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Experimental investigation on the room temperature active magnetic
regenerator with permanent magnet array

Youngkwon Kim, Sangkwon Jeong

ABSTRACT: In this study, a room temperature AMRR (Active magnetic regenerative
refrigerator) was fabricated, and experimentally investigated. Gadolinium (Gd) was selected
as a magnetic refrigerant with Curie temperature of 293 K. Permanent magnet was utilized
to magnetize and demagnetize the AMR. To produce large magnetic field above 1 T in the
magnetic refrigeration space, a special arrangement of permanent magnets, so called Halbach
array, i1s employed. Sixteen segments of the permanent magnets magnetized different
direction, constitute a hollow cylindrical shaped permanent magnet. The AMR is reciprocated
along the bore of the magnet array and produces cooling power. Helium is selected as the
working fluid and a helium compressor is utilized to supply helium flow to the regenerator.
The fabricated AMRR has different structure and compared to a convectional AMRR since it
has an additional volume after the regenerator. Therefore, the cooling ability is generated not
only by magnetocaloric effect of magnetic refrigerant but also by the pulse tube effect. It is
verified that the cooling ability of AMR is increased due to the magnetocalric effect by the
fact that the temperature span becomes 16°C while the temperature span is only 8 C when
the magnetic field is not applied to the regenerator.

Key words: magnetic refrigeration (7] ), active magnetic regenerator(’s53 =+7] 7 A
71), magnetocaloric effect (7] # & 3}), Halbach array (374 wi<d)
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Fig. 1 (a) Schematic diagram of permanent
magnet array that has 16 segments and (b)
measured field distribution in the bore of
the magnet array (z—direction)

B oATAE Ayl A% % @4sE
FAS A FTAN AL AgsATh o
WAl AR e AN GRAA 1T o4
4T ANYE E AT BEG. AL e
Ashel 479

Fo =
ol o o MAgFozH, A el
J

- =
FAF-Eo A7 Fel JFeHo wg & A FE
AG = 9t o]5 dwkx o2 Halbach arrayz}
3
oA HY, S FE8] I A4 27 E
o] A&HHo R zgtH o] i P& wf, Ak
A g FAHeA A& F Ade AF A7

B wWgd" 7+ AN x4 AFAH
(retentivity, Bp)¥ Wl 9 E(R)<F < HEA
HF(R) &3l 2 (1) o] vrepdt

187 -



AARE A 27bEe] AFAgER ofyE
B 2} (coercivity) 3} Z o], xR F 7ol Ao uwh
o

eb Aol A7 7}

s
o2 Aite] bttt dRtHoR we 7S
AP A dolt des, WAd 97
o w7} 24% 2 A4S A wkelud,
Aol T el Aok daglol dEdd A

S & Utk

AToNA = 16719 FTAA] =24S ARES)

7 16 mm, 217 76 mm, Z°] 47 mm¢S! <
S ARsAT. 4 24EL dutxom

T 5 Ade deduEAEe A4 (NdFeB,
S A8t Fig. 19 (a)olA 1670 5 i

AA QA 24 pAFed disiA

[e]
4 -
Qursoz gol AgHE B AL 4 =
[e)
=

=
245% 719 9E Bl okl FAAE A
of A4 oA AlFst. AaHoR At

FTAA S Yo A Holgo R 27| A
717y Wslsid, Fig. 19 (b9 2ol F4(235
mm)ol = oF 157 T, 97A4¢ $18(0 mm)
I ooldHEdE o 10 T A7HS A5 F

2191,

22 XA dol: 7t=z2l&(Gd)
Ayl A EstaAtsts &k
27 dFaHE JHAoF st A
293 K FZolA 8] (Curie temperature)=
7t e 7hEEEe] AAYHEA wo] AMEE I
Atk Ad vl o] 2} 8k(magnetization), 47| <NE
=9 (magnetic entropy), H] ¥ (specific heat)= A}
71 A7) Az & Fagh JHolw E A

ool A 2
Fo o3 o o] M=

2 A% F Aol MY RuE 24
Atk AbEE EelE 21 g2 AsHAA A7)
& A%l

23 MBI U AHE

il

140 +
L ! |-o—17T
120 4 ! i : 15T
s 1 ‘i, Fak -
S 100} i1 j '
£ LR ¢ [ | 4 08T
o i 2 NN | 4 05T
= 80r o Y W\ > 02T
S | & \RaR
- ¥
] B[R\
T ol ot
c 40+ » by -
o « VA€
[1+} r oV A ®
= 20k > 4 # S { i
L o " gy
0 L 1 1 1 1 > P r

260 270 280 290 300 310 3

1%}
(=]

330
Temperature (K)

Fig. 2 Measured magnetization of Gd

according to temperature and applied field

A3 #AX= Fig. 33 2o dF =
(CTIS000) 2} 3] A4 B (rotary valve)S A3}
&

astt Aol gEfEe A7l A7 H

rir

-

uii

I
o o ol 2 & oo x@ 1o oft A px O @ N

==
o
4 m&
=3
=
=
=
@
=
=)
@)
)
]
o
=3
e
tlo
e
)
ofr
ol
£
£ J

o] A2FE (TDlAM 35 cm (T2), 10 cm
m (T4), 10 cm (T5), 10 cm (T6), 3.5

cm (T7)ZFA o2 A x5 o] gt}
ole} e AAVIE AEH o] 7|(linear
actuator, Oriental motor)& AF&3le] G2
Hjd el Y2 4GEess st 1 GEess

Valve #1
@ MFM
Helium

COMPrassor Ed A Aotary
| ) valve

® [E LM guide

Regenerator /

Flexible tube

Linear actuator

LM bearing

Te !
feedinrough  Hot-lim
sensor  Permanent magnet

Fig. 3 Schematic diagram of experimental

Gas resenvolr

apparatus

- 188 -



B, m’

1
(]
]
]
]
1
1
1
]
]
]
1 J
1 3
[

I

I

I

]

]

]

1

I
[
[
]

]

I

(;

] .
| time
1

I

I

b el

B, magnetic field

|
1
1
1
|
|
|
1
1
1
1 (R4
|

------- m, mass flow rate of He

I MU I
"

Fig. 4 Magnetic filed and mass flow rate
variation during 1 cycle

A Zhel=7F A7 Fke]l WA 10 mme
2HSlE A A~ FHZ AAF glom o]
Holg s S8 AAEAE A7) dFE=2 S
fregs TwalT7] 98 oF 300 cco 71Al A%
Zx(buffer volume)7} AX 5o Qlow Y4EEF
o AHdlo] PEE HA3 ZrE FEHE A
Fa Adstdn. A4 olF7]ek EE%’J L
= 2H¥E Ryl 98 FEH", o= DSP
= (Digital Signal Processing module)ol| A &
He " Ao 93ty F7|stEo] Asdh

r rlr

[o

r_{

=

_:Lmul-n m N

e 5% A7 AT A ol
o s ANl v R} Aok % A5
3 oolel @Al Hds fEe
A7 el WAERE IS F
akx%o] ;(]—E_‘,]_;G_O_ Flg 401];\1 H= H}g]_
L A717F "o e &<t 2HE
‘TH 129 dFo|l FuHh

2. AW A R ol Bl Az

B 2o wgow dAgol AL FHH

3 AL AMe] Wiel ®Eel Q= B
s o] Wako] ukylo]l A7 Fehol A A2
AFo] FFAT

4. AN} AN Rz olFdte] sty
B oEo e wgow dFol A% Ty

o mass flow rate

5 ® pressure — 2.0
L] L] n
4k ;_I-.\. ;,--'h. .-_'I_-,". I|Iw."'-""'-. 118
[ ] L] ' "
= 3l b | 16
=) - Lo ©
= "-..\'- [ " L TPT
% 2+ . . . =
= . . ¢ 1 li2g
g 1 ". . . . =
= \ 1y ! P {100
g 0 \o - \ o - g
@ : L o
= . 408
Ak ™ Fe . -
¢ . ’ * los

Time (sec)
Fig. 5 Mass flow rate and pressure
fluctuation at the steady-state operation

o

2w =
g o o

— =

©O

&

Y

1o 4y
o

o
I
|
I

2
X
I
3
i
I
N
B
ol
2
0
&

o
b
b o
(U

o

>

s

o, &
2
_O|L

oxl ¥R
o
£ o
2
0%
N
2
o
il
i
rir
Le
I

ol
8
o
)
[
b
i)
rir
52
i8]

o
fo
m

A\

MPacll A 1.85 MPa°|™
A= 5 HAWB
O’E]Uﬂl A ekl Ft A7
2 o]Egitt o]¢} 2 oFE
7HA 2 AAYTTE o] F A 71A
kst 9 gzpst 7o) Si%

15 #AsAA 7=
G2s A7l AS 2E=Rste) AAdEH e %
77k mAlE o] QlTh
271 A7) el Asol glo] fFrEw ¥
Fol% Fig. 6014 HiZo] WZa a7t vephdoh
o= oFtel tEwWiEol 3] A7) o] Feo HF
2 AE Trelx, FE, V1A AT A4z 9
T3 We7e  WEd(pulse tube), AT
(inertance tube), 7}~ AAAe I&aS 317 o
Ql FHo= "gﬂﬂq Fig. 6] (b)ell vtebd 2t

% 2
ol 1% o
— 1o (& o
o
rr
i~

I
o
il
:[o
jin

o,
R
i)
1oJ

2

22 2o o oox flo fv X ood M oo 1o
N
N

>
g
ox ot loh ox
b IE
R
o |o

P LoFo

2

ofh 2 o 1

ofr N
N

L NE ox &2 M
Ly
o
-

.

e

& 7} %E‘_L "}(phase)oi ] } 913”4



30
28
26
O ,,f
o 24
E T A AR T AR A ST LA
5 22 v """""\'\"""- "“".\!\vv""?
© 3 ER A L AL AL AN EDARAARARRS
S 20 \
- LE o B
S 18 KON o P
= “ o Nl .
L [ ..'r‘ __':b";r—;g.»’ >
PR TS S
= PEEER R e
16 235 IBPaRA KPR AR
14 Il Il 1 Il 1 T? L T6
0 1 2 3 4 5 6 7
Time (min)
(a)

Temperature (°C)

R ® B8

14 1 i i 1 L 1 i 1 i 1 1

00 05 10 15 20 25 30 35 40 45 50
Time (sec)
(b)

Fig. 6 (a) Cool-down history with averaged temperature and (b) steady-state temperature
fluctuation of regenerator without motion of AMR (no magnetocaloric effect) (_D_ T —O— T2

—/x— 13 —Nf—T14 —O—T5 —< i—TG —1 > T7)

A 45 -G R ASH wae] o Y7}
ol & oAk ol A4y ¢ Eue 2w
Aolr of CAEI} H}. o= Tio W %
g ke RRa TIY WR B Y wE R
g NFo AdFaT
2o zhAA AYNE 1 Hz2 A3} - @218}
6CHER ol o Hle] 7tttk ol &
32
0
287 L
%6 T |
O 2| SR e
— 22 - " :
@
E 20
g 18
Q 16+
E 14
b by, Bl >
o
8
Time (min)
(a)

a4 A7) daastel o WARAI} tehy
g g 5 Arh mF o] ASolt old A

of AW A& &
C

Temperature (°C)
ro >N

12}
10
8
Time (sec)
(b)

Fig. 7 (a) Cool-down history with averaged temperature and (b) steady-state temperature
fluctuation of regenerator with the motion of AMR (including magnetocaloric effect) (— }— Ti

—_— T2 —/\— 138 —f—T14 —O—T5 —<|—T6 —|>—T7)

- 190 -



o A7) dFaIt ReHel WAH
A, Qw27 WEA A A
y

rl
oy
o

olr

T,

)

N_ll»ﬁm

(o

Koo .

e ™M
NN

X r
of
N
_O|L
N
I
FUORUor

HS d
1o o
o
:Ll
o
r
i}
A
A
o Jr M
frofAE 2
L l
4
K-
> |d

-

g ®

o
2

ot o i
(B Lo (E

o o2
o 2 ox

1o
ol
NS
it
o
1o,
rlo
t
¢
o
©
{0 i)
gy

e
e
o
gt
S
=3
ot
2
Lo
o
i
ox
ol
ir
o
o
o

2 AFoNAM = TtEEE s ARESt] A
g 27 A8 dE71E AAstdn A
g g2 AFAEA & Aztd W

F Y4571 Abgstal dAA

s o e FHE 7HA 2 vk 1y

wzgde V1A 45 2 A

of ¢t Wztaart A yEtUARE 27

= = AT AT F e == A

ol7} oF 8 Tald #Hl&], M7 =3 L ezt
E

e

4

i o

b AL FAsgon olF B pPHoR
A4 wele] % WEERE B T & A9
o AE A4S @7 s AgE JEAN
Mde A 157 To 2 A7142 24 5 g
A, Yo Aelygor As1ge] A WA
shaty] gze] A9 Ao Wt & F7]
F A A71ge] Wt e

2 ATE B AEAFES AT 559 4
7 A WEAY WEERE FAT + AL
g, 9EAZYY dEe AAstes] 998 UA
A BT A/ Wael o L% @ B
ol Watshs Agyrist AFtel dA A
2 1S ANA AT Bad Aot e
o oolsh gL ATE Ba AuA WEY YE
9 A7) el A IE AgHA WE

=
=
EES 20089 AR ER)e A9
i

oz gFsetAere] ANL

1. Tishin, A. M., and Spichkin, Y. I, The
magneocalic effect and its application,
Institute of Physics Publishing

2. Yu, B. F,, Gao Q., Zhang, B., Meng, X. Z.,
and Chen, Z., 2003, Review on research of
room temperature magnetic refrigeration,
Int. J. Refrig., vol. 26, pp. 622-636.

3. Zhang, L., Sherief, S. A., DeGregoria, A. ],
Zimm, C. B., and Veziroglu, T. N. 2000,
Design optimization of a 0.1 ton/day active
magnetic regenerative hydrogen liquefier,
Cryogenics, vol. 40, pp. 269-278

4. Dan'kov, S. Y., Tishin, A. M., Pecharsky, V.
K., and Gschneidner, K. A. Jr., 1998,
Magnetic  phase  transitions and the
magnetothermal properties of gadolinium,
Physical Review B, Vol. 57, 3478-3490

5. Halbach, K. 1980, Design of permanent
multipole magnets with oriented rare earth
cobalt material, Nucl. Instrum. Methods, vol.
169, pp. 1-10

6. Xu, X. N,, Lu, D. W,, Yuan, G. Q., Han, Y.
S. and Jin, X. 2004, Studies of strong
magnetic field produced by permanent
magnet array for magnetic refrigeration, J.
Appl. Phys., Vol. 95, No. 11, pp. 6302-6307

7. Lee, S. J., Kentel, J. M., Pecharsky, V. K,
and Jiles, D. C., 2002, Permanent magnet
array for the magnetic refrigerator, J. Appl.
Phys., Vol. 91, No. 10, pp. 8894-8896

- 191 -



