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Internal Mirror-like Polishing of Curved Tubes

Using Rotating Magnetic Field

2 94" 7 AF (KAIST)

1. A &

o F4e IFFH(vacuum tube), A FE(sanitary tube), T=HT
(wave guide)&-& LEFHS WHHEE& 873t glen dAAe] e &3}
I Qe WEdEE A4 ZAS Y/ AHT itk Z1Ee] JIAH dnky
L2 ojgtgo] TR FH UHTE o ofE- ¢t A2 Aud A
A8 Aol (polishing technique using rotating magnetic field)[1,2]2 &%&
£ A-AANA g7l W FH#Y WHgEFol 7Hesith

E a7 vA4A I3 JHe] FLoEFS A% HAFEHTE 4
A A7t F A 2HE st olF Y93 AS(magnetic pole)d] A Ay
2 718 7Y, V12 BAEE ol ARY FER=E ZAFS] A
FHAALYE o83 (Yo FXE YolByrh =3 JAFE(SUS316)
UE-E ARG A 2] o] R3] 713N I A5 AU

2. S| AXRYAnIFZA2H 9 A%
Figle 21AA714e o83 vlx4a Frude slzgas vehdo

AL AFE 225 SR AT ARHD, B4R AL A2, AW

g3 ¥3 2 usd FTE FASEE A7]3 Z(magnetic circuit)3& 2
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A grh o] of FF9 AFAtele] FFAE AYo] LA HY FTFE R
BUYHZog oz A . FFol 7\]'7]‘3";D}Xﬂ(magnet1c abrasive)& ¥4 3}
] o]5L A7|A 3 Ar]|B 24 (magnetic brush)& A3t FE PR
7HEAE S BAAIIH F7e FRAo] FUlEEel 2% FRUREY JtF
o] o],

2.1 A&YE R 759 ALY

Fig2t 3AAYArA 2" AFoA LdAHE ALTUTE ZAPo=
Ast7]l A% AFA2H Vg 3 FAAVIAEE JEeld #3329
AFrPtA A e 2 X E mmf(magnetomotive force)[3,4] F=

=$H-dI=Ni [ Al (D

2M A&l QQlojET o] o) 4] ZEL Wl 4 FAAES A
7} A 3} (magnetic reluctance) Ri&

l;
A @)

R__

o} Zth. Fig29] A713=2 Aol thgh A7 AL ohg3 2o
R=R,+2R,+2R+R, ~2R, (3)

ANA 823, AT & gEAFTE AAANRE FFo wd 7|AY
o] ZAE F ALAHTE 7] wiol AitelA A= E g =3 BE
ALEAE FAGE SAFHE AL 0=F/Ro|7 i FIT9 A&EUT
B, A#AS 2 43 Zo] AAdT

¢ __F M
A, ~9Ar, ~ o, LT 4)

ol AFHE ArlduiA EE e 2
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2
Eg=7%;vg [ ] 5)

o] i Tl WA= YL thgd Zrh

IE, _ B
Fe=57 =354, [N (®)

Az AANe] ZYBF N 10403), F+FAF iE 24, F3do] L=
35mm, ¥3%9 9HA AE 20x10mm’olet st FF9 BEAL upeE 4rx
x107& ddstd ASUE g 713 b3 go] T,

F3A4YE 0 B=037T

F3AErEd) . F = 108 N
oA Ao £A4E FAIZ Tt Aoz Al x4 @ 73 o] of
LAERAA] AE2F £ Ut ol @ e A& g JFFYo] xriHg4 ) 3}
4318 Ar|Eeide FAE JMEYEHE WA HHe FEe|AYtFol
o]FoZctt AHAlY 7tFAME R FTY A2 AT YAYe] F7}
7] gl Bth & /tFYYP e s1Fo] o]Fofn

2.2 FEANER9 4
Fig.3& AR Arrld Al29 AAHJA 4 &€ FEuIUES

ehdot. AFE Y TEANS ot 7@ FFo] olFAH I iAol FH
T AFHEL THAE AL AT F5U, dEZ JIEYE 4L A% A
Ze HAR FHEY S AFS A AFHAEE FASHY Jdoh PC
o] JHEL v AEEHAA FEFHu HAFHA ARY FFAZE uiHo
AAY g 7ty e A"Ed. AFRE JARF ARt A2"Y Age
g AbF & Figd4oll YeRd i gtk FAE(EIFE) F A9 A=
(magnetic pole)©] Slo] ol&& TAHLR AZAIFACczHN IHX3E LA
A71R FEUHES Qle A7IYAEE FEUHN 7HFAIZL AdeolA 3d A
2ot HAAE AR AIAHE v g dntgs g AFd A3t 5
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Hog o]lfolx 7] i AJ}e s Alrising time) R ALAHA o] Fo}
o 3tc} mald B A2 AE 0.3mme F47%E HFdd AFE AlF
FozH 7ol A3 AU 2 AFAZ}E Ha) gch E£3 AAAYE
Zoi3} 3l7) 98 AF e BGL A E RYe R st EHe IS 2
L FEL FAL A9 AR #AW ZLL AR 09mme] FAHAL2H
AARASE 10403], AgL 8Ll FF M o T 2= o A
FUEE 31A/mme 2 AFEAch ¥ AL A SS418 ALEEIe
o BE 7|A7Eel g F EZP A (annealing)E 3t R FAZE A §
Aok =3 7FFES T A8 FFE 20 AF UEE 7
sl AL Jol=REHE o843t e o] 0~50mm7tA
W 7Hesln AFEEE 0~60rpm7hx] W7t 7bEsit 28 FHES 3
AAF7] 4B FHL 0~1800rpm7HA] 7H5Ech AN 2 g9 3 BEF A
THAY] BEL 33U olFo] Hed A9 HeolEd AAHA 1 JAE
ZAE & Yot A FFE QP2 483 Ao] o]FAEE UHIJ
AL A L 37|12 dYen FEUHAY HZHYE FEo| 24
39t

Ao ARMe) NAARES TAAIZ] AT AY AFAEE T A
o g 42t 4 Ao AAE 69A ARFRS2H FigSael vehd ut
b ol xSl AF ZAztg £AHe2 ARAPL2H 6HAR AT 1
HANFE et FHAE 384 ABR=2H Figsb)dl vehd uish
2ol vlFERE F A9 ZYE AER JdZAdA FAlCl AAHoeZH N3
7 SFE FAHATIL 3GAZA AZE 1A YEEHZREH 2P
WHE AYAZE Fig6d 2ol YR gon FHE YR FF &
T AniAt 8 HAYE s AT F Ao ArtEHE sVt 29T
Zol 113% HAEE 3t d¥847 A5 g FAAA && B¢ st A=F
A QAT AFo =2 AZr7t AYPEHE Hol(transition) T A z}A of A9
TEAE o SHAH R AL Aol FHEU GHAA Ho FFIL
3 H3tA] Kot doz golF o) ool A3 E HAFLW o] A&
Zog ZAE3}r7] Wi FHE oANWT FTAES WA UYL rHEHEA
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A3 ¢ 4 AN

o ¥ A TEEEC el ATALEE olgstel AP REE Yo}
21 7A3geolne ASUE Ve ALFozA B EAAA TEPY
o e} mASLA Feh

3. 7484 golM AYHEX

4% 903 AAMNY AF H FAA AL EEE F3H7] A A
A 4Gl 23 FTLAEE ARG AN YE= FLABROZ AR
o o3 FLAH #AHE /M 239 XdA EAY AL oF

3 2.

vx[ puvxA] =] (N

_ N
=73

A7\ g X (magnetic permeability), Ax HEHo 2 FHF A7|xd
A (magnetic potential), J& AFIUE, N IdY JAMF, iE FYd 3=2=

AF, S FYRE] GuHFyg ZZ Yedg. ALY E(magnetic flux
density) BE A7 XdA-& o] &3l T3 Zo| ALHED

B=vXxA (8)

23t A H¢ Ar| 2L ¥R EFAStY ARIES FL UL
7] g (NS G5 2ol IE3] U + AR
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dA,
(ay

ax ( ax "‘]z (9)
¥ 29 (variational method)-& A-83}7] $1§ energy Functionald o534 2
L Y g Ze=ob]

F(A)=L—%—B-Hd!2 - fQJ-A e (10)

21008 AZ "o Frt H42999 ARE TN ArIxddel o
HE T & Atk Fig7e ol AFF F 714 AAAFRE 5 AWUA
U 39A EE9 fFaLHNS A% AAZD R 84 EYHE e
Wi ek olAL 39A Azpmzo thiyAgel oF MM 14 9 nHI
Aot BAxAL FAHPL T wxgddAe] XdHdo] Folzkn 7}
AP dABANM = EPAY £ o2 A7t o] == Neumann A
Z3[561% 283t

A=0, on 8l (11)
A

F dA 2=Q 69A At A4 A gl o dAe 12 & nHHA
< B o)9 FUT FAxHE THAHSEAU.

N

Table 12 #4ol] o] &% FFaso] 2UES Uepith BE a4& A
¥ QA (triangular element)® ST WAL S 1Y J2o BRES O
F97) W&o sjAo] A}EE xE(node) ¥ Q4 (element)d] AFE BT
met tan Jziv 4 RRAAMY 849 FAvie F 7R 2= did HE
g A s
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Fig8& + 742 7E¥R=9 HA4e 2 HolAele] v AAMe g
& wRALH4e2 T3 Aoolnt orq HANHE A7)Ho] sty =
el A7HE Ffolx: HolduE AWE 2oz Rt SANE =F9
BHZ AHE F A Aol AW AHE UEAD 3do] FAY 2=
= A IS dEhlle oz ok AMY ALBRTE Aa wx 3¢
WPy FEATAN LR Ao YREL vz APP 2oz i} 23
e 2W I Reel Aol AFHL I £ Uk IR mRE= LIRS
AL 2 ALAYE oo vl T ASUEE A/ TAHL R0 o 3
MEHLEN T k. A3 FTAE Aol TIE 2mmet sn BH
o FAE lmm2 74sH 7139 A(working zone)e 2O THE 3mm |

o] Ro] g}

(@€ 623 TEEES AN U f¥as H4ARS e
dyEe A4e 2FHT Y A3 AW AZTE T4 BAYD U
MA AZegE ALl A Eol7kA 4ee T 4 Utk ATAAY A&
EE 07 T2 Yeiith b 684 FERE9 Holdrjo] ot A4
TEZE VehTh 7HEG QoM ASUEE 094 Tolth (0 387 5=
=9 A9 2Xol tY K24 4 RS yepdch o] AN 2
$UEE 085 T2 ALEYo 6849 2 Auun 54 eyt @=
38A TEEES HolguHle APM REE Uuhdn o ge &Uwi}
DE ARt & 126 T2 AVEA,

FRL2YE o183t AP 1B AYAEAEE Yol Srhx}
712 & o]8F B9 ALAYE(B=0ITIET 5 v} o|4 =4 Uehgot
=Y 7H399e BANAHY A% 439 £Yo] S} HolEAE = o
AT AF Alels] 2ol Wt olsige] ARAEE FAM U] Artgo
2H FTE selF Foleel $YL o7n A4 HAo| A5aA o
o},
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Fig9= 3AAEdnA 2L 0|83ty 7138 o4& vepdt. 282
dHS P ZFASUSIELZ FAE 15mmeoeln AAAAH-L 50mmeitt.
A71%9 JHELEEE 2000rpm, ZYHFE 18A, AHEE AVdniA e BT
73 100 me YAHFe+rAlLOn)E AHE3IATH. F4FE det FA3] o]FA7A
A AR 3 FRUHY dFEF HEFE F 60% T £ 2 2
7} ¥ A2 Ra 152m9 AAL XHL Ra 0.052m=zE FFAIZTH

5.4 &

Nzs BEd AFPeE JFel ojde T YANEAL A% 3
FHTE HAAYAnAT N2de ALST A4 A9 e 2e 2
g 2

() 7B Y9 5FFTTE 483 JAAIN] A AFT A5l &
7tEe AFAEE AT FAA stojol @b Agd A2 Avts
E AgzE 7PRE Ao 134 FAES A

(2) FFLAEYE o] 83t e AT ko] AZHS Y= FANEHS QA
& 5 AFo] FAl AzHL Je HoldeHle] AJHERE HNFT 37
A FERES AL 2 HojdedA stFdgel A&LUxrt 62A
TEEE ¥ © IA vgtew I %S FALEL B¢ 0.85T, Aol
e A9 1.26THS. @ekd FEHEY gd5dL 7HestA st A8
Ae 38 FERER JAA}E DA AL T

(3) ARS¥ FH(SUS3G)S HAZANEE A/ 23 2 7t54S &Y
&t
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Table 1 Data used in finite element anlysis

Element type triangular
Current density 3.1 A/mm®
Number of coil turns 1040 turns
3-step mode(Fig.8, Fig.9) 95

Number of nodes

6-step mode(Fig.10, Fig.11) 109

3-step mode(Fig.8, Fig.9) 34

Number of elements
6-step mode(Fig.10, Fig.11) 187

Table 2 Comparison of the magneic flux density in working zone

between the 3-step mode and the 6-step mode

content | Magnetic flux density in working zone
mode Bmax [Teslal
Static state 0.85
3-step mode
Transition state 1.26
Static state 0.70
6-step mode
Transition state 0.94
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Circular yoke

{agnetic pole

Non—magnetic tube

_{._

Fig.1 Magnetic polishing principle of non—ferromagnetic

tube using rotating magnetic field
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(b) Equivalent magnetic circuit

Fig.2 Calculation method of magnetic flux

—144—



I

Finishing Process

Magnetic abrasives

Workpiece

I Rotating Finishing I Vibration
speed presaure speed
N [T T,
Head stock Electromagnet Vibrator I Finishing
mechanism
Motor 1 Coil (3 pairs) Motor 2 |

I
|
L

Sequential signal

Rotational speed

i s P
Mo

J) Vibration speed

M T 7 ™

I Microprocessor l

I VF converter I
AmIplltude of I Rotating Lpeed ? Control box
intut signal of magnenl.nuon

I I

| PC 486 I

Fig.3 Schematic diagram of polishing system layout

including the driving system
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H-ndle
Block

Circular yoke
T" lect.roma;net

Chuck&spline
Wo rkple ce{tube) Vibrator&chuok

\H /\
e S O R +—-———

S Moto:
.y e DO
Motor Table2
3 —1

Machine body -—_—__Hg:eﬁc insulator
' +
[ Tablel J

(a) Schematic diagram of mechanism

(b) Magnetic polishing system

Fig.4 Schematic diagram and photograph of the magnetic
polishing system using rotating magnetic field
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—o° D.C.

circular |yoke

agnetic pole

(a) B-step mode

circular yoke

Magnetic pole

N

(b) 3—-step mode

Fig.5 Wiring diagram for two driving mode of electromagnets
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F B
E C
D
circular yoke pole

(a)

AD ] e |
.JllJllllll
I

Biﬂllﬁilliflll—'—l'g
--4—-%—1!#.‘ll—-%—-i-L___J
T O O R O O !

CF = | | 1!

I I L ||
(b)

(a) Six electromagnets: AB,CDEF

(b) Input signal for generating the rotating
magnetic field in 3-step driving mode
( A 0~30V, T >= 0.5msec)

Fig.6 Input signal to the six electromagnets in 3-step mode
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Fig.7 Boundary condition and mesh configuration

used in finite element analysis
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(b) 6—step mode: transition state
(d) 3-step mode: transition state

Fig.8 Magnetic force lines for each state of two modes

(a) 6-step mode: static state
(c) 3—step mode: static state
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Fig.9 Curved tube(SUS316) polished using
the magnetic polishing system
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