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ANALYSIS OF MAGNET"C REFRIGERATION WITH EXTERNAL REGENERATION*

W. C. Overton, Jr. and J. A. Barclay**
Los Alamos National Laboratory, Los Alamos, New Mexico B7545, USA

1. INTROOUCTION

Several rzcent developments in magnetic refrigeration (MR) have been
concerned with the temperature range from 4 K to 20 K [1-5]. In addition to use
for basic research, the applications for such devices include the cooling of
superconducting magnets for NMR imaging and other purposes and the cooling of
infrared and other types of sensors. The requirements for cooling to T < 10 K
usually involve rejecting heat to a hot sink at 20-22 K; such a sink is likely
to be a LHp bath. Thus, one finds very attractive the idea of efficient magne-
tic refrigeration directly from a hot sink at the LN; bath temperature of 77 K
down to <10 K because this avoias the hazards of LKy handling and because of
other reasons to become apparent. Such 10-77 K MR systems do not exist at the
present time. Meanwhile, commercialiy available mechanical refrigerators [6]
which use He gas as the working fluld can orovide cooling from 300 K down ton
~4.2 K but they are noteriously inefficient [7] and relatively expensive.

The potential application of a 20-77 K MR s_stem for efficient reliquifaction
of cold Hp vapor is ¢iscussed in a recent report [8] in which several ideas for
MR systems were consideced. While MR systems with regeneration and with cyclic
operaticns roughly analogous to Stirling and Brayton cycles were studied qualita-
tively, 1t was realized that a quantitative analysis of cyclic operations must
be performed In order to understand system behavior. The purpose of the present
paper 1s to report the resulcs of numerical studies [9] of a MR system which
uses an axternal regenerator composcd of several isolated stages. We use the
abbreviation REGMR to denote such systems.

We discuss in Section 2 the concept and cyclic operations of REGMR models
with 5 to 10 stages per regenerator. In order to facilitate the numerical
analysis we use 1inearized entropy-versus-tempcrature functions to represont the
working magnetic material (MM). These functions provide a close approximation
to the properties of real GdN{ close to the Curie temperatiure Ty ov 70.5 K but
are less accurate representations at lower temperatures. Dotli?s of the
numerical analysis are given in Section 3 along with resuits for the efficiency
of the REGMR moaels studied. In Section 4 we give a summary in which the
remarkable properties of REGMR systems disclosed by the stuly are discussed.

2. REGENERATIVE MAGNETIC REFRIGEATION MODEL

We show in Fig. 1 a schematic of a REGMR with a regenerator havirg five
separate regenerator stages. The ith staqge 1s a periodic heat storage unit
(similar to a heat exchanger) having mass My. It is asiumed that He gas
rirculated by the blower carries heat from the MM to the particular mass My
when valve vy is opened. Similarly, one has access to a cold heat exchanger
(CHEX) of mass My, when the valve v, is opened and to a hot heat exchanger
(HHEX) at the hot sink temperature Ty when the valve vy 13 opened.

In practice, one would have to take 1nto account the mass of the light-weight
manifold system, the valves ar1 blower and the exchange gas in this system
because this constituies an addenda. Similarly, hydrodynamic effects of the gas
and heat-transfer irreversibilities will give rise to additional inefficiencies
which should be small in an optimized design. However, in this theoretical

*  Work performed under the auspices of the U.S. Department of Energy (Basic
Eneray Sciences) and supported by the National Aeronautics and Space
Administration.

** Now with the Astronautics of America, Inc. Technology Center, 5800 Cottage
Grove Road, Madison, Wisconsin 53716, USA.
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Figure 1. Schematic of a magnetic refrigerator with an external regenerator
with five stages. The magnetic material MM {s shown between the pole
pleces of a magnet. A blower circulates He gas through the MM and
elements or the circuit. Gas flow 1s always in the same direction
through the elements, as indicated by the arrows. The figure shows
valve vy oper and the ga; communicating heat between the MM and
<cage ) mass My. The cycle {s defined by the following sequence of
operations and v7alve opening and closing: Magnetization, vy, vy, vo,
vy, 4. vg; Deragnetization, v, vg, vq, v3, v, v). When this cyc.e
15 repented m-.ay times, heat may be removed ‘rom thy cold heat
exchanger (JHEX) and rejected to the hot heat exchanger (HHEX).

study, we neglect these losses because the initlial goal is to determine the
operating characieristics of 1deal REGMR systems. Subsequently, when a particu-
lar REGMR has been deemed to be feasible, we can then study the degradation of
its performance by taking into account the above irreversitibilities.

The sequence of operations of a REGMR having five regenerator stages 1is
described 1n the caption of Fig. 1. In the computer program developed for the
analysis of various PEGMR systems, we could choose arbitrarily the following
ohrameters: 5 < n < 10, where n is the number of regenerator stages; M, the mass
of the magnetic mater‘al MM (usually 1 kg); My, the mass of the material of the
1th regenerator stage; My, the mass of the material of the CHEX; Ty, the tempera-
ture of the HHEX or hot sink; T,, the Curie temperature of the MM; N, ° ¢ numbar
of repetitive cycles of operation (usually N = 200); R, the heat capac.ty coeffi-
cient for the regenerator material; and X, the heat capacity coefficient for the
CHIX material. These latter heat capacities are assumed to be linear in T over a
small range near the Curie temperature T,. R and X were chosen to give the
internal energy of copper exactly at T,.

We uted a lewlett Packard HP-8) XM and programming was done entirely in
HP-Batic. This software developmert for the problem was further facilitated by
the used of » linearized model for the entropy-versus-temperature functions of
the magnetic material.

The entropy model assumed for the megnetic material is shown in Fig. 2. For
the case of zeru magnetic field, thm entropy S(T) = MAT when T < T, and 5(T) =
M(Bgy + 8,T) when T > T,. The specific heat C(T5 = MAT when T < T, and C(T) =
87T when T > ;O; the internal energy U(1) = MAT</2 when T < T, and U(T) =
M(ATg € + BYTC - B,Tg)/c when T > T,

In the high constant magnetic field H, the WM model properties are as follows:
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Figure 2. Entropy-versus-temperatur2 mode)l assumed for the REGMR analysis. At
zero magnetic field, S(T) = AT when T < Ty and By + B;T when T >
To- At high raagnetic fleld, S = DT. The two el curves intersect
at 3 T,: thus, e11 coefficients can be expressed in terms of 5(Ty) =
ATq ang ATy, the adiabatic temperature change at T = T,. The lower
curve gives the zerc-field specific heat C, o> a funct?on
for the magnetic material M.

of temperature

S(T) = D T; specific heat C(T) = Cq(T) ~ MN T; enthalpy E(T) = MDT2/2. W¥hen

T =1, at zero fiald, S(T) = MA T,. For the same entropy at nigh field, S(Ty) =
MD Tp. Thus, Ty = A To/D. We thus Jcfine the adiabatic temperature change Tn
going froa zero to high fleld by 4T = Ty - T5. When we input AT, as an
arbitrary parameter in the computer program, then Ty = Ty + ATy, Usually, we set
ATm = 8 K in agreement with the adiabatic AT observed at T, for GdN{ when the

the field is increased from zero to 8 T. Coefficient D is then A Ty/Ty.

The internal energy of the i1th regnerator stage 1s Uy = MyR T?/Z. We
assume that this 1s equsl to the Debye internal energy o} copper when Ty = T,.
Similarly, we assume Uy, ~ K, XT§/2 for the maierial of the CHEX. Assuming
copper is also the CHEX material, we let R = X = 2.28 5/kg-K¢<.

3. NUMERICAL ANALYSIS

At the start of the jth cycle, the MM i3 in rero field at a warm temperature
Tw(J). When the MM is magnetized adiabatically, i{ts temperature increases to the
peak value for the cycle,

T = T )+ T ()

where ATy can be calculated from the model of Fig. ¢ for any starting temprrature
Ty(J). We find ATy = T (Tp/T5 - 1) when T, < T, «nd 8Ty =~ ATR(3/2 - (1/2)T/T4])
u:en Tw> Tg. VYalve vy is now opened and the WM& {3 coo?od by the HHEX from Tp?j)
to Ty. The amount of noat rejectcd to the HHEX in this step is given by enthalpy
change

Qi) = E(T () - &(T) = M (T (D - Th)2. (2)
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energy with the ¥ regenerator stage. B8oth come to a final téépéFaEU;é which we

denote Z7(J). The assumption of energy conservation for this process then leads
to the relation,

NULENCE RS N NS VTR NI (3)

where T1(J) is the initial temperature of stage #1. Closing valve vy and opening
valve vy then leads to the relation,

2 2 2
Z?(J) = [MD Z](j) + HZRTZ(J) 1/(M D + H2R). (4)
Continuing this process, we find for a REGMR having k regenerator stages,
2 2 2
LD =MD 2, (1) + MRT (HT/(M D+ HR). ()

The next step is to demagnetize. This results in the adiabatic temperature
decrease,

AT (D) = Z,(3) - T,i3) = (O - T /T, (6)

and leaves the MM on the zero-fleld curve of Fig. 2 at T,(J). WwWhen valve v, 1is
closed and valve v. is opened, the MM {nteracts with the CHEX with the resugt,

2 2 2
T+ D= AT+ MXT T/ (MA+ MK, (1)
where T,(J + 1) 1s now the new temperature of the CHEX. It will remain at this
value until it again encounters the !4 in the next cycle unless there 1s unotier
heat fnput to the CHEX from the cold source to be refrigerated. We can simulate

a heat load in the calculations by simply changing Ty(J + 1) to T(J + 1) + aT,,

where AT, is a smal) but arbitrary increment. The energy input corresponding to
AT, is given by

Q (3 + 1) = M X[AT T () + 1)+ aT2/2]. (8)

After heat exchange between the MM and the CHEX, the MM 1 at the Jth cycle
temperature,

V() =T+ 1) (9)
which 1s smaller than Iy(J). the current temperature of the regenerator mass Ay.

To start the warm-up half of the cycle, valve v. 1s closed and vy is opened,
and heat {s erchanged befween the MM and M. In again interacting with the kth

stage, the temperature of M, 1s slightly reduced to ty(j) while that or the MM
is s1ightly increased to Yy_3(J) = ty(J), according to,

2 2 2 L2
1D =V, D = AV DS s MR LNV A+ WR). (10)

Valve vy 1s now closed and vy .7 {s opened  Thus, we have t,_1(J) = Vi _2(}), etc.
Continuing the warm-up half of the cycle, we come to,

tz(J)z - v](J)2 - [MA V2(J)2 + MR 12(1)2)/(n A+ MR (13

Finally, closing vy and opening vy, we come back to the starting poim with the
result that ty(J) = Vo(J) =~ W(J), according tc,

2 =W = A e mR LD/ A HR). (2)

Notice that the n.w temperature of the regnerator mass M) and of tine MM are
not equal to the Inita) valus Ty(J) at the start of the jth cycle, unles; the
condition of “cyclic equiltibrium®" has been achieved.
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the temperatures Te(i + 1) for the CHEX and the warm temperature T (J + 1) = W(J).

The computer program was developed to carry out the operations indicated in
Eqs. (1)-(12) for each cycle. The final results for a jth cycle served as the
inital conditions for the (J + 1)th cycle. After each major loop of 200 cycles,
the program halted and the data could be tested for zyclic equilibrium. The most
sensitive test of cyclic equilibrium was to compare the internal energy change
of the k-regenerator stages during the cool-down one-haif cycle with that of the
warm-up one-half cycle. When these two energy totals agreed to within one part in
100,900, we assumed that cyclic equilibrium had been substanially achiaved. The
number of cycles required to reach cyclic equilibrium was fourd to vary with the
number k of regenerator stages for a particular REGMR and with the mass assumed
for each stage.

In all of the runs, we assumed the same stage mass for each stage, i.e., L)
= Mg = f M, for 1 =1 to k, and M = MM mass; f was varied as follows: 2.5, 5,
10, 20. The number of cycles required to reach cyclic equ!librium varied
dramatically with k. For example, with f = 5 k = 5 N was about 450 cycles.
However, when f = 5 Kk = 10, N was about 1200 cycles. In the case f = 20, kK = 10,
equilibrium was reached only after 3600 cycles. When f = 2.5 and k = 5, equili-
brium was reached in about 200 cycles.

The temperature Ty()) of the CHEX started out at Ty at J = 1 and approach-
ed 1ts cyclic equilibrium value asymptotically, its lowest temperature, and was
essentially flat for any number of cycles greater than those mentioned above.

We show in Fig. 3 the asymptotic lowest temperature T, of the CHEX achieved
after reaching cyclic equilibt fum for a number of REGMRS. Each data point corres-
ponds to a separate refrigerator with no heat load. Refrigeration is from a HHEX
sink temperature of 75 K down to that shown in the figure. These results suggest
that a REGMR may be able to produce a temperature change (Ty - T,) that is 4
to 5 times larger than the adiabatic temperature change 4Ty at T, with a
single MM stage.

The insets of Fig. 3 show the dependence of the lowest temperature achiaved
as a function of regenerator stage mass for 5- and 10-sftage REGMRsS. The shapes
of these inset curves iIndicate that there is not much advantage in using stage
masses much greater than 10 M,

The thermodynamic cycle of Fig. ¢ consists of a c]ockwise path as Indicated by
the arrows. The path connects the coordinates [T,,S(T,)], S(Tp) ), [TR.S(TR) ],
[Tk S(Ty), and [T,,S(T,). Howevsr, a point is missing frow ?1 wWhen there
is a heat load, we must add a pcint [7,.5(Tx)], which falls Just abcve T, on the
AT curve. This point represents the heat agsorbed by the MM after interacting
with the CHEX when 1t hac a heat load, as given by Eq. (8). At cyclic equili-
brium, the amount of this heat load turns out to be exactly equal to

2 2
0L - M A (Tx - Tu)/z. (1)
and agrees with £ . (8). The hest rejected to the HHEX {is determined by the
enthalpy change in going from Tp to Ty on the 0T curve. This 13 given by,

2 2
QH u M D(Tp - TH)/2. (14)

Adtabatic magnetization takes us from the point (T,,S(T,)] to the point

S(T )]. Thus, using the standard relation d€ = T 35 - UgH dR, where £ is the
alpg we have, when d5S = 0, a prescription for dotornining the magnetic work
dono fn magnetizing from T, to T, in Fig. 2. Because of the discontinuity 1.,

the rero-fleld curve, two onprcsgions are needed for this magnetic work, e.g.,



= ‘ T 5 STAGES
N, [ ‘
I
\

\
AN A

\
N
\ X '
0 10 20
MASS/STAGE (ng)

T — —

5
4 _
1

! | . ‘
\ |\ 10 STAGES

LOWEST TEMPERATURE (K)
//
///'/ /
‘r
Z
1

Mar5 M
2 b 35L—x _
= \‘\\ \\
\ a;L—Ljiit>;f4 Man 20 M
) 10 20
Ao L | 1 l | 1 |
4 5 [ 7 8 ° 10

NUMBER CF STAGES PER REGENERATOR

Figure 3. Lowest temperature reached by REGMRs upon achieving cyclic equilibrium
versus the number of stages per regenerator. Ty = 715 K, T, = 70.5
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zero heat load &t the CHEX.
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The adiabatic demagretization process takes us from the coordinate [T, ,5( 7, )]
to [T,.5(T,)) In Fig. 2. The magnetic work dune 1is,

2
W, = M(D T,

The net magnetic work done Wyptr 10 going around the cycle of Fig. 2 1s therefore
the difference Wy - W, wh1cn Is fdentical to Q4 - Q_ at cyclic equilibrium.

- A Ti)/z, (16)

In the case of an 1deal (Zarnot cycli.) _as refrigerator, the minimum work
required to remove 3« from the cold reservoir at Ty s Wpyn * Q_U/COP where the
Carnot COP = T,/(Ty - Ty). The efficiency of our REGMR rclative to the Carnot
cycle is thercfore n = Wyp7/Myin. We show in Table 1 the results for a REGHR of
10 regenerator stages and with the mass per stage = 5 H.

—_ ) Table )
Efficiency data for a TEGMR with 10 regenerator stages with Mg « 5 M. Heat

Load Q_ s defined by AT of the first column and Eq. (B). WygT and Q
pre in Jleycle. Ty ~ 79 K.

Carnct
AT Ty 0L WNET corp n
V 34 .4 0.0 450.7 0.848 0.0
J.b 1.2 2.1 439 11 G.957 0.1100
1.0 40 90.3 425.8 0.1090 0.195
1.5 43.] 1453 410.4 1.255 0.282
2.0 46.5 207.6 393.v 1.462 0.361
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It ¥s of interest to compare the REGMR cycle of Fig. ¢ with that of an ideal
gas refrigerator (or engine). For the Brayton-cycle P-vs-V plot in Fig. 4(a), we
start at point 1 [T = Ty; P = P(low)], the refrigerator absorbs heat Q  from a
cold source, and w2 move to point 4 [T4, P(low)]. Input work H4n causes adiaba-
tic compression to point 3 [T3, P(high)]. Since T3 > Ty of the HHEX sink, heat
Qq is rejected to the sink, and we come to point 2 [T, P(hy-h)]. Adiabatic
rxpansion now takes us back to the starting point 1 {i\, P(low)]. Thus, the
revyvigeration path in Fig. 4(a) is counterclockwise 1-4-3-2-1.

In Fig. 4(c), we assume uoH is the analog of pressur> P and M of the MM is
analogous to valume Y. The fact that PY = energy and uoHM = energy is one reason
for this traditionsl assumption. However, the REGMR re?rigeration cycle 1s c¢lock-
wise. JStarting at poirt 1 of Fig. 4(c), the firsy step is adiabatic magneiization
(1-2). Neaxt, isofield cooling by the HHEX (2-h); 1sofield cooling by the regener-
ator (h-3); adiabatic demagnetization (3-4); zero-field warmirg of the MM by the
CHEX (4-x); und zero-field warming by the regenerator (x-1). The cycle 1s then
(1-2-h-3-4-x-1). We regard the REGMR and Brayton cycles as being equivalent when
anelogous quantities at corresponding vertices are in one-to-one correspondence.
Since this is not found, the above (P-V) and (H-M) cycles are not eruivalent.

Comparison of the S-T cycle plots of Figs. 4(b) and 4(d) shows both cycles are
executed clockwise for refrigeration. However, detalled vertex comparison shows
anti-correlations. These details are given in a more-complete form in Ref. 9.
Accordingly, we come to the concluston tuat the REGMN thermodynamic cycle is not
equivalent to the Brayton cycle. The conclusion reached in Ref. 9 is that the
RE?AR cycle 15 not equivalent to any known thermodynamic cycle and 1s therefore
unigue.

4. SUMMARY

fhe central idea of the magnetic refrigeration systems analvsed in this paper
(and in Ref. 9) 1s that of a MR having a regenerator composed of an intagra)l
number of separate stages but having only a single magnetic stage. In principle,
each stage is thermully isolated from the others, but the stages are accessed by
& manifold and valve system (Fig. 1) which a)lows gas to flow between the MM and
the individua: stages. The concept therefore is distinctly unlike that of the



gas in the manifold is responsible for the actual Transrer or neat petwe<n
element, of the REGMR, it is ciear from the cycle description in the caption of
Fig. 1 that the fixed mass of the MM {s analogcus to a fixed mass of a working
fluid in a gas refirgerator or engine. Both, in effect, are carried thermally
through all parts of their respective systems.

The extensive computer analyses of various RECMR models have been greatly
facilitated by the use of the S-vs-T model functions in Fig. 2. Some results of
this work are 1isted below.

« The time required to achieve cyclic ecuilibrium increases significantly with
the number of regenerator <tages.

» This time also increases with the mass of the regenerator stages.

. The lowest temperature T, achieved at the CHEX decreases as the number of
stages increases and decreases as the mass per stage fncreases. See Fig. 3.

e The difference of the mean temperatures between successive stages decreases
as the numer of stages increases. It also decreases as the heat load at the
ChEX increases.

» The lowest temperature T, achieved at the CHEX decreases as the
temperature Ty of the HHEX decreases.

= The magnetic work of magnetization 1s the difference Eh(Tp) - Ug(Ty),
where £ 1s the enthalpy on the high-field curve and U, is the ?nterna] energqgy
on the zero-field curve. That for demagnetization s ~ ER(ZK) + Ug(Ty).
The NET magnetic work done {s the sum of these two differences.

* The heat rejected to he HHEX is E(Tp) - E(Ty), where £ is the enthalpy on
the high-field curve. The heat absorbed by *he CHEX {s U(T,) - U(Ty), where
U is the internal energy on the zero-field curve. The difference in these heats
1s equal to the NET magnetic work done for the full cycle of Fig. 2.
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