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Adoption of getter pumping system for HTS cable system
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Table. 1 Specifications of analytical model of an HTS tri-axial
cable with low thermal conductive layer.

Nominal voltage [kV] 6.6
Transmission capacity [MW] 40
Outer radius of inner refrigerant flow path [mm] 20.89
Twist pitch [mm] 500
Critical current at 77 K [A] 200
Cu layer thickness [mm] 0.01
PPLP® insulation thickness [mm] 2.0
Thermal conductivity of low thermal conductive 0.018
layer [W/m/K] )
Flow rate of LN, [L/min] 60
LN, inlet temperature [K] 65
LN, inlet pressure [MPa] 1.0

@ :Cu D :HTS D : PPLP® . : Low thermal conductive layer
(k=0.018[W/m/K])

(A) | Low thermal conductive layer inside conducting layer |

Fig. 1. Analytical model of an HTS tri-axial cable.
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Fig. 2. Dependence of maximum cable length on thickness of
low thermal conductive layer.
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1. Introduction

Electrified aircraft propulsion systems have been studied
actively [1] and the propulsion systems demand electrical
motors with higher output density (> 16 kW/kg) and higher
efficiency (> 98%). The superconducting (S.C.) motors are one
of the good candidates for the future aircraft systems. Using
FEM, we designed two kinds of the S.C. motors: partial S.C.
motors (PSCMs) and fully S.C. motors (FSCMs). And we
compared and discuss the electromagnetic characteristics of
the two S.C. motors in this presentation.

2. Superconducting Motor Specifications

Table 1 shows fundamental specifications of the two S.C.
motors. We consider aircraft with 180 seats and then 44 MW
for take—off is required. For this system, 3.0 and 5.0 MW
motors are designed. The PSCM is made of YBCO field coils
and copper armature windings. And the FSCM employed
YBCO field coils and MgB, armature windings. These S.C.
wires are cooled at 20 K with liquid hydrogen. The diameter
of the motors is limited less than 800 mm. Also, the cryostat
for the motors are made of FRP.

Figs 1 and 2 show 2-dimensional analysis model of the
PSCM and the FSCM. Based on the preliminary design study
results, number of poles for 3.0 and 5.0 MW PSCM was 14 and
16, respectively. Also, based on the reference [2], 4-pole was
chosen for the 3.0 and 5.0 MW FSCM structures. We will
evaluate the output density and efficiency with these models.
3. Analysis Results

Table 2 shows the analysis and design results of the two S.C.
motors. The structure of the PSCMs have large diameter and
shorter length. On the other hand, the FSCMs are almost the
same of the diameter and the length. This structural difference
came from the difference of the pole—pitch of the two S.C.
motors. As a result, the output density of the FSCM exceeded
over 20 kW/kg, while the PSCM reached 17 kW/kg in case of
the 5.0 MW machine. Also, as for the efficiency of the motors,
the two PSCMs reached 98%. However, the efficiency of the
two FSCMs was 1% higher than that of the PSCMs. One of the
reasons are the choice of the number of poles. According to
the results, 5.0 MW PSCM, 3.0 MW and 5.0 MW FSCM can
be the good candidates for the electrified aircraft propulsion

4. Conclusions
We have designed and compared two kinds of S.C. motors
for future aircraft systems. The motor with higher output can
reach higher output density. However, when we decide the
rated power of the S.C. motors, system redundancy should be
taken into consideration.
Acknowledgement
This research is partially based on results obtained from a
support by Nagamori Foundation.
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Figure 2. Analysis model of the FSCM structure (4—pole).

Table 2. Superconducting Motor Characteristics

. 3.0 MW 5.0 MW
systems. However, we should also consider system redundancy Nomh ol T4 T
for the future aircraft when we chose the motor output. um De.r o> 018 T3 03
Table 1. Superconducting Motor Specifications lameter mm mm
PSCM Length 158 mm 171 mm
Motor type PSCM FSCM Output Density 14 kW/kg 17 kW/kg
Motor output 3.0, 5.0 MW Efficiency 98% 9%
Rotation speed 5000 rpm Number of Polos 4 4
Motor diameter < 800 mm Diameter 350 mm 400 mm
Cooling temperature 20 K (Liquid Hydrogen) FSCM Length 356 mm 134 mm
Field coils YBCO YBCO Output Density 20 kW/kg 23 kW/ke
Armature Windings Cu (300 K) MgB, Efficiency 99% 99%
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Table 1 PSCM specifications

Motor output 1,2, 3,5, 7TMW
Rotational speed 5000, 6000, 7000 rpm
Line—to-line voltage 1.41 kV
Diameter < 800 mm
Electric loading 120 kA/m
Field coils YBCO
Armature windings Copper
Copper Armature Windings Back iron

BCO Field Coils

Fig. 1 Analysis model of a 12-pole PSCM
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Fig. 1 The array of HTS coils
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Fig. 3 Applied magnetic field
distribution in different layers
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Fig. 2 Applied magnetic
field distribution in different

HTS winding design of HTS winding
Table 1 Parameters for HTS
motor
HTS coil Parameters Values
Output 1,000 kW
Rotating Speed 106 rpm
Number of Poles 4
Outer diameter of Rotor 250 mm
Thickness of RotorCore 150 mm
Thickness of Bulk 10 mm
Outer diameter of Stater 1000 mm
Fig. 4 The structure of IMW Thickness of Stater 150 mm
HTS motor Length (straight) 1,000 mm
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ZALzm Y, MAM I EOBLEING, BT AT 4JE O
T INVERETET VELTRELR, Fig. 4 |2 IMW #&[EH
WOET MO W TEBMITIC LD RE(LZA T T v
DFMBL, Table 1 IZED/RTA—HETRT,
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BNLTCTo, MV OB R LTSRS R . ARWFJE TR % 3
T 2ZLIIVBEFD 1 MW #RiE8 38 BRI
T2ODH NP RELIRDZEN DIz, ZIUTED, PARGER
INHEIEZ WD Z L TR KD /N B AR O
FHPHFEND,
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1. K. Tsuzuki, et. al., Design of Bulk Rotating Machine Using

Closed-Circuit Magnetization, IEEE Transactions on

Applied Superconductivity, 2019, Early Access, Page 1-1
2. K. Tsuzuki, et. al., Magnetic Field Analysis of High-

Temperature Superconductor Field Pole Using Convergence

Magnetized Method with Closed Magnetic Circuit, Abstracts

of CSSJ Conference, Vol. 94 (2017) p.44
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Table 1 Specification of bulk samples

Sample name  Diametermm]  Thicknessimm] Density[g/cm?®] Remarks Processes
MH104b 20.10 3.30 231 Ti 2.5wt% HP
F526 19.90 9.60 2.62 pure SPS
HP: hot pressing, SPS: spark plasma sintering
1.0
HP -e-MH104b
SpPS —e—F526 0.75
0.8
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Fig.1 Penetration Fields in various pulsed—field applications

25 2.5
B,=1.0T T= 15K B,=1.6T T= 15K
20 Br= 0.65T 20 | By = 0.14T
_B,

15 15 | B,

= / P

a _ B FFF 7
10 NFF Br ~_ L0 B;
05 \ os |
0.0 : 0.0

-50 0 50 100 150 200 250 300 350

Time (ms) Time (ms)

Fig.2 Evolutional profiles of flux invasion at 1.0 and 1.6 T

[y
o
o

95.6% 7 \>~ ——F526
80 No fluxflow  ¢pg
Fast flux flo s 15K
\ ~
\ N

AN

/ \%ﬁ{ 50.7%
e

D
o

Trapping Ratio B;/Bp (%)
I
o

N
o
=
©
w
X
//¥I \
\
1
|
i |
l
™
!
U

o

0.0 0.5 1.0 1.5 2.0 2.5
Applied Field (T)

Fig.3 Trapping Ratio Br/Bp on SPS sample

-50 0 50 100150200250 300 350400 450

SE3H
1. Tetsuo Oka, et al.,, IEEE Transactions on Applied
Superconductivity, Vol. 29, No. 5, DOI:

10.1109/TASC.2019.2908752, 01 April 2019, pp. 1-5

59811 20194F BEA TR T -

R &



1B-p02

2NV T RS - I

>

INLREHEIZE TS REBaCuO Y T INILI RUETARIINILIIZEITS
oA 2aL— a3y
Numerical simulation of the mechanical stress in REBaCuO superconducting
ring and disk bulks during pulsed—field magnetization
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Fig. 1 Schematic view of numerical models for the (a) disk bulk
(ID = 0 mm), (b) ring bulk (ID =4 mm), (c) ring bulk (ID = 20
mm) and (d) ring bulk (ID = 40 mm).
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Fig. 2. Time evolution of (a) the trapped field, 5B, and (b) the
electromagnetic stress, o ¢ , for the wvarious bulk

configurations during PFM (7:=65 K, By =4 T).
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Influence of the size of soft—iron yoke on trapped field performance of HTS bulk
in pulsed field magnetization
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Trapped fields and flux jumps in YBCO bulks under high magnetic fields up to 22 Tesla
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Fig.1: Schematic image of the stacked YBCO bulk pair
reinforced by the stainless steel (SUS316) capsule.
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Fig.2: Time step (7S) dependence of the magnetic flux
density and temperature of the stacked YBCO bulk pair
during FCM from B.,"" =18T at T, =28 K.
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72 HaE RN T.U72[3], MgBy /L2 {12 GdBaCuO
Lo X% AL, HTFML % ¥E(EL7TZ, BRI AU AEBRIS
INCED NI OWEZE S 7280 . FNENAT L AT
FRL7Z, IR MgB, 23V E& GdBaCuO SAIDAT L
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Fig. 1. Experimental setup of the HTFML consisting MgB,
cylinder and GdBaCuO lens.
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Fig. 2. Concentrated magnetic field, 5., and external field, B.,,
at the center of the HTFML as a function of time during the
magnetizing process for an applied field 5,,, = 2 T.
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Fig. 3. Concentrated magnetic field, 5., at the center of the
HTFML as a function of external field, B.,, for each B,y.
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Oxygen diffusion in REBCO melt-solidified bulks annealed under flowing humid oxygen
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Fig. 1 Relationship between oxygen annealing time and
changes in mass rate for YBCO melt-solidified bulks
annealed under flowing dry Oz (a) and wet Oz (b). Solid
lines are fitted curves estimated by the least-square
method using D as a fitting parameter.
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TRRNEEE /L7 DR RIS T V7 DEARIZIB 52
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U 72 Y123 ¥RMhEEE SV 7 & Gd123 7L 7 InBH1 0 L,
ipE 7 —=— L& fTo7-#%. ~l mm x 1 mm x | mm”c D/
AAEHZEI Y L, SEM #I£21C & v kAL 2 . SQUID R
WAt & AW IZBHEENE & 0 B SR A R L7z,
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BTN 1 mm OFREHE ¢-2,1 R0 D, ffEm S
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FNLEICLD Je FEPE =T/ hE R BRI RS LN
TeZED b otz, UL, B3 TO SR RIS 00
RNZENSX YU T DFINT v F — R —FIRBEICHHZENE
ZBN5D, FEFRTIL, all c-growth FEIED Y123 FRRLEERE L
ZIZHAZTC all a-growth FEIRO Y123 VEREERE SV oD J FE
PEIBIMERE T =— VO RERE L, RFIEE W2 KA
ST VERID AT REMEIZ DUV Gl T2,
//f_\
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i
c2n b B g
o
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Fig. 1 Schematic illustration of Y123 bulk grown on [001]
plane of a Gd123 melt-solidified bulk.
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Fig. 2 Magnetic field dependence of Jc at 77 K of Y123 crystals
cut from various part of all c-growth Y123 melt-
solidified bulk.
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prepared with hydrocarbon gas treatment
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DM EHREFI LD | K - PR REIER CORB RS~ itk
BOAEFSNTOB[1], BIEE TO R EELCrsE G A~
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LG HT25, 1T ENENDRMN T IEIC LA R iE
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AKBFSET MgBa it it iR ~D R FBFNNE B & LT
T, BL R RS TR E T A Z AL TfTo7,
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MARERFIRMBNOEL HRE Ta BEWNIZAIL, O
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BNICEZZE AL, 1100°COIRET 4 4L 660°CE-IT
710°C DT 48 KD BEEVILERIZ LY, MgB2 DRERE %
FEMLUT-, F D=1 RO /ERL T,

3 fEREER
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—7L 2 ODOFNE =T DIRTELTZ XRD /"7 — B AFL TN
BHZENDLNSTE, BiE O/~ a—(halo)ld., EHREERLF 2
RV FECA DR A R L TRY ., TE O IR E M EE
KBLIZAE R THDHEEZDND, — T THRE DRI —7
. BB A A T AREICH R L TRY, REOR R,
H3:BOs O & ITE KL TWAZERHA LMo T-, &5
2, ZNHOIEEE MR S i E O R ANRIEL I R D
[\l /8% — %, RABLERT &4 I B W CIHE R (L2372
WZER DTz, FIIT, 600°COTIREIZIIT DRk 3
AL, B KO E OB LI RE I BE 5.2
RN EIRIBEND,

Z OB DR RSVERLL 72 MgB2 Zisibik o
fh G SRR 1 IRT, BRI ik
T 5L, KALBUTE R T DR BIFMOBFIL, a LB
REGBIREDOZLIZEY ., i CTHLZ bl &5
Wi FOBRABREED, REKEEL THDIENHLD
(27207, M B IE, O OREERRAT O 508K 2 223N
F AT U= e G B R b & o TREMIZ IS 5,
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El
&
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‘» — Pattern
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-
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Fig. 1(a) XRD patterns of boron powders before and after the
hydrocarbon gas treatment [4]. An XRD pattern of pyrene
powder is also added in the figure. (b) A calculated pattern of
H3BO;s (boric acid or sassolite) [4].

Table 1 Lattice parameters (a, ¢), critical transition temperature
(T¢), and critical current density (J.) of MgB2 bulk samples
prepared with and without the hydrocarbon gas treatment [4].

Hydrocarbon gas treated Un-treated
a(d) 3.069 3.083
c(A) 3.525 3.521
Tc (K) 34.8 38.8
Je (A/em?)
(20K, 4.3T) ~ 30000 ~ 3000
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HTE. (RE)BaCuO BB EME L7k % - NMR 3
BEORREMTHONTEBY, Vo 7R OMBEE SV IRA D
ARTHNT NMR E 542552 LICRIILTWALL], LAl .,
(RE)BaCuO &/ SV 3 ERIRE IZ B I C AR B — 2 £ U DT
DM ORAEIIR S TR, —J7, MgBy 7SV 2i3 %
MR THHZLICH KT EEm VG —HERD,
(RE)BaCuO 2\ AR TERIa A NN Z2Hi7272%5 NMR
FEE TRV T MgBy 2NV I A %2 (RE)BaCuO R/ 3V T A
ORFZEEL TR T2 EITIIRER A MRS, MgBy 231
IHERLOBS AL OGS Mg + B — MgBy) (CPED IRREI
W SR T IRV TR B L2 D03, JE ) TR IEOR
FiEE WA Z S THRIEERA QO%FR L 0D 15 BE /3L 7 Al
A[RE T D, FRICRB RTINS % WD B A3 72<
EaARNTHVZARRE 15.9 K IZBW T VLY R il O HERE
2 2.4 T2IEEE S RIEIC > TIERENT- S L7 L R
DOHRBESE DM E SN TWHZEE AL ZERIS 2T
TN TEENTRERZ LS MgB, Vo773 7 DVERLISEL TV
DEEZLND, T TARIFIETIL MgBy 7SV R NETIC
5.4 T OB EHLL TOBI3]Z 80D MgB, SV Il A
% 200 MHz NMR ¥(& (FREEGGRE 4.7 T) ITEHT5Z
LEBRLGREEZ W2 R MgB, V7 7V DB 3 %
1T o0z Fi2. U T L7 DR T N ORI 53 76 2 1 &
F 5T DI HHU RS o A e A B s Lz,

2. BEBAE

FEH R ITAEM B ¥R (WEEE 99%, Rifk 45 umBL T) |
Mg B35 (FfiEE 99.5%. Rk 180 wmbPA ) ZHW-, 1. K
SR DAEHEE MgBy B OTRAM DT B ¥y R AR R — 1
S L TR 600 rpm T 1 h By#eL7=, 7B
WeLTe B yREV L ZRICTRI L=, 2D B2 Mg k%
FHL, T FRRKTER L, Vo7 ONNZIEAT
L ARID A —H—Z WL E LT, BHLELT 900°CT 24 h 1T~
Too MERILTE MgB, 2NV 2713480 % 60 mm, NEE 30 8L 40
mm, JEX 15 mm T, RS ERG T HIERO%, A—
VR TFAZIVRNE LTz, | Bk 2 TR DSV T DOFHERE
SR T A7 IREA R EHRET LD
L—al g a1 o7z,
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Fig. 1 ([Z4M% 60 mm, N 30 3LV 40 mm, JES 15 mm
D MgB, Vo773V T S I T DI O IR R 1T
2R, &IV O ERTERSIE 20 K IZBWT 1.74 T
(ID=30 mm) L 1.02 T (ID=40 mm) THY. U7 HNED
PEREEHIIE F LTz, AR 40 mm 7SV 7 28BN T2l —
TalfE R ERBRE NIV —EHE R L T DO KR O
PRI 2L —2aldk»T 10 KIZBWT1.46 T &F
XD, NEE 30 mm ST IZBW T = —ar fERIX
FERAER LS 13%FRMEE 22572, ZAUINER 30 mm /3
JLID AR 40 mm NI D DS EWZEAERL T
5, UV 7 NBOPERITHED RS O T iX, B RIERO
MNAMTERE DD LTl D THhHEEZ HND,

Fig. 2 12332l —yailko TELILZAME 60 mm. N
£ 40 mm DY T T D 20 K AZBITF D/ NIV TR T o

T T T T T
OD=60 mm ID
24 thickness=15 mm  —®—30 mm_exp.
DA +H- 30 mm_sim.
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Fig.1 Temperature dependence of the experimental and
simulated trapped fields at the center of the MgB, ring bulk
bore.
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Fig.2 Simulation results for the thickness dependence of
the trapped field at the center of the MgB, ring bulk
(OD=60 mm, ID=40 mm) bore. The experimental result is
also shown.
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NI DR 2l —a il o TEL NI TR & FHBRIC K
STESNMIRBERIITE LT, P32 —al kiR
F SNV THRT RILOREEG XSV I E BT AT LS
T B9 DL 050372, LOL. 200 MHz NMR 35 & D2
REEGIRIE (4.7 T) ITIE R+ THY, 5% VT HAXD
B LRI LD J DB _EBRRAI K TS,

WHCITERICBWTEE O V2S5 T
JEXA B U T BE ORISR, AN B L VEZF MO
PGS AN OV THREL . NMR ZEE TR T2 MgB, /317
W DA ATEC W TR 9D,
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The effects of high energy milling on intra— and inter—granular superconducting properties
of Ba(Feq4,C000s),As, polycrystalline bulks
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1. Introduction

The iron-based superconductors (IBSCs) with high 7. (*58
K) and A, (0100 T) are promising candidates for high field
magnet applications [1]. 122-phase IBSCs demonstrate small
electromagnetic anisotropy, high /. close to M., [2], and a
critical grain boundary angle twice as large as that of YBCO
[3]; therefore, applications
expected. In this study, Ba(Feg.q2,Coo.os)2As: polycrystalline
bulk samples were prepared by sintering mechanically alloyed
powder in expectation of enhancement of /, by introduction
of lattice defects and improvement of . by control of
microstructure.
2. Method

All the powder processing was performed under high purity
Ar glove box to prevent oxidation. Elemental metals (Ba, Fe,
Co, and As) were ball-milled using a planetary ball-mill
apparatus. The ball-milling condition was systematically varied
by mainly changing the ball-milling time and evaluated
quantitatively by ball-milling energy [4] (&, 10-590 M]/kg).

in polycrystalline form are

For reference, hand-milling in a mortar was defined as 0 MJ/kg.

The milled powders were pressed into disk—shaped pellets with
a diameter and thickness of 7 and 1.2 mm, respectively. The
pellets were vacuum sealed in quartz tubes and sintered at
600 C for 48 h. The phases and microstructure were
evaluated by XRD, SEM, STEM and EDS for before and after
heating  samples.  The
superconducting properties (7;, H.s, and ) were evaluated by
PPMS and SQUID VSM.
3. Results/Discussion

With an increase in the £y, FWHM of Bal22 XRD main
peak expanded and c-axis remarkably elongated without the
change in Co doping level. Lattice defects (stacking faults)
introduced by high energy milling (shown in Fig. 1) are
considered as one of the reasons for the FWHM broadening
and increased c¢. Although deterioration of crystallinity
suppressed 7. by 5.5%, it was still higher than the typical 7.
of single crystals [5] (Fig. 2(a)). A slope of H,(7) increased by
50% and exceeded that of single crystals [6] and thin films [7]
(Fig. 2(b)). It is considered that the lattice defects enhanced
electron scattering and changed 7. and /... As far as we know,
this is the first example of artificially improved H., in 122-
phase IBSCs by defects engineering. On the other hand, with
an increase in the £y, magnetization J, increased up to 1.7 X
10" A/cm?® (5K, self-field), then decreased by an order of
magnitude (Fig. 2(c)). The change of /. seems to correspond
to the change in microstructure. That is, J. is improved by
reduction of impurities due to mechanical alloying and reduced
by formation of aggregates due to significant refinement of
grains (Fig. 3). The maximum _, value is the highest among
Ba(Fe,Co),As, bulks fabricated under ambient pressure [8]
and comparable to that of HIPped Ba(Fe,Co),As; wires [9].

intra—  and  inter—granular

e,

_grain bour{m :

%_ﬁfacklng faults

) S

Fig. 1 BF-STEM image of the sample wih Fiv = 80 MJ/kg

dH/dT
(T/K)
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T T :.;-I:
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Fig. 2 Ball-milling energy £y dependences of
(a) 7:, (b) a slope of H.o(7), and (c) self-field /.

Fig. 3 SEM images (BSE) of the sample with
Fiv = 10, 80, 590 MJ/kg
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