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Table 1-1 Mechanical and physical properties of advanced structural ceramics ¢

Material Density | Flexural | Fracture Elastic Poisson’s | Hardness Thermal Thermal
(g/cm®) strength | Toughness Modulus | ratio (GPa) expansion | conductivity
(MPa) (MPa-m*?) (GPa) coefficient | (W/m-K)
(1/K)
Silicon nitride
sintered 3.2 600 45 276 0.24 14 3.4 28
hot pressed 3.2 800 5.0 317 0.28 20 3.2 30
reaction bonded 25 210 3.6 165 0.22 10 2.8 6
sintered reaction
bonded 3.3 825 - 297 0.28 19 35 30
HIPed 3.2 1000 6.0 310 0.28 20 35 32
Sialon 3.2 650 5.0 297 0.28 18 32 22
Silicon carbide
Hot pressed 3.2 550 3.9 449 0.19 25 45 70
Sintered 3.1 400 3.0 427 0.19 27 4.8 80
Reaction-bonded 3.0 350 35 385 0.19 17 4.4 90
CVvD 3.2 500 26 450 30 55 150
Alumina (%)
85 3.4 296 35 221 0.22 10 5.3 15
90 3.6 338 35 276 0.22 1 6.1 17
96 3.7 352 45 303 0.21 12 6.3 23
99.8 3.9 552 45 386 0.22 15 7.1 30
Zirconia
Cubic 5.9 245 2.4 150 0.25 11 8.0 1.7
TZP 6.1 1020 11.0 210 0.24 13 10.6 0.4
PSZ 6.0 750 8.1 205 0.23 12 8.3 21
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Fig.1-1 Comparison between ceramics and high polymer materials
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Table 1-3 Joint of ceramics and metals

Bolt

Mechanical jointin
[Shrink fitting

Organic and inorganic adhesives

Jointing of Metal auxiliary agent
ceramics and metals
Auxiliary agent | Oxide auxiliary agent

Compound auxiliary agent
(Sulfide of copper)

\_ Diffusion reaction
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Fig. 1-2 Process of joint by copper sulphide
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Ceramics sleeve Fitted part A
Steel shaft X

| ‘ >M

(a) Conveying roller

B >M Compressio! |! || ll J!|

(b) Fitted part by shrink fitting

(c) Fitted part by adhesion agent

Fig. 1-3 Comparison of jointing strength

B 1-3 (Zid v — T — G ENEEAE L PERD L ICK DR R L GTIETEEEIND
Lo O AR T DM E 2 B0IoRd. e AnTr—7—I2, i
F— AL M E R DROHESEOAHEGEN) ZEMERICHET 5. BEIKROIETIT
(X 1-3(b)) #41H B T, JEMEIS 12 AHET DIRMEICR-> TS, —F, HEA
PE T, K1-3(c)d & o iz/hl C 3 am e 720, ifE—A 25225
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TN 2B ITITREEEITHE L TN E R TE 5.
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Table 1-4 Conclusions of jointing of ceramics and metals
. . . . I Heat .
Jointing of ceramics and metals Dimensions | Jointing Strength ist. Conclusions
For rolls and rollers) >300mm >200MPa resis a?ce
( >500°C
Shrink fitting © © © Appropriate
Mechanical
jointing Bolt O X X
Mo-Mn > % %
Metal Au X X X
- auxiliary
Aucxiliary agent Pt > % %
agent
SiC > > >
_ Inappropriate
Compound auxiliary > % %
agent
Organic adhesives % > X
Adhesives
Inorganic adhesives % % O
Hotpress
Diffusion X X O
reaction HIP < % O

Note: ©—Excellent, O—Average, X—Inappropriate
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Fig.2-1 Layout of continuous galvanizing pot and rolls
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Fig. 2-2 Dimensions of 1/4 cylindrical model (mm)
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Table 2-1 Material properties of ceramics

Thermal conductivity (W/m-K) 65
Specific heat (J/kg- K) 680
Thermal expansion coefficient (1/K) 3.0x10°®
Young’s modulus (GPa) 300
Mass density (kg/m?) 3200
Poisson’s ratio 0.3
Fracture toughness (MPav/m) 1.7
1 1
1 _x |
1E |
1E |
[=] |
13 | 25mmfs  lp------------ | F-————-—-—----- I
: ?,;‘:i::f“:\\‘\l Molten metal 1, = ! = 1 !
A ]
: | ! :
I | ol I
! : | (I I
e ! 25 mm/s . Omm/s E| 1
- | [ ol 1
1 1 1 SI 1
1 1 1 N 1
| 1 1 |
1 _ 1 1 1
1 i 1 1 1
1 1 1 |
| 1 1 |
1 1 1 1
I e 1 1 _
1 1 1 I
Step 1 > | Step 2 > | Step 3
(0~245) (24~84 s) (84~204 s)

Fig.2-3 Step of

dipping
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Fig.2-4 FEM model and mesh division
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Surface heat transfer(W/m?-K)

_’
1000, v=25mm/s —» ©
_>
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x(mm)

300

25

Fig.2-5 Surface heat transfer coefficient as a function of x for roll in the

molten metal for A of Fig.2-4
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Fig.2-6 Surface heat transfer coefficient as a function of x for roll in the

molten metal for C of Fig.2-4
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Fig.2-7 Surface heat transfer coefficient as a function of 6 for roll in the

Surface heat transfer(W/m?-K)
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(a) Before dipping l? (b) 9.6 s later

(c) 18 s later [y (d) 24 s later

L L L L B S L B L L e . e

(e) 84 s later (f) 204 s later
"""""""""""" step2 step3
Contact Near-contact Non-contact

Fig. 2-8 Contact state during dipping
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(a) Maximum stress vs. time for sleeve during dipping
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(b) Maximum stress vs. time for shaft during dipping

Fig. 2-9 Maximum stress vs. time during dipping
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OB Maximum stress

OA Maximum stress

A
o

T fmax ag
Hmax
-6.31 -1.79 2.72 7.24 11.8 16.3 %10 (MPa) 323 226 129 326 6.42 161 x 10 (MPa)

(a) Stress distribution of sleeve (b) Stress distribution of shaft

Fig.2-10 Position of the maximum stress for shrink fitting (9.6s)
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Fig.2-11 Maximum stress vs. time for sleeve without shaft

C: Maximum stress
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Fig.2-12 Stress distribution for sleeve without shaft (42s)
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Fig.2-13 Comparison between the results for the sleeve with shaft and
sleeve without shaft
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Fig.2-14 Comparison between the results for the sleeve with shaft and
sleeve having partial insulated zone
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Fig.3-4 FEM model
Table3-1 Material properties
Ceramics Steel
(SizNy) (Hy220)
Young’s modules 300 210
(MPa)
Poisson’s ratio 0.28 0.3
Tensile
600
strength(MPa) 500
Fracture toughness 7 100
(MPavm)
Fatigue strength 200 300
(MPa)
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Mechanical Engineering Dept Kyushu Institute of Technology



¥ 3E 41

55 OYE b A=Y —Y v 7 L OERMERE T, WEO o, 3ME O o,
ICHEART/IEW, Lo TEARIZRBERD I T, 20 & 5 IMID o, 23K &
SHRBBENELDEEZLND. UL, HEICHN D ICONTHED o, A
KELARY, BHETHET 5. h=30mm OH AT 3-5@)ITRTHA To,, &
L %75, h=10mm OB IEE 3-6(b)7HANDIHEY , R CHNE D o, 13
KiEZRT. ZOXIICHEEZZT L2 PEMERTITER, NED o, B REW
DIZHF LT, h=10mm TOERYBEHR D TIXNS o, O K/ HiEE L CHVE R T o,
DI RKVBELC DI, &t HIEEL T 5.

Mechanical Engineering Dept Kyushu Institute of Technology



H
w
M

O¢s, Ozs (Mpa)

0os, 025 (MPQ)

150

100+

-100}

-150

_; i \Jﬂs_lnside

Tosmax=96.7MPa (A) -

Ops_Outside

20 40 60 80
Contact area (mm)

(@) oy, 0, vs. contact area for h=30mm

150

100-

-100 -4

-150

50|

-50;

oosmax=108.2 MPa (B) =
O¢s_Outside

20 40 60 80
Contact area (mm)

(b) 04, o; vs. contact area for h=10mm

42

Fig.3-6 Shrink fitting stress distribution on the sleeve when 6/d=0.3x10
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Fig.3-7 Stress distribution of the sleeve when §/d=0.3x107
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Fig.3-8 Stress distribution of the space ring when 6/d=0.3x107®
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Fig.12 Cycle stress model
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Fig.3-13(1) Relationship between endurance limit and mean stress when
h=10mm, 20mm, 30mm (Safety factor=1.0)
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4.1.2 fRMTSAH
4.1.2.1 BRE&MH

Bt O 6 A —THRDIABIOWNEE(d = 210mm ) TERL 72 DA BEfRD 3 5/d
LIEFT D, X 4-3 1T L ALAE R T5ET L (model A) L DEERSEIEEZ R T
ZOW%, IOZAHFEE L HEORMNEIE2ESE, ZRE ORI THEHRD
5/d EORIRETH D, IEERTIZ 10,0008 £ L, [24-3(b) IR47 180, HIEAGE T4
V=7 EH OB G E T OA) —7 A REE T 5. £, MUV IR PR
FEIIINEA D SEBRIC IS H K 4-4 OIMEIh#RA FEHEL L TRV, KBTI
HEFNR ST D, EOMODAY—T7 SR, W, 456 M O, 2
SREEZE M &5, S BIL TN K Ok i CO-ClIatbileh i, 22 i B 4Rt
LIz, ZOMNT CH X 2BMREE o L5<H R e DEEE 4-1 1T . Fio, Kfif
HrClE 172 il FRE 7 /L& - QDT80 AY — 730 A i 18 | W 22 K OV 5 T) 28467
u,=0, TAWIE )7, =0 THD. WAl IEEE o, =0, 7, =0 THD. Hfih
[ COREIEREL U I IS E Rk i < o B AR L B fih i O BRI FE 5
TRz @ L COBYRE THHEE 2 B DM W KA CIIBERR D 1 LD BEflTE /)
MREL, ERBYEE N LA ERDEEZLNDDOT, HfEREROEE KELL
D, L0x10°W /m?-K &L7z.
4.1.2.2 BHEIOYHEAE

£ 4-2 10— — DM B O WP Z R~ T B O NI S T 5705, AU —TEH DR
BIELTIE, BII97AH E®TI07 AN D2 OB IIv I A% E 25, 2 FEOE
TIVIADREILBENIBMEE R THY, EIIVv I AH TEIIvI AT THIR
T 4 (SRR BVRE RN RKE .
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Table4-1 Values of heat transfer coefficient and
emissivity ¢ along the r, z (mm) coordinate in Fig.4-5

Heat
(Forced convection,
Radiation)

r=135, z=+590~800
=50 (W/m*K)
&=0.4

Water cool
(Forced convection)

r=20, z=+590~1150
@=1.163x10* (W/m? K)
&=0

Air cool
(Natural convection)

r=105, z=0~+590

r=135, z=0~+590

r=20~105, z=+590

r=105~135, z=+800

r=50~105, z=+800~1150
(shaft surface)

a =50 (W/m?K)

&=0

Insulation

r=105~135, z=0
r=20~50, z=+1150

Table4-2 Material properties

Ceramics H | Ceramics | | Steel(H\200)
Young’s modulus(GPa) 300 294 210
Poisson’s ratio 0.28 0.27 0.3
Tensile strength(MPa) 500 500 600
Mass density(kg/m®) | 3200 3260 | 7800
Thermal conductivity |62.5(393K) | 17(393K) | 25
(W/m-K) 12.5(1273K)| 3.4(1273K)
Thermal expansion 5 -6 5
coefficient (1/K) 3.0x10 3.0x10 1.45x10
Specific heat(J/kg:-K) 680 650 477
Emissivity 0.4 04 0.4
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4123 fENTET IV

AIFEAT T, BMREMAT (A BV TEfRAT S LB TH DT, WH 22 BT
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Fig.4-6 Time vs. o/d for steel shaft and sleeve
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4.1.3 ETIVADRENTRE R K ORE
4.1.3.1 SAMRY—T7 LERBL v T FOFESNLIZDONT

ABFIETIE, BB B Z 80, AU — TR AR BTy 7 AL LTSN 2T 5.
AN R DT, ihiEs, A — 7l O R e L TRET 2179, X 4-6 122
DFRFTREREL T, BRSO = 6/d 2SI LE2 Dy HERF R OB/ Z R~ 7. 7HED
I E 3 R PR AR T 0 B2 Al O B T 10 D EALZEA U = ULy U g P
Au, >0L7potzb& 5. Sy BB ba R R X BEfil i COATE ONLE T HEL =28
%L, SrBESE T RN HEAR IR O T N COMLENBEL 722 &% T, BERORITEX
ST BER A BT VT B TH R, T2, BERO IV NSOWEAIE, EEC
T LIS, BERODREREL T S4BT B+ A3 R< 2%, [X4-6 &
v, SyBEBAAR R & BERT 5 T R RDIE 6/d = 0.1x107° L F TIRBAE ICHINL, £
LU RIZ72 5 LIRIF ER A CHIN2.
4.1.3.2 BIIvIABR)—T LERL ¥ T FDFESLITDOUNT

WA R A8, 2V — TR a2 T30 7 AL LTI &2 T o7, ZO%A Tk
I BIET B A AR 7 Bl A2 Uedn o T2, D EARRICHRIZ IR R DO K &7
BHER 23 A — 7 NI KT L TR IC R EWEE T, AU — 7 EO IR A AT
720N DEESEDTEOITIT TELIENTER ONE DR A M AV ENDHD. T DT
DINEAY =T BN n o> TOEE KA L, SO E F 22 o 0E )1 H
.

Mechanical Engineering Dept Kyushu Institute of Technology



i
IS
i

61
1600
. >
Nsieeve=30Mm r
\
('2 A 7 > Y
0 - _—
o h=30mm ' =
N 590 210 Sag
J& — >< >
2300
<
(@) Dimensions (mm)
r
Air cool Heat
AR A A A A A A : Air cool
vy oV A A
14 Y V V. V V V N S T
Air cool v M v
. Y \
u,=0, 7,=0, Insulation Water coo1
0,=0, 7;=0, Insulation
(b) Boundary condition
Fig.4-7 Roller model B
r
Nsleeve=30Mm
Y
oL’ MA
v ek .
L n /
/ Ta Te 15mm \
| Sieewe 149 ® —— mz
{ s - _Q/ 5mm mb/
r=d/2 z r=d/2 z Au = ur‘r:(d/Z)* - ur'r:(dlzr z
590mm
—>695mm
e ———

Before Shrink fitting

Process of heating and cooling

Fig.4-8 Relation of Dimensions and signs

Mechanical Engineering Dept

Kyushu Institute of Technology



&
IS
1

Original

Low

Temperature (C)
(o2}
3

o spoo 10000
Time(s)

Fig.4-9 Three atmosphere temperatures

10000+ + v v
r 210mm i
* 30mm [ %
—  8000F "l ]
b E Oomm g ]
£ 2 S Low »
— r a\| ]
g’ 6000; E
c E ]
2 - 3
= : Original _»
c 4000F -
i) r ]
§ o E
S i ) ]
& 2000 High -
)7 ol N B

0 0.1 0.2 0.3x10°

Shrink fitting ratio 6/d

Fig.4-10 Time vs. 6/d for three atmosphere temperatures

Mechanical Engineering Dept Kyushu Institute of Technology

62



545 63

4.1.4 ETNVBORENTHE R K OREE
4.1.4.1 SRR LBERRD RO BIGR

4-T \TRULTZET )V B OFRIR TIT 24T 072l 25, BTy 7 AR — 7 L HL
DO A EOE T CE LI LN RSN, Lo T, LIRIE, ZOET VB %
FIVY, BRI 280, 2 —F SN BT 7 A H & T 2175, £, 2h
VAR Iy BRI & U CREA IR AR AN 0 Bl T2 5 B T BRI D 7R 9.

£, X 4-9 (R T ICHEIHEIRIE OB A Z LSBT L& DO FERD = 5/d
EOYBERFIRI D BIGRZ M 4-10 (T3, FRIHSUREE D LA 03 RS BiERE T IRy IR (]
T IR ER DSBS TRERIZ R D, SR EET AN ATRET
D, 2T, 2L, FHESIREIZILX 4-9 @ Original(X] 4-4 [F#R)Z 3%,

4-11 \ZBER D F 5/d ZEALE R T &, DNEVRE I O BE DN kT L CHEMRET 2>
z =590mm 7>5 790mm D E ZnN GBS 50 E R T, X 4-11 2L AU BRI EE A I o
B 2SR 2D BHAAL , BiV TR — 7 E A S 3 BEA AR 5. W IAND 5y BiEAN
ITLCNE, FRAFETHBEDRTE T 5. BERD SEAV NSRRI BESE 7018 238
filt T FP G DY, BEHRD K ELIRDITDIVTARY — T S D J7 ~ DAL A3
L CNWDZENGDD. BERRAADE T ETORFRIZEERD a2 KEL T E
R, S612, K 4-6 [ TRLIZAY— TR EE R UMD & LTIy
JA H TGRS TR e B<7eoTHY, 5/d =0.1x107° THyffEsE T REH A3
10 £5i<, 6/d =0.3x107° TiE 15 fF 2L LML THHZENHBNER T,
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4142 SEERRICRIETRY—TEIME D DR

AY—T7 4% D % D =270, 405, 540mm & L7-54 (20 && d = 210, 345, 480mm)
Doy B T R L BEIRD R 5/d DEIRZK 4-12 1TRT. ZONHAR)—T 44 E D
NS B BRI R DT EN 303 % . ZOBRZAGINIT 572012, FrHf
B 4 3 (Hh S 58 IC B T ARV — T Ll OB E 2 ICHEH 5. 4-13 |
D = 270, 540mm £ #L€ #1035 D il dii 8 C 0D AV — 7 E LR o0 i B A Py SR o
KB TRESHETRRT L. 77205, D=27T0mm DEXE, T,(z, r)=T,(590, 120),
T, (z, r)=T,(590, 90) LT, %7z, D=540mm D&%, T,(z, r)=T,(590, 255),
T, (z, r)=T, (590, 255) L TR 5.

Fo, TOMREAT, =T, - T, ERFRIOBRL X 4-13 (TR POt 1357 BER 4h
REfE], t 10 BESE TR AR L T A, X 4-13 K0, AU—71R 1L, D =540mm D
TS, SRR 1L D = 270mm O G BN EN G5, HE-T, AU—7 LlliDIR
JEFE AT 13 540mm 23R EL, RED ST NGHEL G\ ED 5735, sy BEPI G IR & 47
BESE TRERNICIEH LT 4-13 2R THDE, s BEBR AR OIR 751X 270mm &
540mm TEA Lt =9.5C(318s), t, =53C(2155) THDHN, /Mt TR DZ 4L
FALDIREE T t, =395°C(7006s) , t, =134°C(1621s) L7x>THY, IMEFEN DX
SWEBYINTIEBENSE T3 ETICED RERIBE AN MLE THLZEL 0.

4-14 120X, 7 BEBALAT: 1000s R COARY —7 LHROBE R (Z 31 DAL A

ul Zod. X 4-14 XY, D =540mm OBl E S D Sy B

r=(d/2)* ~ “rlr=(d/2)-
D =270mm KOG 3 BEDHEIT IS RN EN 0D, ZDOLH72TEND, FBERAY—T D
STBERR N/ NAY — 7 LD BN LB T .

Au =u]
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4144 SBERRICRIETHROALES L OFE

HROIAHZFS LIE, 8 OBGHCIIAY—7 NWRIZHA T DI ESNATEN
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ZZCMEMEFTI 210mm DFRFEFRICE T C—ELL, Kim & OZEm & FT KD IA A
B LITRHSLTE LS. X 4-17 ITHROIAAHFES LK ohEROE 5/d 24
LS ET xR TR M OBRZ R . X 4-17 77655735180, L Z 210mm 7>
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AFEHTCIE, AV—T AT D8 TI0 7 AL L TR 42 (TR TEVRE RN R
HEIIVIAH LBTIVIA N BB 2D, K 4-19 (TR —TMEHT R DIEHRD F 4
IS T L E D BERE R OBIRE R T, BURE RO EWETIv I A H D51
KR RWZED 0035, BETIIv I AH OBYRERITFIR TEIIVv /A O 4EFRKE
V. AV =T OBYRE RN K E WO T I B, AY—7 LR
ZEMOENIND, EEMEEMEO YTy 7 A H O3B TR <725, ZDZe
X, 4-20 IR T EIIVvIATORY — 7 LHllE @ .0 fF U O IR B 7E
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AH L, BUSIHERBUIIE RN CTHLA, S BRI 24T 272013 B TIv 7 A1 A
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AWFETIE, 797 A= —DNIEA) — 74 TIy 7R, 2R A e L
THEIRD 12355\ H T DR AR 76D DPESML D AT DUV TIRYT, BiETa1T o7z,
T, RAY—=T7 Ll D BERR D BT RET 252t > TR RTREL I E L TZ.
ZLT, BERDER DL, TRk, MEP BT TR EEZEL, L TOomAE
157
(1) AV—=7SMADANEL , SN Z KD T 2282 L> THALD /NG E (X
4-2 BTV A ITBERFRETH DD, WALZ RELTZHIENIED/NSWGE (B7
v BIIZBERTRE ChD. £, FRPHSKIREE D ERANHNESRERRIT A0 D. Fiz,

2—Z—ORERD D/ NSLARDIT DIV TRAY —7 Ll o0 43 B s 1 X< 72 5 (X
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(2) RV—TEIMED MR ELIRVAY —7 LRI ClRLE 22N E U5/ b &, LorHERE
LR D LD G257 (4 4-12) .

(3) HEROIALIIEE h D/ NELI2 D & BERFITF 725 (K 4-16) . 24U, Kim
DINRINKELIRDTCDIZAY —T LRI DR L DD ERLT <D0 ThD.
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BT, IHEVDIL 140mm DA THY (K 4-17), L=140mm 22N I0FHESTHE
T LA HERERIL R 72 2.

(5) RV—T MBI L TIRBMRZESRD/NSWETFIv 7 Z | DS A5 BEREREZ4E (11
4-19). ZIUZ, IREEDPETH WD THD.
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Fig.4-22 Double cylinder models with 5 different boundary conditions
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Fig.4-23 Double cylinder model with coordinate (mm)

Table 4-3 Values of heat transfer coefficiente and
emissivity ¢ along the r, z (mm) coordinate in Fig.4-23

Heat r=135, z=+0~210
(Forced convection, a = 50(\/\/ /m?. K)
Radiation) 04

Water cool

(Forced convection)

r=105, z=+0~210
a =1.163x10" (W/m? -K)
e=0

Insulation

r=75~135, z=0,210
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423 FRETHER
4.2.3.1 EEa—F—FFT I DOSBEAT =K L

4-241Z, §/d =0.3x107%, 5000s DEX, AU—T L7 D HLOIRE D Hiz R~
T HER ORI E O, ROBEROEE IR ZEN 05, K 4-24 10, 5y
B TRl O MRS B AET5. [X 4-25 (21%, EETT USRI EEE TETO
AY =T L% 7 NI DAL O T M AN ZDO R Z R T . 22T, 408k
BHARIE (308s) , 4y BiEi L 11 (5000s) &5y BiE 5 T I (7006s) DZENL 722 R s, 2872
B0 KORENWEGHET 222 BRT 5. X 4-26 121%, AV—T &7 MBI LM
PRl O R T B OBMRZE R T, X 4-26 L0, 53BEE TR —7 02 T7 10O
EALTRELL, Y7 DI/ NET 5.

25 e
}-Sleeve
200" ] T
—~ : : Shaft
8 i T 1oy TSIeeve
© 150- ‘\/A 4 /
2 /] ) ) /
S ‘e /s [ [ — 15mm
g—loo/f______b\ LA — 15mm
3] L |
= T 590mm 9}
i Shaft \ 210mm
50- io(—ﬁ >l< > z
rSeparated Non-separated ] ( ( AT =Tgeeve = Tshan
590‘”‘””69‘30“””‘755

contact area (mm)

Fig.4-24 Temperature distribution along contact area at 5000s
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Fig.4-26 U. along the contact area
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Table 4-4 Separation finishing time(s) (model 1, 2, 3)
8/d (x107%) 0.1 0.2 0.3
@ Steel
P <R 1.6 219 282
Steel
Ceramics H
no
@ P 1195 4045 separation
>
Ceramics H

Ceramics H )
© > no separation

Steel

4.2.3.2 Hplie “EHAMETNVOREEAT =X L

(1) ZEMEET V1, 2, 3 D5 HERRR

4-22(c) v IO THEMAMBET IV 1 05 3 TIEHE B O s RS0
WY, R F RO U, DT R T—EE 72D, ST — XIS ED. 22T, & 44
(R TEIIZ, BT VLG 3 THHRD HBEZACSETI5E O BESE TR DT
HL7z. &7 /v 1 OWNRIFTE, SMAIF & 23 3SR IR R O R E 728l D5-E 13X BEfR D
3 5/d=0.3x10° THBETEDN, TF /L 2 DI, Wi 5 HIFRIEIRRO /NN BT
VI ADBGEITBERO E DR E5/d=0.3x10° TIIBETER. £, ET ALV 3 O
FOUZ, AMEIF 15 25 PRI F8 O F LRI R D /NS W Ty V ZADIGEITIE, 20
B RS TIIBER D RO /NEN §/d =0.1x10° TH B CE 720,

(2) “EMEET IV 4, 5 DOy HERR

¥ 4-2712, §/d =0.3x107°, 5000s D&, ET NALET ASIZBIFHAI—T L ¥
ThOHLORE A %R T K 4-27 1Y, BT VADIREZEITz2O T A>T
&Y, BT NAEDIRE ZIT/NSARDIEN D o7, K 4-25 1ZiE, ZHMABET
/v 4, 5 (ZIIT DA BETE T ECO PRI R LAMAIF R 136 1 2 e if o0 28 1)
TN ZZDBRE R T ZBALEN 0 FORENWESHETHZEAE T 5. SMAIF 2
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BIIv 7 A, WRIFE DO A G DEICEBNT, BTV 3 OFESRSEMTITTHET
EIRMDTZD, BFT V4, 5 DINTEER KM BT HEBETELILEN 5.

WIZ, B 4-29\C “HMBFEET V4, 5IZBT D5 BETE T £ TO NI & LMl fE
(BT DR O R AN Z R T, £, REITCOHERD 2L 6/d=0.3x10"°
Thb. X 4-28, 29 (a), ()LD, ET IV 41T NS, TF /L 5 XL By B
PEATL T ZEN DD . ZO XD 1 SRS D18 T LDy BEZE B 03 28 b
THIEDONTEZTHD.

4-30 |2, —HE RSN HREIMAIZINEY, NEZREISNTZ5E OB A
AT SRR A ST TTRY, MU S TR 572 T £ — A R
AT, M 4-30 DI EEEAAET O IINCETEL, FiGD r Jin — 260
REV. RITK 4-31 12, BTV 4, 5 D HESE TETOERBREEZ R, £E7 /1 4,5
EBIMAIF 5 (272 7 AN E b THIRZ 52T CDT2, FHiRD r 51 —ZERIANK
. 07, WRIM@E O HRIZET L 4 Tldkess, ©7 /45 TIEAm Tl Tnai
W, v SR —ENINTET V4 THEA S, TV 5 TIEEmBKELLD. Lo THMIIM
EENMIME D r HIAZEGEFER, BTV 5 DM RS KEL, Loy B T
LTI ENGND. Flo, BTV 4 J0G RS TR 725, £72X 4-14 S0,
TR —T—ET VOO RN LMD EEL TO<SETIZET LV 5 1
LlCnag. Ziugk, 71 5 Er—F—ET LOMEFEEBREITNDTZHEE 2 HiL
.
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(a) Temperature along contact area at 5000s for Model 4
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(b) Temperature along contact area at 5000s for Model 5

Fig.4-27 Temperature along contact area at 5000s
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Fig.4-28 AU, along the contact area
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424 FEEETNEEMRZENRETNVOSEER I =X 5O
4.2.4.1 —EMBHORER

ALY, BTV 4 LET IV 51T BETE, BT /L 31T BECERNWZEN 00D,
Oy AT =R DETER T D701, X 4-30 D/RT X, S — B MR OE AR
. HfE QS ENAONINZIRE 24 <E, —HHBEOBEBIIMN 4-28 OIOITR
T oL, Wiz EET 570, BT /L 31K 4-28 DINTE TR TERNZ LA
fif CED.
4.2.4.2 EFT)NV 4 LET V5 OBERO K

X 4-31()I121%, BTV 4 O FEmEEZ T . ¥ 4-31()&D, T /L 412O0WT, A
V=77 OE D ERITEL TS, &7 MOBGRIIZIRRIZAY —7 L0 5 {512
RENWZD, VX T ROENNTH Lo RENWZEN 5. B, AV—T Lo v 7D
BN TN B CLECDZ LD 30D, i n, BI85,

4 4-31(b)I2i, BTV 5 OEFEFEE T . T /L 512201, X 4-31(b)ITRT

NTEERGATEN 2D, AV—T v T MDD LEURERDENITIEIZ L0575, B
B, RV =T L T DN TR AN CAECAZEN 305, T, B
Ho B E 5.

ET L5 OLBERERIZET L 4 JVEWZEZ2EE T 5. T /L 4 LET V5 DL
WY, Y7 ROERIKTERICZEN 303D, LoL, ¥ 7 MO E FIEDSEI T2,
EBT A4 LETIVE DA)V—=T DEIIREREIZEDN 3D, ZLTC, BTV 4 Lt
T, BTV SIEGBEA ELRTNIER DD,

o
Fig.4-30 Thermal deformation of steel single cylinder model
(magnification of displacement: mmx50)
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Fig.4-31 Thermal deformation of double cylinder model
(magnification of displacement: mmx50)
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4.2.4.3 ET)V 4 LETIV 5 OBERO g
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FRr—T7—F T )L OS5 HERE TR (70065)13E 7 /1 5 Dy HERE T IF[#](56875) &1
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bid.
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ATEICI, R —T7—FT M OWTORESNL ATRE R RO RRGT AT Te 572, AR
HiTlE, ZOXIREEM O SBED A =X a2 LVFE LT 5720, BEfkD T
HINT B ZEIEET AV ERHOTRITZITV), ERr—7—E7 L LDk
KOS aAT72 072,

CEMAGET L EEERT—FT—F T L ORE RA B, LT EE-.

(1) AV—T7 &7 hOuZEET 5 _EMFEET I ONT, AY—TLvy7
NI T35, HDVNTETIv I OEE T NBECED(E 4-4). AU—T )
BTV, T RO AT BETE V. ZHUTN IO v
DEGRIEIRERDIMUD BTy 7R —T LY RENZEEEZHND.

(2) —dmzEE, Blo—mAHBO _EHET VEEZ L. EIIy /) —7
DEEHER SIS 7 MO A B iR & [E € DE T /L 5 1FA—T L% T ML i
HzFEEDOET V4 FVFBERECLT V. 2L T, AV—T L% 7 DD
WBOIDTELEZ LD,

(3) BERRMEBTHI®D, FERn—TF—FET VT ET /L 5 DOIHBEAT =X LI
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Fig.5-3 Model B initially considered
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Fig.5-4 Temperature history in the whole process of separation

(6/d=0.3x107%)

400 |
350
300
250 |

T,(Outside surface)

Ti(Inside surfacce)

Temperature(°C)

200 - ) ya—
590 \
150 | 800mm 7

100 - !

separated ]
—_— p q—

665

Qoo+ 750

750 795
782.5

z coordinate (mm)
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Table 1 Material properties of molten zinc and molten aluminum

Physical Property (422i(;1’CC ) (7'56\(;@)
Thermal conductivity(W/m-K) 58.8 112
Kinematics viscosity (mm?/s) 0.489 0.967
Isobaric specific heat (Kj/kg-K) 0.505 1.10
Viscosity (mPa-s) 3.26 2.20
Constants in Eq. (1) when

Re=1x10%-2x10°(C,) 0.26 0.26
Re=1x10%-2x10°(n) 0.6 0.6

NumEam-D
A

0.25
0 Pr
=C,-Re -Pr°-37-[?] (Re=1x10°~2x10°) (1)

Table 2 Material properties of ceramics

Material Property Sialon
Thermal conductivity(W /m-K) 17.0
Specific heat (J/kg-K) 650
Specific Weight 3.26
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3 BMRERB DTG R
31 R b—7 OENTHER
311 BEICERETHEDR b—7 OBURERIK

ZI T, A2 EE u=25mm/ s TX 1()D/R T LOICIRRE R I TR B 2R IE
LT=REDARN—7 WA D BMR AR 2T LT X 3 13l FRET L e, kTR
FET VA i LT BV RS . R E T A ORE R, e T
JVCHEHAEDNERK LR STGE T S 35, M FRE7 A CiE, M3 ITRTIOICE
DOHMA A ENEI B Otz B 2D, — 5, ZIRITET VO C, D TlE, a Offlx
BT NVOIRORFELD —E L TWD. Fe, ZIRITTET VO C, D OfEIE, Hilixf
FRET IVOARN—Z74MAl A LN B D o OFHEETMEE/2>72. ZOFREIE, i
KIFRET VORNROGE, T 7 V=0 LR NEIR AT DERICIRE AL
JOESI, ZNORINOREN LA SN L0 E B2 HND.

312 FTICEETAEDOR b—7 OBRERE (RE)

4 [XAR—7 (2a=170mm ) Z3EE u = 25mm/ s TIRFET V2= AL TITRE
L7=BE (B 1(0) D &5 70356 ZARE) O RO R i BURER IO iz mL T, 7
B, ZORIT ZWRITHFED U =25mm /s DFEAUZE IG5 I L R IEEE A
TAHEE L LT BRBI G R 21T > TRATLIZAE R ThD. X 4 1ITRTI918, a D
I3 x=-85mm Tl KM o, =10.2x10°W/m?-K & 720, x=65mm 3T Tl /M
a, =2.5x10°W/m?. K L7 5. Z O FHHE 1T a, =67x10°W/m?>.K THY,

Zukauskas D (AR (1)) a,, =6.4x10°W/m? - K ERIKICENTES—~FL T3,
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Fig.3 Surface Heat transfer coefficient « for 2D and axi-symmetry model
as a function of x in the molten metal with the velocity u=25mm/s
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Fig.4 Surface heat transfer coefficient as a function of x for 2D circular
model in the molten metal with the velocity u=25mm/s
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Fig.5 Surface heat transfer coefficient for 2D models with different thicknesses as
a function of x in the molten metal with the velocity u=25mm/s
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ICRELT=DIT T30 720G L, ZOESTULMEIIy 7 2B EY 2 (R T&
RS THD. K 5 PHHDIINCEMRERE O i KB & O MBI ZE B0
ZENRGIID. BB RLNDDIL X =50~250mm ONLE T, JES t A/MSWNEEBYR
RN R EL RS> T0D. ZOBHEL TUIES t DRELRDIZE X =0 DALE TH
A7 AR =0 ANEETHZE TR EET /L x =50~250mm OAL & (22 fil 5 5 ¥
7 N =0 OB T DO BRI NS HEE 26N,
33 EBRRKVEMERERL*E X 56 DOFEHBYRERE

WIZ, EEE D ORBER L0, BREZEZ _IRGTTHIET VO EE
L7 A X 6 1R T. 2K 61, K4 ERICSEMC R IT AR OFRAUZ E D
NG AT U CIRIEIE FE 2 G & LT SR B R R 21T, B2 % 20~540mm
TERTEEDR R THD. o, W@ JE %, Wl 7 V=0 L K R gD —>
DFE A BT DT BT 572, X 6 XV, BURIERIOMEIZ R/ DM, ER BT
BB, EAR D BNRERDEBMRERIUT NS0T,
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Surface heat transfer coefficient (W/m?- K)
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Fig.6 Average surface heat transfer coefficient for different diameter and
molten metal with the velocity u=25mm/s
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Fig.7 Surface heat transfer coefficient for front of 2D rectangular model
(t=20mm) inclined by 45°with different velocities
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¥ 7, [X] 8 |ZJEX 20mm, £X 650mm O —IRILEFIHET L 45 FEET, VT
NRI= LT 2~25mm ) s TRIESETZBROBMRERE THD. /o, ZZTIHRIE
WA VSR SR DTN EREEL LT, BMREREZE ALz, X 7124MAl, (X 8 (21l
DEMREREZRT. TR 7 1ZOWTHAT 5. AEEZ 2~25mm/s TE X
TRHRE LD, EOFE T — L0 x = 0mm O E CRVRER IS K LR oT.
F72 x=0~100mm DAL E F T TIEEVRERBUT/ DS o TVNE, 2L TIE
E—EDMEEIR T ZOMBEL T, BWEEEEDS x =0mm OALE THfLL, 20
%, IR R OFEN/NSL2Y, LA IV AEDR NS o T To O BB AR E /N &
TpolcbZz b4, X8 TlE, X7 LRERIC—FL D, x=0mm ONLE T KD
fEIZ 72 o7z, x =0~100mm DALE ET/HELRY, JHICE > TRARD, LU
DEMRBAREUTFECIC K EL Ao Cvo Tz, JiEHEA K EL Ao T IEE x =100mm
VIR CIEBMBZ R N R &L o 7=, JFIREL T, AR 7S x = 0mm ONL & CTHz
filit%, BRI KRELRDIEEFETDERRED/NESL<ARY, BT /WS- THR#E JE )3
i, BAREREN KR EL 2ol B 2 HiILD.
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Fig.8 Surface heat transfer coefficient for back of 2D rectangular model
(t=20mm) inclined by 45°with different velocities
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35 EZ t=20mm DFE D _KRITLRFHET V% 90 BEMHIT T2 B OBUC R

9, ¥ 10 |ZJEX 20mm, X 650mm O KGR FEET L% 90 FEELT, HAb
TNAI=TLHIZ 2~25mm/s TIRIES T BROBRERIL THD. o, Z2TIHR
EE AR R O AL T, BVmEREE R L. X 9 (2hifm, XK 10 12
B OBMEEE A T, T 9 IZHOWTEIT 5. ZIRICET AL O CEYL
RIS R R 72D HUIMTN T DN INESWMEZR Eo T2, FT2, FOEASREWVIEEBYE
BB REL o7z, JRIKEL TRERE B2 kot T 7 M-S <IZ 2V CTiE
T D7D W OB ERE DR ELZRD, FHICWUZDIVNSKRoTeEE A BND.
WIZ 10 OFAET 5. K10, K9 L=l EE /o7,
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Fig.9 Surface heat transfer coefficient for front of 2D rectangular model
(t=20mm) inclined by 90° with different velocities
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Fig.10 Surface heat transfer coefficient for back of 2D rectangular model
(t=20mm) inclined by 90° with different velocities
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Fig.11 Surface heat transfer coefficient for 2D elliptical model (a:b=10:20)
with the velocity u=25mm/s
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Fig.12 Surface heat transfer coefficient as a function of x for 2D circular
(D=20mm) in the molten metal with the velocity u=25mm/s
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Surface heat transfer coefficient (W/m?- K)
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Fig.13 Surface heat transfer coefficient for 2D elliptical model (a:b=10:325)
with the velocity u=25mm/s
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Fig.14 Surface heat transfer coefficient for 2D elliptical model and 2D
rectangular model with the velocity u=25mm/s
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4 FEEm
FEERE LT, # 312, M u=25mm/s CRQRDET /L OF MG EREL DO 5E-
TR T BURBRE DO e KAEIZ B T30 7 AR5 L ORI CHEUDZEN D,

Table3 Results of surface heat transfer for different models with the
velocity u=25mm/s (W/m?Kx10%)

Model Dimension Olmax Oo Omin

- 0 2a=20mm 24.1 14.6 0.49
— 2a=170mm| 8.38 | 5.63 1.62
_>

2a=540mm| 5.21 3.07 1.02

0=0° 17.5 2.45 1.88

o front , , .
— «w =450 10.6 3.24 3.05
g back| 2.15 1.41 0.84

—p =20

front| 4.85 3.52 3.51
back| 2.85 1.36 1.35

> a1z [ 303 | 955 | 453
: alb=1/325| 399 | 208 | L6l

0=90°
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