerants, mag 
netic refrigeration systems could represent an outstanding 
Solution. 

0006 Research and development activities of the last 
twenty years have brought about numerous magnetic refrig 
erators which operate with a variety of magnetocaloric mate 
rials and in different thermodynamic cycles. So far, most 
magnetic refrigerators function according to the principle of 
a magnetocaloric material moving through a magnetic field 
by reciprocating or rotating motion. The majority of early 
Scientific publications refers to the use of Superconducting 
magnets for inducing the temperature change of the magne 
tocaloric material due to its magnetocaloric effect. Recently 
the Astronautics Cooperation of America (C. B. Zimm, A. 
Sternberg, A. G. Jastrab, A. M. Boeder, L. M. Lawton, J. J. 
Chell Rotating bed magnetic refrigeration apparatus, U.S. 
Pat. No. 6,526,759, 2003) reported on the construction of the 
world's first “room temperature' magnetic refrigerator oper 
ating with permanent magnets. 
0007 Permanent magnets have significant advantages 
when compared to Superconducting or conventional electro 
magnets. Contrary to electro-magnets, no external power is 
needed to generate the magnetic field and no heat is generated 
by dissipation of electric energy. Superconducting magnets, 
together with a dewar, are excessively costly, and their appli 
cation in magnetic refrigeration would undermine the com 
petitiveness of this technology. The possibility of running 
regeneration cycles and cascade systems when using existing 
magnetocaloric materials allows even the use of permanent 
magnets with low magnetic fields. Permanent magnets with 
very high magnetic fields are also being developed progres 
sively (see K. H. Müller, G. Krabbes, J. Fink, S. Gruss, A. 
Kirchner, G. Fuchs, L. SchultZ, New permanent magnets, 
Journal of Magnetism and Magnetic Materials 2001, 226 
230, p. 1370-1376 and Kumada M., IwashitaY., Antokhing E. 
A., Issues with permanent magnets. NANOBEAM 2002, 
Lausanne, Switzerland, Conference web-proceedings). So it 
appears legitimate to predict that future magnetic refrigera 
tors operating near room temperatures will comprise perma 
nent magnets. An extensive review on existing magnetic 
refrigeration technologies may be found in the book of Tishin 
(A. M. Tishin, Y. I. Spichkin, The Magnetocaloric Effect and 
its Applications, Institute of Physics, Series in Condensed 
Matter Physics, Institute of Physics Publishing 2003) or in the 
paper of Yu et al. (Yu B. F., Gao Q., Zhang B., Meng X. Z. 
Chen Z. Review on research of room temperature magnetic 
refrigeration. International Journal of Refrigeration 2003, 26, 
p. 1-15). 
0008 Aprior art device is disclosed in U.S. Pat. No. 3,108, 
444 in which the magnetocaloric material forms a ring rotat 
ing through two baths, e.g. a heat source bath and a heat sink 
bath. In this patent the ring rotates through two baths, e.g. heat 
source bath and heat sink bath. Another device is disclosed by 
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the Japanese publication JP2001-090953 in which the mag 
netocaloric material is contained in Small chambers and the 
magnet moves. A further device is disclosed in the publication 
WO03050456 wherein the magnet moves and additional 
valves and special switches are needed to provide the flow of 
the working fluids through the magnetocaloric material. 
0009. Another device is disclosed by the PCT application 
WO/0212800 wherein the working fluid is directed to and 
from the regenerator beds (which together comprise a mag 
netocaloric ring) by a distribution valve which is connected 
by conduits to the hot and cold ends of the beds and which 
rotates with the ring. A limited number of conduits is used for 
distributing the working fluids, the conduits are connected to 
the magnetocaloric ring in Such away that the flow is circum 
ferential through the bed and various valves are needed. 
0010 U.S. Pat. No. 5.249,424 describes in fact a cryogenic 
apparatus operating usually with helium gas and hydrogen 
gas as fluid being cooled. This apparatus contains two beds of 
magnetic material where one is larger and one is Smaller, e.g. 
first stage and a second stage of device. Cooling energy from 
the first stage is therefore used in the warm part of the first 
stage as well as partly directed to the cold part of the second 
stage, etc. By this, a kind of regeneration is performed in each 
stage. This apparatus is therefore not a single stage or con 
ventional regenerative type of refrigerator, but presents a kind 
of combination of a regenerative and cascade (two stage) 
principle. 
0011. It will be noted also that because of the fluid flowing 
above and underneath the magnetocaloric material, the dis 
tance between the magnet and the magnetocaloric material 
becomes very large. This gap leads to a very high magnetic 
resistance and decreases the magnetic induction in the mag 
netocaloric material. 

0012. The object of the present invention is not a hydrogen 
liquefier but concerns a generally applicable magnetic refrig 
erator or heat pump, which may be applied at any temperature 
level up to the temperature, where the “record materials still 
show the magnetocaloric effect, and numerous kind of fluids 
are possible to be chosen as transport fluids. The basic prin 
ciple of this invention is a one stage device, comprised by one 
ring of magnetocaloric material. This one stage device may be 
modified to be a regenerative stage. Furthermore, the system 
can be arranged as cascade as in conventional systems that is 
not the case in the invention of U.S. Pat. No. 5,249,424. Also 
the connections and couplings considering fluid transport and 
heat transfer configurations, the positioning of heat Source 
and sinks are completely different. 
0013 The device of the invention comprises a single mag 
netocaloric disc, that means one bed of magnetocaloric mate 
rial and at minimum one magnet and one stage occurs. Now 
this configuration may be modified by numerous different 
kinds of regeneration. Furthermore the manner of supplying a 
working fluid to the magnetocaloric material is performed by 
applying a specially designed rotating disc. This disc enables 
that the working fluids enters and leaves the device parallel to 
the rotating axis. These fluids enter and leave the magnetoca 
loric material, which is packed into an attached ring, to this 
special disc in an optimal configuration (bending) concerning 
fluid dynamics. 
0014 Consequently, the type and shape, as well as the 
occurring domain of the magnetic field induced by the mag 
nets is, in the invention of U.S. Pat. No. 5.249,424, Substan 
tially different from that in the present application. 
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(0.015 PCT publication No. WO 2004/059221 of the same 
applicant describes an axial machine including a cylindrical 
body, completely filled with or produced by magnetocaloric 
material. Since the magnets are differently positioned, the 
fluids flow differently. Therefore, the free cross section for the 
fluid is constant and also the mean Velocity does not change 
downstream. In contradiction to this, in the present patent 
application, the fluid flows radially through a specially 
designed rotating disc where the free cross section of the disc 
increases and, therefore, by the continuity of mass the mean 
Velocity decreases. 
0016. The present patent application presents a special 
radial machine with a positioning of the magnets close to a 
magnetocaloric ring, allowing the design of a very Small air 
gap and with a peculiar forth and back flow circuit in the 
magnetocaloric ring device. A good performance may be 
obtained with permanent magnets, which do not consume 
additional energy, but show low magnetic field inductions. 
Consequently, in a machine including permanent magnets 
defining a small magnetic resistance, it is necessary to have 
two gaps (above and underneath the magnetocaloric wheel) 
so that this machine may be operated economically. 
0017. Another important difference is the position and the 
shape of the magnet(s) and the direction of the applied mag 
netic field. The magnet in WO 2004/059221 performs more or 
less magnetic field lines perpendicular to the axis, or approxi 
mately in azimutal direction, whereas in the present inven 
tion, the magnetic field lines are more or less parallel to the 
axis of the disc. 
0018. Furthermore, producing a packedbed with different 
materials in a direction of a temperature directional derivative 
in the devices presented in the invention is totally different as 
in the device of WO 2004/059221. This procedure is impor 
tant as it may substantially increase the coefficient of perfor 
mance of a machine. 
0019. The invention described in the abstract of Japanese 
Patent Application No. 55002872 concerns a servo valve 
operating device, whereas the present application concerns a 
magnetocaloric refrigerator or heat pump. Therefore, the pur 
pose of application of a ferrofluid or fluid with a high perme 
ability differs substantially in the two inventions. In the Japa 
nese device the purpose of Such a fluid is that the magneto 
motive force of the electromagnetis Smallerby filling the gap 
with a ferrofluid or fluid showing a high permeability. In the 
present application the highly permeable fluid in the gap shall 
guarantee a high magnetic flux density in the magnetocaloric 
material. Here the magnetic field may be induced by any kind 
of a magnet: a Superconducting magnet, an electromagnet or 
a permanent magnet. 
0020. The purpose of this method is obviously very dif 
ferent. For instance such a similar method, based on ferrof 
luids, is also applied in loudspeakers, which also shows no 
relation to magnetic valves or the present magnetocaloric 
application. 

DISCLOSURE OF INVENTION 

0021. To overcome the above drawbacks of the prior art 
devices, an objective of the present invention is to provide a 
rotary magnetic refrigerator/heat pump (RMR/RMHP), able 
to operate in a continuously working process, able to be 
applied in industrial thermal processes, HVAC systems, 
refrigerators, heat pumps, automobiles, trains, planes and 
spacecrafts, having a high efficiency and a low cost of manu 
facturing. 
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0022. The rotary magnetic refrigerator or heat pump of the 
present invention is characterized in that the working fluid 
conducting Subassembly comprises a central rotating disc 
designed to allow the working fluid to enter and to leave the 
Subassembly parallel to the rotating axis of the disc and to 
Support the rotating magnetocaloric ring member in defining 
a small gap between the magnetic device and the said rotating 
magnetocaloric ring member, this central rotating disc com 
prising at least two circular arrays of hollow sectors, and 
means to communicate with the arrays of hollow sectors. 
0023. According to a preferred embodiment of the inven 

tion, each array of hollow sectors of the central rotating disc 
comprises respectively one opening arranged to allow the 
working fluid to be introduced or to leave axially the working 
fluid conducting subassembly and to flow out in radial direc 
tion into the rotating disc through circumferential openings of 
the arrays of hollow sectors. 
0024 Advantageously, the gap defined between the mag 
netic device and the partially hollow rotating magnetocaloric 
ring member is Smaller than 0.5 mm. 
0025 Preferably, the rotating disc is horizontally posi 
tioned and frame-Suspended with bearings in stationary ducts 
above and below. 
0026. The magnetocaloric ring member may advanta 
geously comprise at least one fluid flow separator and the 
rotating disc may comprise at least one fluid flow separator 
which provides flow of at least one fluid in and out of the 
rotating magnetocaloric ring member which is attached to the 
rotating disc. 
0027 Preferably the stationary ducts are attached to a 
casing containing the rotating magnetocaloric ring member 
and the rotating disc. These stationary ducts comprise a mini 
mum of one fluid flow separator. 
0028. The magnetocaloric ring may be made of at least 
one magnetocaloric material or may be layered with different 
magnetocaloric materials in a direction of a temperature gra 
dient. 
0029. The magnetocaloric material may be performed as a 
porous structure, packed bed, as periodic structure. 
0030. In a variation of the embodiment of the continuously 
rotary magnetic refrigerator or heat pump comprising more 
than one partially hollow rotating magnetocaloric ring mem 
ber and at more than one magnetic device provided for gen 
erating a predetermined magnetic field providing a cascade 
system having several stages, each stage comprise different 
magnetocaloric material and/or may be also layered in a 
direction of a temperature gradient. 
0031 Preferably, a highly magnetic permeable fluid is 
inserted between magnetocaloric ring member and a housing 
in order to decrease the effect of a gap. 

BRIEF DESCRIPTION OF DRAWINGS 

0032 FIG. 1A is a cross-sectional view showing a first 
embodiment of a single stage rotary magnetocaloric refrig 
erator or heat pump according to the invention; 
0033 FIG. 1B is a top view showing the rotary magneto 
caloric refrigerator or heat pump of FIG. 1A: 
0034 FIG. 2 is a partial view showing a second embodi 
ment of a rotary magnetocaloric refrigerator or heat pump 
according to the invention; 
0035 FIGS. 3A, 3B and 3C show possible arrangements 
of multiple magnets; 

Jun. 17, 2010 

0036 FIG. 4A is a top view of a rotating disc with the 
magnetocaloric ring attached thereto of a single stage rotary 
magnetocaloric refrigerator or heat pump according to the 
invention; 
0037 FIG. 4B is a cross-sectional view cut along line A-A 
of FIG. 4A; 
0038 FIG. 4C is a cross-sectional view cut along line B-B 
of FIG. 4A; 
0039 FIGS.5A, 5B, 5C and 5D show some examples of 
different shapes of flow separators located inside of the rotat 
ing magnetocaloric ring member and the central rotating disc; 
0040 FIGS. 6A and 6B are respectively a cross-sectional 
view and a top view showing the stationary duct of the rotary 
magnetocaloric refrigerator or heat pump similar to that of 
FIG. 1: 
0041 FIG. 7 is a cross-sectional view showing a third 
embodiment of a single stage rotary magnetocaloric refrig 
erator or heat pump with a housing containing a permeable 
fluid according to the invention; 
0042 FIG. 8 is a partial cross-sectional view showing a 
fourth embodiment of a single stage rotary magnetocaloric 
refrigerator or heat pump according to the invention; 
0043 FIG.9A is a diagram showing the Brayton cycle and 
partial views representing components of the single stage 
rotary magnetocaloric refrigerator or heat pump according to 
the invention; 
0044 FIG.9B is a partial view representing components 
of the single stage rotary magnetocaloric refrigerator or heat 
pump represented by FIG. 9A: 
0045 FIG. 9C is another partial view representing com 
ponents of the single stage rotary magnetocaloric refrigerator 
or heat pump represented by FIG.9A; 
0046 FIG. 9D is yet a further partial view representing 
components of the single stage rotary magnetocaloric refrig 
erator or heat pump represented by FIG. 9A; 
0047 FIG. 10A is a diagram showing one approach of the 
Ericsson thermodynamic cycle of the single stage rotary mag 
netocaloric refrigerator or heat pump according to the inven 
tion; 
0048 FIG. 10B is a partial view representing components 
of the single stage rotary magnetocaloric refrigerator or heat 
pump represented by the diagram of FIG. 10A; 
0049 FIG. 11 is a diagram showing another approach of 
the Ericsson thermodynamic cycle; 
0050 FIG. 12A is a diagram showing one approach of the 
Carnot cycle; 
0051 FIG.12B is a partial view representing components 
of the single stage rotary magnetocaloric refrigerator or heat 
pump represented by the diagram of FIG. 12A; 
0.052 FIG. 13 shows another approach of the Carnot 
cycle; 
0053 FIG. 14 is a cross-sectional view showing a cascade 
system comprising three rotary magnetocaloric refrigerators 
or heat pumps according to the invention; 
0054 FIG. 15A is a partial view of a single regeneration 
system applied to a rotary magnetocaloric refrigerator or heat 
pump according to the invention; 
0055 FIG. 15B is a partial view of a multiple regeneration 
system 
0056 FIG. 15C is a Brayton Cycle of the single regenera 
tion system applied to a rotary magnetocaloric refrigerator or 
heat pump represented by FIG. 15A; 
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0057 FIG. 15D is a Brayton Cycle of the single regenera 
tion system applied to a rotary magnetocaloric refrigerator or 
heat pump represented by FIG. 15B; 
0058 FIG. 16 represents a one pump solution with con 
nections between certain segments of a static conduit; and 
0059 FIG. 17 represents a diagram corresponding to the 
Solution of FIG. 16. 

MODES FOR CARRYING OUT THE INVENTION 

0060 FIGS. 1A and 1B show a schematic design of the 
rotary magnetic refrigerator 10 in its simplest configuration 
with the mainstructural components. The functionality of this 
refrigerator is based on three main functional Subgroups and 
on a minimum of one working fluid. Preferably two working 
fluids e.g. heat Source and heat sink fluid are used and they 
may be gases, liquids, nanofluids or Suspensions. The three 
functional Subgroups are a magnet 11, a partially hollow 
magnetocaloric ring 12 rotating through this magnet and a 
fluid conducting subassembly 13. The fluid conducting sub 
assembly 13 comprises a horizontally positioned rotating disc 
14, frame-suspended with bearings 15 and 16 in stationary 
ducts above 17 and below 18, which serve to supply and 
evacuate the working fluid or working fluids designated by 
the arrows 19, 20, 21 and 22. The rotating disc 14 contains two 
circular arrays of hollow sectors 23 and 24 in its interior, one 
close to each of its planar faces. Every array of hollow sector 
23, respectively 24, has an opening slot 25, respectively 26, to 
the adjacent planar Surface and to the circumferential Surface 
of the rotating disc 14. This allows for the working fluid to be 
introduced axially into the lower array of hollow sectors 
through the openings on the lowerplanar Surface, then for the 
fluid to flow out in radial direction through the circumferen 
tial openings of the lower array of hollow sectors and back 
into the disc through the circumferential openings of the 
upper array of hollow sectors, from where it finally exits the 
disc axially through the openings of each hollow sector on the 
upper planar Surface. If there are two or more working fluids, 
they may flow in the same direction or in opposite direction 
(e.g. in FIG. 1 the arrows show the case, where heat source 
and heat sink fluid are flowing in opposite direction). The 
exchange of fluid in the azimuth direction, which is the direc 
tion of rotation in the interior of the disc, is undesirable and 
prevented by the separators 27 of adjacent hollow sectors. 
The number of hollow sectors in the rotating disc depends on 
the application of the refrigerator. The separators 27 may be 
heat insulated, if necessary. Flow separators are also mounted 
in the magnetocaloric ring 12 and may be made of magneto 
caloric material. Flow separators are also present in the sta 
tionary ducts. The number of flow separators, as well as their 
geometry in the magnetocaloric ring 12, in the rotating disc 
14 and in the stationary ducts 17 and 18 depends on the 
specific application of the refrigerator or heat pump. 
0061 The rotating disc 14 is rotated by a driving axle 30 at 

its center. Attached to the circumferential surface of the rotat 
ing disc 14 is the magnetocaloric ring 12, which rotates with 
the disc. This ring comprises a magnetocaloric material in the 
form of either a packed bed of grains or a porous or periodic 
structure. The magnetocaloric ring 12 also has flow separa 
tors for preventing fluid flow in the azimuth direction. The 
working fluid exiting the lower or upper, (depending on a 
direction of the fluid flow) array of hollow sectors of the 
rotating disc 14 through the interface to the magnetocaloric 
ring, flows into the Voids of the magnetocaloric material, from 
where it returns to the upper (or lower) array of hollow sectors 
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of the rotating disc 14 through the circumferential surface. 
The magnet 11 is stationary and defines with the magnetoca 
loric ring 12 a gap smaller the 0.5 mm (0.0197 in.). It may be 
conceived to deliver a constant or an altering magnetic field, 
depending on the application of the refrigerator. The angular 
range (p of the magnetocaloric ring 12, which is covered by the 
magnet, may vary depending on the specific application of the 
refrigerator. 
0062 FIG. 2 shows an example of a magnet 11 or package 
of multiple magnets 11a, 11b, 11c. 11d and 11e conceived to 
deliver a uniform or a stepwise incrementing magnetic field. 
0063 FIGS. 3A, 3B and 3C show some possible arrange 
ments of additional magnets: Two symmetrical magnets 11aa 
and 11bb in FIG. 3A, a single magnet 11cc with an angular 
extension of 180° in FIG. 3B and five magnet sectors 11dd, 
11ee, 11.f. 11gg and 11hh in FIG.3C. 
0064 FIGS. 4A, 4B and 4C show the rotating disc 14 with 

its interior structure attached to the magnetocaloric ring 12. 
The black arrows 40 in FIG. 40, cross section view along line 
B-B show the flow of working fluid through the structure of 
the magnetocaloric ring 12. The rotating disc 14 and the flow 
separators 27 may be made of any kind of material, but 
preferably of a material with low heat conductivity. In a 
special case, the flow separators 27 may be heat insulated. The 
flow separators 27 may be of different shapes. In a special 
case, they may be shaped as the blades used in pumps or 
turbines. The housing Surrounding the magnetocaloric ring 
12 may be made of any kind of material, but preferably of a 
magnetocaloric material. The flow separators 27 may have 
different kinds of shapes. These shapes may differ between 
the separators 41 in the magnetocaloric ring, in the rotating 
disc or in the stationary ducts. The shape of the separators in 
each of these subassemblies should be selected according the 
specific application of the refrigerator or the heat pump. 
0065 FIGS.5A, 5B, 5C and 5D show some examples of 
different shapes of flow separators 41 in the magnetocaloric 
ring and in the rotating disc. The shapes of the flow separators 
in the lower part of the rotating disc may differ from those in 
the upper part of the rotating disc. This is also valid for the 
stationary ducts. 
0066. The stationary ducts 17 and 18 shown in FIG. 1A are 
presented in more detail in FIGS. 6A and 6B. One end of each 
stationary duct is provided with bearings 61 and 62 including 
seals in which the rotating disc 14 is mounted. With this, both 
ducts 17, 18 remain at rest while the disc with magnetocaloric 
ring 14 rotates. The stationary ducts 17, 18 comprise flanges 
63 for attaching them to an external piping system. The sta 
tionary ducts 17, 18 may be made of any kind of material, but 
preferably of one with very low thermal conductivity. They 
may be also heat insulated. The flow separators 64 in the 
stationary ducts generally prevent fluid flow in the azimuth 
direction and therefore also prevent the mixing of the heat 
Source and heat sink fluids or prevent mixing of fluid at 
different temperature levels. The concept of the flow separa 
tors 64 also simplifies the possible modification of the refrig 
erator to a regeneration system. The flow separators 64 may 
have different shapes, depending on the specific application 
of the refrigerator and on its operating characteristics. The 
external duct 17a and internal duct 17b form a coaxial set of 
ducts together, with the working fluid(s) flowing in the space 
between them. The assembly of the rotating disc 14 and the 
stationary ducts 17, 18 requires a gap at the interface between 
the flow separators in the stationary ducts and the planar 
surfaces of the extensions of the rotating disc 14. Through this 
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gap. Some amount of the fluids in the individual sectors of the 
stationary ducts 17, 18 could leak to the neighboring sectors 
in the azimuth direction. This is undesirable and may be 
avoided either by dimensioning the gap to the minimum nec 
essary to prevent the touching of rotating and stationary parts, 
or by applying an adequate sealing device which can ensure 
minimal leakage through the gap between the rotating and 
stationary parts, or by an adequately designed geometry of the 
flow separators at the interface between the rotating disc 14 
and stationary ducts 17, 18. 
0067. Different designs of the refrigerator shown in FIGS. 
1A and 1B are presented in FIGS. 7 and 8. In both designs, the 
rotating disc 14 with the magnetocaloric ring 12 is enclosed in 
a housing 71 and 72, which is stationary and attached to the 
magnet poles of the magnet 11. The part of the housing, which 
is attached to the magnet poles, consists of a highly permeable 
material, while the other part may be made of any kind of 
material, but preferably one with very low magnetic perme 
ability. With this, the magnetic flux lines are directed solely 
through the part of the magnetocaloric ring which must be 
magnetized. In the gap between the housing and the rotating 
magnetocaloric ring, a highly permeable fluid is contained, 
with the purpose of decreasing the adverse effect of the gap on 
magnetization of the ring. Inevitably, the relative motion 
between the rotating disc 14 and the stationary housing 71, 72 
may cause the permeable fluid between these parts to rotate 
and mix its “warm' and “cold regions. This may be pre 
vented by fastening seals to the interior planar surface of the 
housing at adequate locations or the permeable fluid may be 
used also a sealing component, captured in a magnetic field. 
0068 FIG. 8 shows the rotary magnetic refrigerator 10 
with the rotating disc 14 and the magnetocaloric ring 12 
located in the housing 71, 72 and suspended with bearings 73 
in the working fluid ducts 17, 18. Seals 74 are provided 
between the rotating disc 14 and the housing 71, 72. This 
design is characterized by the facility of manufacturing and 
assembling the parts and therefore permits to reduce the 
expenses. 

0069 Considering the configuration in FIG. 3B, with the 
magnetic field assumed to be uniform, the four relevant stages 
of operation are numbered in the schematics of the refrigera 
tor shown in FIGS.9B,9C and 9D. The T-S-diagram in FIG. 
9A shows, qualitatively, the corresponding thermodynamic 
cycle, which the magnetocaloric material undergoes during 
these four stages of operation. It is assumed a Brayton cycle 
operating between two isofields (constant magnetic fields) 
and two adiabats. From position IV. to position L, the working 
fluid that is the heat source fluid 91 flowing through the voids 
in the part of the magnetocaloric ring, which is not subjected 
to the magnetic field, brings heat to that part of the ring. In the 
process, the temperature of the magnetocaloric material rises, 
while that of the heat source working fluid drops. As the 
magnetocaloric ring rotates, it enters the Zone where the 
magnet is situated. Upon entering this Zone of constant mag 
netic field (from position I. with H=0, to II. with H-H), the 
magnetocaloric material Subjected to the magnetic field 
undergoes adiabatic magnetization and is heated up due to the 
magnetocaloric effect. From position II. to position III., the 
working fluid that is the heat sink fluid 92 flowing through the 
Voids in the part of the magnetocaloric ring, which is Sub 
jected to the magnetic field, absorbs heat from that part of the 
ring. In the process, the temperature of the magnetocaloric 
material drops, while that of the heat sink working fluid rises. 
In the case of FIGS.9C and 9D, both working fluids 91 and 92 
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are flowing in the same direction, but counter current flow is 
also possible. With special arrangement of piping, also a one 
fluid Solution is possible. Upon exiting the Zone of constant 
magnetic field and entering the Zone without magnetic field 
(from position III. to IV.), the magnetocaloric material under 
goes adiabatic demagnetization and is cooled down due to the 
magnetocaloric effect. The necessary external piping system 
for the working fluids is attached to the stationary ducts below 
and above the rotating disc 14. 
0070. In order for the magnetocaloric material to undergo 
an Ericsson thermodynamic cycle during the four stages of 
operation, the system should operate between two isofields 
and two isotherms represented by FIGS. 10A, 10B. This 
means isothermal magnetization (I. to II.) and isothermal 
demagnetization (III. to IV.). Isothermal magnetization 
requires the magnetocaloric ring to pass through Subsequent 
Zones of incrementing magnetic field (or requires a process of 
magnetization at constant temperature), while isothermal 
demagnetization requires the magnetocaloric ring to pass 
through Subsequent Zones of decreasing magnetic field (or 
requires a process of demagnetization at constant tempera 
ture). For the case of the FIGS. 10A, 10B, we will consider 
that isothermal magnetization and demagnetization are per 
formed by use of incrementing magnetic field by application 
of more than one magnet. In FIG. 10B, the four relevant 
stages of operation are numbered in the schematics of the 
refrigerator. The T-S-diagram in FIG. 10A shows, qualita 
tively, the corresponding Ericsson thermodynamic cycle, 
which the magnetocaloric material undergoes during the four 
stages of operation. As the magnetocaloric ring 14 rotates, it 
enters the Zone where the first magnet (sectora) is situated. 
Upon entering this Zone, the magnetocaloric material Sub 
jected to the magnetic field undergoes adiabatic magnetiza 
tion and is heated up due to the magnetocaloric effect. The 
magnetic field increases in each Subsequent sector till posi 
tion II (sectors b, c and II. to III.). Consequently, upon enter 
ing the magnetic field of each sector, the magnetocaloric 
material is heated up due to the repeated adiabatic magneti 
Zation and magnetocaloric effect. This may be achieved with 
multiple magnets. As the magnetocaloric ring 14 passes 
through these sectors of incrementing magnetic field, the heat 
sink working fluid flowing through the Voids in these parts of 
the magnetocaloric ring extracts heat from the magnetoca 
loric material. In the process, the temperature of the magne 
tocaloric material is decreased in each sector of magnetiza 
tion, while that of the heat sink working fluid rises. With this 
procedure, over a certain Zone, the magnetocaloric material 
may be kept at a somewhat constant mean temperature, 
despite an increasing magnetization of the material. This 
temperature represents the hot side temperature level of the 
refrigerator. 
0071. In the subsequent section II. to III., the heat sink 
working fluid, which is kept in the Volume of the magnetoca 
loric material, is pumped to the section IV. to I. in order to 
perform an internal regeneration cycle. Simultaneously, the 
heat source fluid which is kept in the volume of the magne 
tocaloric material in the section IV. to I., is pumped to the 
section II. to III for the internal regeneration process. The 
transport mechanism to exchange fluids for the regeneration 
is chosen according to the fluid(s) used and the specific appli 
cation of the refrigerator. From the cycle state III to IV., the 
magnetic field decreases in each Subsequent sector till posi 
tion IV (sectors a', b' and c'). Upon entering the magnetic field 
of each sector, the magnetocaloric material is cooled down 
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due to the repeated demagnetization and magnetocaloric 
effect. As the magnetocaloric material passes through these 
sectors of decreasing magnetic field, the heat Source working 
fluid flowing through the Voids in these parts of the magne 
tocaloric ring, releases heat to the magnetocaloric material. In 
the process, the temperature of the magnetocaloric material 
rises in each sector of demagnetization, while that of the heat 
source working fluid decreases. With this procedure, over a 
certain Zone, the magnetocaloric material may be kept at a 
Somewhat constant mean temperature, despite the demagne 
tization of the material. This temperature represents the cold 
side temperature level of the refrigerator. 
0072 Another possibility of performing an Ericsson cycle 
with the isothermal magnetization is represented by the FIG. 
11 (I. to II.), and demagnetization (III. to IV.) where the heat 
sink fluid enters a part of magnetocaloric ring, just before 
magnetocaloric ring 14 enters the magnetic field and a part of 
the magnetocaloric ring 14, just after the magnetocaloric ring 
14 entered the magnetic field. In the same way, the heat Source 
fluid passes through the magnetocaloric ring 14 just before it 
exits the magnetic field and the part of magnetocaloric ring, 
just after the magnetocaloric ring 14 exits the magnetic field. 
0073. In order for the magnetocaloric material to undergo 
a Carnot thermodynamic cycle during the four stages of 
operation, the system should operate between two isotherms 
and two adiabats as shown by the FIGS. 12A, 12B. The 
process which the magnetocaloric material undergoes is simi 
lar to the one for the Ericsson cycle, with the exception of no 
Zones of regeneration for the Carnot cycle. The “hot” and 
“cold temperature levels of the cycle are produced by adia 
batic magnetization (I. to II.) and demagnetization (III. to IV.) 
respectively. 
0074 Similar as for the case in a FIG. 11, the Carnot cycle 
may be performed as shown in the FIG. 13. In this case, Zones, 
where roman numbers are placed represent a uniform mag 
netic field (or Zero field in the case of Zone I.). Heat source 
fluid in this case is brought to Zones IV. and I. Simultaneously 
and heat sink fluid is brought to Zones II. and III. simulta 
neously. Between III. and IV. and I. and II., the adiabatic 
demagnetization and adiabatic magnetization respectively 
OCCU. 

0075 All the design and cycle possibilities presented in 
this paper may be modified to be used in cascade systems as 
shown in FIG. 14, in multi stage systems, in Systems with 
regeneration or in combinations of these. In a cascade system 
two or more magnetic refrigerators 10 are combined in a way 
that the heat source fluid leaving the “cold side of one refrig 
erator serves as the heat sink fluid entering the “hot” side of 
the second refrigerator. Different magnetocaloric materials 
may be used in each of the stages. Such systems are well 
known in conventional cooling techniques. However, when 
using magnetic refrigerators, there is no need for the working 
fluid to pass through intermediate heat exchangers as happens 
in the evaporator of the higher stage and condenser of the 
lower stage in conventional cascade systems. In a multi stage 
system, the magnetic refrigerators are connected in a parallel 
manner to increase the cooling power. 
0076. In systems with regeneration as shown by the FIGS. 
15A, 15B, 15C and 15D the working fluidistransported to the 
part of the magnetocaloric material which is outside the mag 
netic field from the part of the magnetocaloric ring which is in 
(or in the lower) magnetic field. And Vice versa, the working 
fluid is transported from the part of the magnetocaloric mate 
rial outside or in the lower magnetic field to the part of 
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magnetocaloric ring, which is in the magnetic field. This 
allows an increase in the difference of the temperature levels 
of the refrigerator. The Brayton cycle with regeneration 
shown in FIG. 15D operates between two isofields that is 
constant magnetic fields and two adiabats, as was described 
for the Brayton cycle in FIG.9A. Compared to the Brayton 
cycle without regeneration presented in FIG.9A, the one with 
regeneration exhibits a larger difference in the temperature 
levels of the “cold side and the “hot” side of the refrigerator. 
The means of conveying the working fluids for the regenera 
tion through the conduits is chosen according to the fluids 
used and the specific application of the refrigerator. In order 
to perform a regeneration process, and therefore increase the 
temperature difference between heat source and heat sink, 
only a small part of the device may serve as heat sink or heat 
source. In this case, the hot source fluid is flowing from the hot 
Source through the rotating disc and attached magnetocaloric 
ring and exists on the other side of device, back to the hot 
Source. The same operation is performed by the heat sink 
fluid, at another location of device. Other parts are closed and 
connected by piping between them. This means, that a fluid 
from the cold segment (just after the part where a heat Source 
is applied) is flowing to the warm segment (just before the part 
where a heat source is applied) and so on. The flow of fluids 
for performing regeneration between segments may be per 
formed by various means. 
(0077. A device as in FIGS. 15A and 15B will require more 
than one pump to pump the fluids through different sections. 
One should note that it is possible to couple hot, cold heat 
exchanger and segments under regeneration into a one-pump 
system, without need of specially designed valves. 
0078. One among many possible connections for a “one 
pump' solution is presented in a FIG.16. One should note that 
connections are not showing exact direction of the fluid flow, 
but only the principle of a process. The fluid flow connection 
of the bottom side is designated by reference 161, the fluid 
flow connection of the top side is designated by reference 162 
and the fluid flow connection of the regenerated side is des 
ignated by reference 163. 
0079 According to FIG.16. which is a device for explana 
tory purpose, there are eight separated segments (not to be 
mistaken for flow separators) in the static part of the device 
(conduits). Segments are denoted by the letters A-H. The 
entering fluid for each segment is denoted by subscript “in”, 
and the leaving fluid from each segment is denoted by the 
subscript “out”. CHEX and HHEX represent a cold (heat 
Source) heat exchanger and a hot (heat sink) heat exchanger 
respectively. The shaded area represents the influence of a 
magnetic field. The mass conservation law in this case 
requires following equalities: 
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0080 FIG. 17 represents a T-S diagram, corresponding to 
the solution presented in FIG. 16. For this case, a kind of a 
Brayton cycle is presented. However the supply of fluids at 
the same temperature to the segment in the field and the 
following segment out of the field could lead to an Ericcson 
like cycle. Dashed lines represent the temperature level of the 
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fluid, while Solid lines represent the magnetocaloric materi 
al’s temperature and thin Solid lines present connections. 
0081. With this invention a new type of magnetic refrig 
erator (heat pump) is presented. Basically it operates accord 
ing to the principle of a magnetocaloric ring rotating through 
a magnetic field. Customizations of the device allow for it to 
be operated in different thermodynamic cycles, and in system 
modes Such as cascade systems or systems with regeneration. 
The device can be applied in industrial thermal processes, 
HVAC systems, refrigerators, heat pumps, automobiles, 
trains, planes, spacecrafts, and others. 
0082. The working fluids enter the device parallel to the 
rotating axis, then they pass through a rotating disc with a 
lower and upper internal circular array of hollow sectors 
which enable the flow of the heat source or heat sink fluid into 
and out of the magnetocaloric ring, and finally they leave the 
device again parallel to the rotating axis. Thus the invention 
enables a fluid flow which is temporally and spatially unin 
terrupted. 

1-13. (canceled) 
14. A rotary magnetic refrigerator and heat pump (10) 

comprising: 
at least one magnetic device (11) for generating a prede 

termined magnetic field; 
a partially hollow rotating magnetocaloric ring member 

(12) that rotates through the predetermined magnetic 
field, and 

a working fluid conducting subassembly (13) which directs 
the working fluid into and out of the partially hollow 
rotating magnetocaloric ring member (12), the working 
fluid conducting Subassembly (13) comprising a central 
rotating disc (14) for allowing the working fluid to flow 
into and out of the subassembly (13) in a direction par 
allel to a rotational axis (30) of the rotating disc (14), the 
rotating disc (14) Supporting the rotating magnetoca 
loric ring member (12) in defining a Small gap between 
the magnetic device (11) and the rotating magnetoca 
loric ring member (12), the central rotating disc (14) 
comprises at least two circular arrays of hollow sectors 
(23, 24) and means for communicating with the circular 
arrays of hollow sectors (23, 24) 

15. The rotary magnetic refrigerator and heat pump (10) 
according to claim 14, wherein each of the circular arrays of 
hollow sectors (23, 24) of the central rotating disc (14) com 
prises respectively one opening (25:26) to axially enable the 
flow of the working fluid into and allow out from the working 
fluid conducting subassembly (13) such that the working fluid 
flows out in a radial direction into the rotating disc (14) 
through circumferential openings of the arrays of hollow 
sectors (23, 24). 
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16. The rotary magnetic refrigerator and heat pump (10) 
according to claim 14, wherein the Small gap between the 
magnetic device (11) and the partially hollow rotating mag 
netocaloric ring member (12) is smaller than 0.5 mm. 

17. The rotary magnetic refrigerator and heat pump (10) 
according to claim 14, wherein the rotating disc (14) is hori 
Zontally positioned and frame-Suspended by bearings (15 and 
16) in an upper stationary duct (17) and a lower stationary 
duct (18). 

18. The rotary magnetic refrigerator and heat pump (10) 
according to claim 14, wherein the magnetocaloric ring mem 
ber (12) comprises at least one fluid flow separator. 

19. The rotary magnetic refrigerator and heat pump (10) 
according to claim 14, wherein the rotating disc (14) com 
prises at least one fluid flow separator which provides flow of 
at least one fluid in and out of the rotating magnetocaloric ring 
member (12) which is attached to the rotating disc (14). 

20. The rotary magnetic refrigerator and heat pump (10) 
according to claim 17, wherein the upper stationary duct (17) 
and a lower stationary duct (18) are attached to a casing 
containing the rotating magnetocaloric ring member (12) and 
the rotating disc (14). 

21. The rotary magnetic refrigerator and heat pump (10) 
according to claim 20, wherein the upper stationary duct (17) 
and a lower stationary duct (18) comprise at least one fluid 
flow separator. 

22. The rotary magnetic refrigerator and heat pump (10) 
according to claim 14, wherein the magnetocaloric ring (12) 
is made of at least one magnetocaloric material. 

23. The rotary magnetic refrigerator and heat pump (10) 
according to claim 22, wherein the magnetocaloric ring (12) 
is layered with different magnetocaloric materials in a direc 
tion of a temperature gradient. 

24. The rotary magnetic refrigerator and heat pump (10) 
according to claim 23, wherein the magnetocaloric material is 
a packedbed of one of grain, a porous structure and a periodic 
Structure. 

25. The rotary magnetic refrigerator and heat pump (10) 
according to claim 14, further comprising at least one addi 
tional partially hollow rotating magnetocaloric ring member 
(12) and at least one additional magnetic device (11) for 
generating a predetermined magnetic field and providing a 
cascade system having several stages, each of the several 
stages one of comprises a different magnetocaloric material 
and is layered in a direction of a temperature gradient. 

26. The rotary magnetic refrigerator and heat pump (10) 
according to claim 14, wherein a highly magnetic permeable 
fluid is inserted between the magnetocaloric ring member 
(12) and a housing to decrease an effect of the gap. 
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