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1. MAXIMUM SPECIFIC COOLING ENERGY

The maximum specific cooling energy is directly related to the entropy and temperature change due to
the magnetization/demagnetization of the magnetocaloric material. It is known that the maximum mag-
netocaloric effect of materials strongly depends on the temperature level (or e.g. Curie temperature).
The highest magnetocaloric effect is obtained near or at the Curie temperature. However, the maxi-
mum cooling energy and the maximum temperature difference cannot be reached both in a single
thermodynamic process (see Figure 1). The maximum specific cooling energy is obtained by an iso-
thermal demagnetization at the Curie temperature (see Eq.1), while the maximum temperature change
occurs by applying an adiabatic magnetization at Curie temperature.

dcold(max) = T As(Tc). @
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One should note that the maximum specific cooling energy in Eqg. (1) may be obtained in practice only
within cycles, such as in the Ericsson cycle (two isomagnetic field processes, two isothermal
processes) or the Stirling cycle (two isomagnetization processes, two isothermal processes), where a
regenerative process is also applied. The Carnot cycle, which operates between two isotherms and
two isentropes, cannot be performed with a so large specific cooling energy, when compared to the
two before mentioned cycles. This is also shown in Figure 2.
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Since the Ericsson or Stirling thermodynamic cycles require regeneration, they do not represent a
simple, single stage cycle. A single stage cycle may be represented by e.g. the Brayton cycle, which
operates between two isomagnetic fields and two isentropes and where no regeneration is performed.
In practice, this would mean that the magnetocaloric sample is moved adiabatically from a certain
initial temperature at a zero field to a certain magnetic field. In the higher isomagnetic field, heat is
rejected from the magnetocaloric sample till the initial temperature of the magnetocaloric material is
reached. Then the magnetocaloric material is moved out of the magnetic field, and therefore it cools
adiabatically to a certain temperature below the initial one. In order to reach the initial temperature,
heat has to be brought to the magnetocaloric sample and this heat represents the cooling energy. The
maximum cooling energy in this type of cycle may be obtained, if the lowest temperature of the cycle is
the Curie temperature. This temperature is reached by the isentropic demagnetization process (e.g.
state 4 in the s-T diagram in Figure 3). The blue colored surface presents the maximum specific cool-
ing energy for the Brayton cycle. Because state 4 is at the Curie temperature and the isentropic de-
magnetization started just at Tc+ATgmax, We may define also other states for such basic cycles. The
heat from the magnetocaloric material, in this specific example, may be rejected only until the initial
temperature of the magnetocaloric material, before entering the magnetic field, is reached. Therefore,
state 1 has the same temperature as state 3. From state 1, the adiabatic magnetization leads to an
adiabatic temperature change, which is slightly lower than the maximum achievable at
AT 4(Tc+AT4(Te)). Now state 2 is also defined. The maximum cooling energy for the single stage
Brayton cycle may therefore be defined as:

S(Te+ATag (Te ) Te+ATH (Te)

Or = [Tds = [ ch,dT . (2a,b)
S(Tc ) Te
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For the purpose of the analysis, the data for the maximum specific cooling energy were defined for
gadolinium, despite there exist many other types of magnetocaloric materials showing even higher va-
lues of specific cooling energy and adiabatic temperature difference. Figure 4 shows the data for the
maximum specific cooling energy, based on the calculations, which were performed with Eq. (1).

2. GEOMETRY

In the analysis, the magnetocaloric material was considered to have the form of a coaxial ring, where
a porous structure was realized by a tiny periodic structure. This kind of geometry was already de-
scribed in the final report of the BFE project for heat pumps [2]. In this report slight modifications of the
geometry were made in order to obtain a porous structure with a higher package degree (up to 30
volume percent) so that the power consumption required for the flow of the working fluid through it is
not substantially or even not at all increased. The working fluid flows through a coaxial porous ring in
axial direction.

2.1. THE CHARACTERISTICS OF THE CONCENTRIC MAGNETOCALORIC RINGS

The analysis shows that among different possible solutions of shapes of magnetocaloric material
structures, a magnetocaloric ring, based on a periodic structure is in most cases the best possible so-
lution. The fluid in such a ring may be applied axially or radially and in some cases (depending on the
specifics of the structure) also in azimuth direction.

General characteristics

In order to have a good and fast heat transfer between the working fluid and the magnetocaloric ma-
terial, the internal surface of the rotating magnetocaloric wheel must be very large. This may be rea-
lized in forms of packed beds of grains, foam like porous structures, in periodic structures such as
parallel plates, honeycomb structures, wavy-like structures, etc. The internal flow diverters should
prevent the working fluid to flow in undesired directions. Figure 5 shows two examples of the structure
with packed beds of grains and with a periodic structure. The cross sectional area A of the wheel may
be divided into the surface of the fluid with index F and the surface of the rotor (wheel) with index R.

Figure 5: A porous and a
periodic structure with a
cross sectional area A and a
volume V.

A=Ag +Ac. ®3)

Another characteristic area is the internal surface of the structure A,, which should be very large in a
magnetic cooling device. The following ratio can be defined:
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A

&= A (4)
The packing fraction is a very important parameter:

YR _ W
y = v Ve +Vg (5a,b)

Here Vg is the volume of the internal (magnetocaloric) material of the rotating wheel and V¢ the vo-
lume of the wheel which is occupied by the working fluid.

The third important characteristic is the unit length:

S= (6)

v
A
The wavy structure

The equations of the general characteristics are valid for all possible structures. Our knowledge and
experience shows that a periodic structure like a wavy structure (which is well known in air-
conditioning) will lead to several advantages when compared to the other kinds of structures:

e linear channels work also as flow diverters so they prevent a fluid flow in other undesired di-
rections

large internal surface

small pressure losses compared to packed beds of grains

simple manufacturing

better resistance to mechanical stresses.

The geometric theory was already presented in Ref. [2]. Therefore only the final results which are im-
portant for the calculations are presented here. For a deeper study consult the mentioned reference.

Figure 6: The periodic por-
) f ous structure can easily be
A produced. A triangle like fol-
ded sheet is put on the top
of an even one and this is
S then winded up to give a
— o heat exchanger as shown in
‘ Figure 5 in the lower part.
y

A
4

Table 1: It shows the dimensions of the structure chosen for this analysis. The geometry was partly
optimized in order to have the same pumping power losses even when the volume fraction of magne-
tocaloric material is increased, keeping the same mass flow of the working fluid. The consequence of
this procedure is a thicker structure (s value increased), what influences the heat diffusion. However, it
was already shown in a previous study [2] that the diffusion of heat into and out of the magnetocaloric
material is fast for thicknesses of the sheets up to 0.5 mm.



Table 1: Wave structures for magnetic refrigerators with different dimensions.

varies from 10% to 30%. The values correspond to a=60°.

The packing fraction

Type h (mm) d (mm) b (mm) s (mm) v (%)
1 3.359 2.055 2.155 0.1 10
2 3.568 2.336 2.575 0.239 20
3 3.814 2.708 3.146 0.438 30
With =60 ° it follows that:
1 2
= =—=1.155.
YZ6na V3 (7a-c)
and:
A+ x)s A+x)
=2 & d=|—%=2-1fs.

ais " (8a.b)
Further:
h=(d - ys)tana = /3(d - 15). (9a,b)
Another important geometrical parameter is defined as:

1+ 10
£o2 z, (10)

d-—ys
where L is the length and:
s_1d+s (11)

21+ y

3. THE PRESSURE LOSS IN THE PERIODIC STRUCTURE

Some of the most important losses which have a strong influence on the efficiency of the magnetic
refrigerator are the irreversible losses due to the friction of the fluid. These losses are especially impor-
tant in the magnetocaloric structure, where compactness with a large surface area to enhance the
heat transfer is required. This leads some research groups to results with very low efficiency, influ-
enced strongly by the pressure drop (see for example in Ref. [3]). The situation may be substantially
improved by replacing the packed beds of grains by periodic structures and by applying a carefully
selected design and operation characteristics.

The hydraulic diameter in the matrix of the periodic structure is defined as:

d 4 A
h="5"" (12)
In Ref. [2] the hydraulic diameter is defined as:
d—rs
d,=2 .
Tty (13)
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Table 2: The hydraulic diameter of the porous structure is defined with help of Eq. (13), which gives a
basis for the calculation of the pressure losses in laminar flow.

v dp (mm)
10 1.8

20 1.912
30 2.044

The Reynolds and Euler numbers are defined as:

v dj H
Re = , Eu= > V=" (14a-c)
4 PV P

Despite the pressure drop 4p gives a negative value, we will operate further with its absolute value.
The friction coefficient is defined as:

15
ﬂdeThEu. (15)

It follows for laminar flows:

16
484 (16)
Re
With equations (15) and (16) one obtains:

L 1 5 (17a,b)

Ap=21 , =—pVv~-.
p dn Payn Payn 2/0

The specific pressure drop per unit of length is defined as:

dp Ap A (18a-c)

==——-a0 0 — pdyn .
dx L dh

In household (or food) refrigerators rather harmless refrigerants and working fluids should be used.
The proposed 25% methanol/water solution is a good working fluid, also for temperatures below the
freezing point of water. One should note that a direct use of air or other gases as working fluid were
not evaluated in this analysis. The goal of this study is to evaluate a liquid refrigerator, which may be
used for any applications, including air conditioning.

The power which the pump requires to press the fluid through the periodic structure is:
Pryd =VAD. (19)

With Eg. (5a) one obtains:

VR _, ARL AR A-AR A
l-y=1-—= =1- —-. -
Y AL A A A (20a-€)
Because the pressure drop increases linearly with the length, the power loss per volume of the rotat-
ing wheel is a key quantity in the optimization process of a magnetic refrigerator:

Pya VAP V Ap Ap V
Thyd YA VAP (1 Y E IR (1-w)R. i
Vv VAL ( "')AF -y (21a-d)



In the analysis, the velocity of the working fluid was defined in a dependence to the rotation frequency.
A safety factor was taken into account in order to prevent a carry over leakage by the working fluid
captured in the volume of the periodic structure at its boarders between hot and cold sides. Since the
working fluid is operating between two main temperature levels of the heat source and the heat sink,
the properties of the working fluid were taken at the average between the temperatures of the heat
source and heat sink.

4. EQUATIONS FOR THE EFFICIENCY OF MAGNETIC REFRIGERATORS

The COP (Coefficient of Performance) of a refrigerator is a measure of the thermodynamic quality of
such an apparatus. It shows how much electrical energy W has to be invested for a cooling or refrige-
ration task with a cooling energy Qcog:

cop = Qeold _ Qcold (22a,b)
W P

In a process where the two energies are related to time continuous processes, taking the time deriva-
tives of these two quantities does not change this ratio, and therefore Eq. (22b) is also correct. The
cycle with the highest obtainable COP is the Carnot process. Its COP is expressed by the tempe-
ratures of the heat source T¢q and heat sink Ty

COPCamor = Teold _ Qcod . (23a,b)
Thot = Tcod  Pideal

The exergy efficiency compares a real or non-ideal cycle with this ideal cycle. Therefore, it is evident
that the exergy efficiency of the Carnot cycle is one. The Carnot cycle is a reversible cycle.

The mechanical work to drive a magnetic refrigerator is usually coming from the turning of an electrical
motor. Because this motor has some losses, one introduces a motor efficiency. In our analysis a cha-
racteristic value is assumed to be:

Mot =0.9. (24)

Furthermore, a magnetic field leads to the driving of the magnetocaloric machine with some rectilinear
or rotary movements of the magnetocaloric body. The magnetic field may induce some eddy currents,
which lead to a further energy loss in the machine:

MEddy = 0.95. (25)

It is assumed that in porous structures these losses can be restricted to be only 5% of the total energy.
Another loss occurs if the magnetocaloric material shows a hysteresis:

MHyst = 0.97. (26)

It is well accepted that a magnetic cooler or refrigerator will usually have several cascade stages or
regenerative steps. The number of stages depends on the temperature span between the heat source
and the heat sink, the strength of the magnetic field, the heat transfer rate, etc. A heat transfer is al-
ways an irreversible process.

In Ref. [2] a method to determine the influence of such irreversibilities on the COP was presented.
Here this method is further developed in such a manner that the heat transfer losses also result in a
thermodynamic efficiency. In a cascade or regenerative process, as a matter of the heat transfer
processes, different temperature differences occur. These are the following:

1) one at the source ATsoyrce
2) one at the sink ATgjnk
3) one between the material and the fluid on each side: ATgge, cod AN ATstage, hot-

10/16
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In the previous report the entire temperature difference of one stage was denoted by AT.ss. TOo remind
that this difference contains two heat transfer processes (the one on the cold and the one on the hot
side) they are now each introduced by the quantities ATsige, cold aNA ATstage, not- IN @ first approximation
we assume that these temperature differences are identical. This is indeed the case as a design will
usually involve symmetric conditions and it can be assumed that in all stages the same fluid will be
applied. Therefore, one may conclude that:

ATstage = ATstage,cold = ATstage,hot : (S27a,b)

(S) denotes that this result is a special case. With this assumption it immediately follows that:

ATioss = ATstage cold + ATstage,hot = 2ATstage - (S28a,b)

It can be shown that the heat transfer losses can be taken into account by increasing the temperature
difference:

ATiot =Thot —Teold - (29)
In Eq. (24) one sees that qualitatively a higher value for this temperature difference occurring in the
denominator decreases the COP. That is what one expects to occur! To now extend the temperature

difference, it is defined to be:

ATeyt = ATyt +ATsource +ATsink +N(ATstage cold +ATstage hot ) - (30)
Applying the approximation given in Eq. (S27a,b) and (S28b) to (30) one obtains:

AText = ATt +ATsource +ATsink +2NATgtage (S31)
respectively with Eq. (28a):

AText = ATt +ATsource +ATsink +N ATjgs - (S32)
If in a further approximation one may assume that:

ATsource = ATsink (S33a,b)
then one obtains from Eq. (S32):

AText = ATtOt + 2ATSOU|'C€ +n ATIOSS . (834)

This temperature difference is also the quantity which needs to be achieved by the adiabatic tempera-
ture changes of the magnetocaloric material in the different stages:

ATg =N ATy . (35)
Now it follows immediately from Eq's (29) and (S34) that:

ATiot =Thot —Teold = AText —2ATsource ~NATjgss - (S36)
Substituting Eq. (35) into (S36) one obtains:

ATt =N ATyq —2ATgource —N AToss - (S37)

When AT, ATag, ATsources 4T10ss are known quantities, one is able to define the number of stages.



The COP of a multi-stage machine is now the one with the extended temperature difference:

Tc Tc
COPyyii = —CS— = .
Multi ATor N AT (38a,b)

With Eq. (S37) for the COP of the Carnot process it follows:

Tc Tc Tc

arme ATyt N ATag —2ATsource =N ATigss N (ATag —ATjoss) —2ATsource (39a-c)

The efficiency for these heat transfer losses is given by:

i = — Ml 40
ulti = :
COI:’Carnot ( )

Substituting Eq. (38) and (39b) into (40) the result is:

N ATag —2ATsource =N ATioss 1- ATioss  2ATsource

TMulti = N = ATy T ATy (S41a,b)

The following approximation is interesting and is valid when many stages occur:

ATI 0SS

v =1~ ATy n>>1. (S42)

In this special case one observes that the heat transfer efficiency does not depend on the number of
stages. The reason is that for large temperature spans the COP¢,mot decreases and the losses are
proportional to this quantity. If the loss ATss is equal to the adiabatic temperature change AT.4 the
efficiency is zero.

Furthermore, a general heat gain in a refrigerator of 5% exergy loss is assumed to occur:

Ngen = 0.95. (43)

The last remaining loss is given by the pressure drop of laminar fluid flow through the porous struc-
ture. In Chapter 3 the theory to determine a «specific power loss» is outlined. Here specific means per
volume unit.

We assume that the pressure loss is the same in all stages. Then if the loss by pressure drop of one
stage is Ppyq, then for n stages this loss is:

PHyd =N Phyd . (44)

Note that different sizes of initial letters are used to denote the «specific power loss» of a single stage
Prya and of the total machine P!

Now it follows that the pressure drop contribution relatively to the ideal Carnot COP is:
Qc Qc
MHyd COPcarnot = MHyd = . (45)
Y Y Pgea  Pideal +Phyd

Then one has:

1 Qc
COPcarnot Pideal + PHyd

THyd = (46)
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respectively:

1
5——-

l+ Hiyd
Pideal

THyd = (47)

The final COP of a machine with several stages is:

COPring = ¢ COPcarmot » (48)
with the exergy efficiency defined as:
& =7IMot MEddy "MHyst "Multi Gen "MHyd - (49)

The theory which has been presented is based on the assumption that the losses of heat transfer
(Multi) and pressure drop of the flow (Hydr) occur in a quasi-homogeneous manner distributed over
the entire temperature range of the refrigerator. If the different parts of a machine have different high
losses, this theory will deviate slightly from reality. The first derivations for more complex situations
with different sized stages are published in Ref. [4].

In the case of use of superconducting magnets, the efficiency of the refrigerator is further reduced due
to the power demand for the magnetic field source and for the special kryo-cooling system. In the
analysis it was assumed that this kind of losses in large scale devices reduce the efficiency by approx-
imately 5%, thus leading to:

& =7Mot Meddy "MHyst Multi lGen TMHyd T7sc - (50)
where
Nge =0.95. (52)

Superconducting motors could be used in large scale systems. In this particular case this would influ-
ence the efficiency of the conversion of electrical power input into mechanical one. Therefore, it is
assumed that 7y,=0.95 instead of 0.90 (compare with Eq. (24)).

5. EVALUATION OF THE TOTAL MASS AND VOLUME

The cooling power of the device is required to determine the total mass and volume of magnetocaloric
material. But one has to be aware that this mass of magnetocaloric material must be so large that its
cooling capacity can also cover all the different losses. Therefore, also the operation conditions, the
coefficient of performance and the number of stages are important to be known for such a determina-
tion. It is clear that this is actually an iterative process.

For an approximate determination the following equation may be applied:

. } . Qc
(QC"‘QHJ” 2Qct op |1 (52a,b,0)

QtOt
m = =
g VOcold(max) 2V Acold(max ) 2vdcold(max )

If the volume fraction y of the magnetocaloric porous structure is known, one is able to determine the
total volume occupied by this structure:

Mpe

V =
Pmc ¥

ps
(53)



Assuming that one half of the magnetocaloric ring is in the magnetic field and the other half outside, it
follows that:

Mpe
Prc ¥

Vaap =2

(54)

By applying a finite element software a special numerical analysis was performed to determine the
volume of the magnet assembly as a function of the magnetic field strength. The relation for large
scale applications is the following:

2
Vn'ag = XVgap = [(/JO AHo) — Ho AHp + 2] Vgap ) (55)

where the factor x is given by Figure 7. For small scale applications this relation is too optimistic and
was replaced by the same formula, but multiplied by the factor three. Intermediate cases would show
corresponding multipliers between 1 and 3, but such cases were not (yet) investigated.

o Figure 7: The multiplication

8 7 { factor x for large scale refri-

7 - gerating systems equipped

6 with  permanent magnet
assemblies as a function of

< S the magnetic field strength

4 - is shown. For intermediate

3 and small machines the
values are higher.

24

1 -

0 T T T

1 15 2 2.5 3

Magnetic flux density (Tesla)

The masses of the magnet assemblies were determined by taking a density of 7500 kg/m® for the
magnet’s material into consideration. The other components such as pipes, valves, motors, etc. also
contribute to the total mass. However this contribution is relatively much higher for small scale ma-
chines than for larger ones. In order to simplify the evaluation of this mass, it was considered that tak-
ing approximately half of the total mass of a conventional compressor is an adequate recipe to calcu-
late the mass of the ensemble of all these auxiliary elements.

The total volume of a magnetic cooler or refrigerator was defined as a three time larger volume than
the one occupied by the volume of the permanent magnet assemblies including the volume occupied
by the magnetocaloric porous ring. - It is absolutely clear that these considerations are rather rough
approximations.

14/16



15/16

6. SYMBOLS

Standard

I'I'IC;EQ-C<)>IOU’—|D

35 0.s0° AL

®
8
®
®
=~

T >oEvnt

specific cooling energy (J/kg)
temperature (T)

specific entropy (J kg™* K™
specific heat capacity (J kg™ K™)
magnetic field strength (A m™)
surface (m?)

volume (m3)

perimeter (m)

diameter (m)

Reynolds number

Euler number

specific pressure drop (Pa m™)
pressure (Pa)

cooling energy (J)

work (J)

heat flux (W)

number of stages
mass (kg)

magnetic permeability (Wb, A" m™)
surface ratio

packing factor

characteristic length (m)

friction coefficient

density (kg m™®)
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Indices

mag

efficiency
exergy efficiency

maximum

Curie, cold
adiabatic
external, vacuum
internal

rotor

fluid

hydraulic
hydraulic
dynamic

motor

eddy currents
hysteresis

total

exterior

multi stage
general heat gain

hydraulic for n stages

superconducting
porous structure
magnetocaloric
hot

magnet
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