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Introduction

Bulk Superconductors

 Bulk Superconductors are fabricated to
trap’ large fields; in excess of 17 T

e Magnetising currents are ‘pinned’ by the
mixed state of superconductivity

e Larger bulks = greater magnetisation , S
(RE)-BCO MgB:
Circulating ‘super e MgB2is not quite HTS: 7. =39 K

currents’ are pinned | |
within the bulk, resulting  ® Very uniform J¢; polycrystalline form

In a trapped magnetic _ _
field.  An important alternative to HTS due to

lightweight structure and manufacturability
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Motivation

Record-High Trapped Field

[1] Arlicle
published by
Hirano and
Fujishiro

* Hirano et al. achieved a record-high
trapped field in 2020

e Earlier studies show split-coil, multiple
pulsing, and pulse elongation can
enhance trapped field

e Previous record of 1.1 T at 13 K was
beaten with 1.61 T at 20 K using PFM

 Our numerical investigation was motivated
by the results of Hirano et al. [1]

(a) Smgle Bulk

10mm 30mm
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Sample configurations
Investigated by Hirano et al.

(b) Composite (c) Composite with yoke

Soft Iron *

Yoke *0 .
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Motivation

Goals of Work
. Calibration pulses from Fa T B (Hal)
1. Accurate repllcathn Of geometry & origina/ paper. We need E 1.5:_ ~ (S:ingle bu/lk k i
experimental setup to reproduce these g | — Gomp. wiyoke |
. . . . exaCtl-y ;5 B (shunt)=1.03T | 4
2. Simulation of thermomagnetic properties = -
and experimental results / >
] . ] Time (ms)
new flnd|ngS S ,, W Repllcate | ~ Brass holder
¥] withFEM =
Photo of the original .,
sample holder, used T
to hold the MgB:2 B
superconducting ring SS bolt & nut
33 2 80
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Modelling Details

Formulation

2D Axisymmetric
Line of symmetry along
azimuth (r = 0 mm)

X

Split Coil

Geometryof Hr=H:=0

e 2D axisymmetric model used sample and
. _ magnetising
e Sample holder and magnetising fixture  fixture

modelled with experimental data

ID: 72 mm
OD: 124 mm

e Current applied via split coil subdomain to
generate pulse —

Zz=19.5+ 0.5 mm

MgB:

Holder
MgB: r = 48 mm,

19.5 mm
Iron Yoke

e Cooling from boundary condition at
sample holder periphery

Each configuration
modelled with fixture

(@) Single Bulk (b) Composite (c) Composite with yoke

4
N 7
MgB‘z Cu Soft Iron *

ww g9

Yoke
0.5 mm

r
10mm 30 mm
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Modelling Details

Electromagnetic Formulation

e Finite Element Method with commercial Maxwell’s Equations

package COMSOL utilised Faraday’s Law VXH=)

e Governing equations use H-formulation 0 H
J €9 diatt Ampere’s Law V X E e —('MO'MF )
ot

Electrical conductivity
defined via
experimental data

and calibration .
pulses Current Density

_L _L
‘]pulse =Hext@(1 — € tS) (6 td)
Calibration pulses: 1.03 T

\/ = A s field dependent

correction factor

* Applied pulse typical of PFM

J ulse

Lenz’s Law
Induced Currents

(M.) @qo4d "dwa]
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Modelling Details

Thermal Considerations

e Coupled problem of EM and thermal Heat Equation
 Heat equation \./v.ith conductive loss and De E _ sz(Tr o Tri) +0
boundary conditions P ot I

Q=E-J

p = mass density, cp = specific heat, xk = thermal
conductivity, Q = heat source

' B-field probe (T)

o
Q generated in [ MaB; 3 ' Cooling bulk via cold stage modelled
bulk & sample Rl Sample £ through Fourier’s law. Constant K was
=

determined through iterative adjustment
_K(Tr o Tamb)

B~ UNIVERSITY OF

"8 CAMBRIDGE



Modelling Details

MgB> Considerations

e Jo(B, T) interpolated from sample data Critical Current Density
. . . . B
 Non-linear resistivity modelled via the E-J )\ ( 03
ower law T Bo| 1~ (T
P JC(B,T):G | — | — e \ <T>/
e n-value assumed constant below 39 K I,
1070 ¢ | ; ; l ' l i ' ;
Interpolated Je s ’{1. Assumed J (B, T) for MgB,
distribution [2] 10 “x"':if:--“ E-J Power Law
S 108 _ \A\A e "Q .ll.. _ n
E | ‘a e " J(B,T) 45 B<4 T, T<39K
< | . e : F=F _
—~2107 | . KR ; 0 T n =
u > c 1 else
10° \\\ m 10K- - - Fit|:
Optimization of nfiration and reaction | " |2 SoKk-- i _ _ _ _ _
Ercl%ess fortth”elgg)gugion oftgtrong MgBz 45 . , , A I30 K.---. Fit| ad — Jco(B =0 T, T =10 K), Tc = 39 K, Bo = (0.85 T,
Al;phrg?jggipsérconducgig;zc?fo1n—s5o(go17) ’ 1 B_ﬁe?d [T] > * EO - 1X1 0-4 V.m'1
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Modelling Results

Calibration & FCM Results

2.0 —_—

® Applied pulses : ,T: ‘;*;“u“nTTEEZﬁE %Z iTEESZEXiTEEZL‘E Eﬂ:i : 2.0 Field Cooled Magnetisation| |
calibrated to : Simulated vs Experimental Results Model
agree with 157 ' ! 1 45l m  Experiment|
experiment o B(Hall) vs time at T = 40 K ;
= | E
e FCMofbulk =tof 810l _
performed to % | =
gauge 05| 05 L -
properties and |
reliability of |
mOdeIS OO T T T I T T T I T T | OO B . : . : . I . I . q
0.0 0.1 0.2 0.3 0.4 0.5 15 20 25 30 35 40
Time [s] Temperature [K]
Calibrated pulses, illustrating how careful Field Cooled Magnetisation results for the

choice of material properties and experimental modelled MgB. sample
constants produce excellent agreement
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Modelling Results

Single Pulse Results

e Applied a
single magnetic'*
pulse to
samples

o
o

e Graphs from
left to right are
samples shown

B(Hall) [T]

0.0

 Magnitude of
trapped field
quantitatively

agrees
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Single Bulk

| |Single Bulk

0.8

Single Pulse

0.2

m Exp. 0.82 T—— Model|.
m Exp. 0.85 T—— Model

m Exp. 0.88 T— Model|

B(HaII). [T]
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(a) Slngle Bulk

1.0

0.8

0.6

0.2

00 [

10mm 30 mm

Comp. w/o. yoke

| |Comp. w/o yoke

Single Pulse m Exp. 1.2 T—— Model

m Exp. 1.1 T— Model|.

m Exp. 1.3 T— Model|’

.B(Hall). [T]

N | N | N | N |
0.2 0.3 0.4 0.5
Time [s]

| N |
0.0 0.1

(b) Composite

Comp. w. yoke

o SN
&) o
T T T T

o
o
I L]

 |Comp. w. yoke
|Single Pulse

m Exp. 1.1 T—— Model||
®m Exp. 1.2 T—— Model|
m Exp. 1.3 T—— Model

(c) Composite with yoke

Soft Iron *

Yoke

AL

0.5 mm




Modelling Results

Double Pulse Results

21 Compl). w: Yolke -lDolelel Pullse-
e Sample pulsed after an initial 1.3 T pulse Modelled results | [m Ex. 1.15T = Exp. 1.25T m Exp. 15T
18| =—— Model —— Model —— Model |
* Pre-magnetised state with 0.6 T trapped |
e Successfully modelled record breaking Si2l
trapped field; multi-pulse successfully aids o
trapped field NN ALY
Experimental data from [1] 00 01 012_ '[o]fs 04 05
Ime |S
COmp. W. yOke Miscowslouss oiiini il g D EnGpueif el =180 1) (c) 2nd pulse (B, ,(Hall)™ = 1.50 T)
©) Composite with yoke B, (Hal™<132T  Composite w! yoke - (5 Fais T g:;mu ¥ 3 8, Ha ST 32T Composte wi yoke
T e gmfrsgfl?t) 2: ;/\ —— B (yoke) | : ‘.‘f \ g”fif:f.?t) :
- vB::(yoke) § =R d 5} ~— B, (yoke) ]

T=20K -
. —

N — nd 2
B,(2") E Composite w/ yoke -

T=20K ]
s =

Soft Iron V¥

T=20K 1 H )

S

Yoke $0.5 mm
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Modelling Results

Extension Studies: Copper Layers

 Hirano et al. [1] illustrated effect of three
Inserted copper layers

* As layer number increases, MgB, media
decreases and copper layer increases

 The number of layers utilised is hard to
vary experimentally but easy with FEM

MgB: l
Tlncrease N

8> UNIVERSITY OF

Composite bulk created
by Hirano et al. [1] with
three layers

N=3 Utilising
with FEM
T

Composite bulk with N =
S layers

“§ CAMBRIDGE



Modelling Results

Extension Studies: Copper Layers

1.2 [ ' [ ' [ ' | ' | ' | , . , ; , - , - |
e Effect of Iayers - B,,,=1.03T Extension Study : |Extension Study - Cu Layer no. (N)
on pulse 10F [inax = 4063 K |Cu Layer no. (N) at 40 K{ 07 {B,_vsB, ]
modification i
: 0.8 | _ S NEA L
illustrated — j max = 40-99 K N =5 0.5 ]
— ——N=6 || —
e How trapped _c=§O.6 - AB,,,=0.34T ——N=7 EOCB I )
: : T | ——N=8|] &
field varies @, W -4083K N=9 || @ |
- - | N =10 :
VYIth applied | 1 02} | i
field for 0.2 | - !
various layers - ol A5 — > Exp. Data]_
ShOwn 0.0 i‘_’EAtrS= 75 ms B el N\ =3 == N =4 N=5 ——@— N=0
00 01 02 03 04 05 08 12 16 20 24
Time [s] Bpp [T]
Effect of layer number on pulse Effect of layer number on maximum
magnitude and rise time trapped field
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Modelling Results

Extension Studies: Copper Layers

' ' ' i I ; | - ] 32 | — : : : i I ; | : |
* Effect of layers {Extension Study - Cu Layer no. (N) | Extension Study - Cu Layer no. (N)
On pUIse 061 el B-Field & Temp. 071 Btrap VS Bapp i
" gen . - ¥ = -
modification R T %9
llustrated = 05 -
< | 428 _j—
e How trapped £ | | _
. . ) —_ 9O
field varies ol | P i
. . g0.2 | |
VYIth applied o | 0.2 | i
field for | Iy |
various Iayers 0.0 | ———— | 00k ‘ O,c'> — o~ Exp. Data| |
shown I P | o N=3—# - N=4  N=5—a—N=f
2 4 0 8 10 8 12 16 20 24
Layer No. (N) 0.8 Bapp6[T] 0
Layer number versus trapped field and Effect of layer number on maximum
maximum temperature trapped field
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Modelling Results

Extension Studies: Effect of Yoke

 Hirano et al. [1] illustrated effect of yoke

iInserted to composite bulk only Modelled sample
_ Investigating the Soft Iron
o Effect of yoke is therefore only observed  effect of the yoke
. . . . Yoke
with combined effect of copper layers with the single bulk

* Investigation of how the ‘Single Bulk’ was
affected by an inserted soft-iron yoke

(a) Single Bulk (b) Composite (c) Composite with yoke

2
™ 7
MgB- Cu Soft Iron *
7 - -

Sample configurations
created by Hirano et al.

[1]

10mm 30 mm
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Modelling Results

Extension Studies: Effect of Yoke

2.5 | : | : | : | : | : | 1.6 ; I - , ; , . , ; 27
° Large  |Extension Study - Yoke only 0707 [Extension Study - Yoke only .o
enhanceme [l [--B,, ——075T| - i et 12°
nt of applied Wy I % le.—.~B(Hall) w. yoke|——0.80 T 121 .\ o '
- i\ |40k 20K S I 14°
field sl | B, - | e
* Yoke = , =l 15
T 1.0 t=-m--"- \ ] g <
significantly g'°[% [~ ) 123°R
enhanced i NN 1 04l
: 05+ * _ 122
trapped field ! | —"— B _
. i oy s Sea )
with i BT 00F m— --0-- Max. Temp.|] 24
‘activation’ | Baw=103T T T 7 Byap & Max. Temp. vs B, -
] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 20
at0.76 T 0.0 0.1 0.2 0.3 0.4 0.5 0.4 0.6 0.8 1.0 1.2 1.4
Time [s] Bapp [T]
Effect of adding the yoke to the single Applied field versus trapped and
bulk; trapped field associated max. temperature
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1.8 i . - . - . - | -

° Large : Extension Study - Yoke Only| -
enhanceme 15t B-Field distribution|-
nt of applied No Yoke 0.60 T:

: 12 S —~\ = |- ———0.70 T}
field _ 075 1|

° Yoke '_é_()_g - ——0.80 T

o S ——0.90T
significantly @ '

0.6

enhanced |
trapped field ,5L 7 i
with ~Iron Yoke
‘activation’ 0.0 |- — — ;
3t 076 T 0 5 10 15 20 25

ol o

R ixi %

Modelling Results

Extension Studies: Effect of Yoke

UNIVERSITY OF
CAMBRIDGE

Radius of Sample [mm]
Radial field distribution of ‘Single bulk’

with iron yoke

16 ¥ | ¥ | ¥ | ¥ | 27
Extension Study - Yoke only
= {2
P . 6
1.2 | m ‘
" “ 25
. ) _
T~
l, Lo T e——E—_ -
0.8 - 124 -
3 1 £
m 423 X
0.4 | | ;
{22
-/I — R Btrap 1
00F m—rf --0-- Max. Temp.|] o1
Btrap & Max. Temp. vs B&,/O/D :
I I \ I . | . | . 20
04 0.6 0.8 1.0 1.2 1.4
Bapp [T]

Applied field versus trapped and
associated max. temperature

- 28
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Conclusions

o With careful calibration, utilisation of experimental data and material constants,
excellent agreement of modelling composite MgB:2 bulks can be achieved

o Copper layers effectively retard pulse, but diminish magnitude significantly

 Optimal layer number was between 3 and 5 to balance maximum trapped field and
reduced field penetration

* |Iron yoke significantly enhanced applied field locally
e Soft-iron yoke magnetisation assisting magnetisation of MgB:>
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