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pressure reducer g

inlet air pressure
about 0.6MPa

pressure indicator

gas supplying hose

Fig.2-1 Schematic illustration of experimental setup.

WIZCEBRTINEZ AT 5, WEIRISRA 2 BV T 600C £ THIE L, BH XV EEiC
O AT -BBIC# D, ) A~y FIZRO AT ERFHC L D NEEZfER L, T AR
BAZHD AT T2\ VT TRTE D~ X JENICHHEET 5, EIR S8 OIREE ) 550°CI2 3



T 5 L FRHCHHEG SR & XV E LBk 2 Bk L, WEIZBGT 5,

WH R K BVEXE (00.5mm) THIE L7z, WEIKISM N O EVE xf o 3% & 7 &
& RNVALE L OBMR%Z Fig2-2 17T, / AT, AREZEWVE v F CERRICERR
BELIZAY v MR XV EEME XV OERENYEICR 2 X5 TRRICERE LT
SELE ) AV D 2 Rl Uiz, BExHE, GEXSMMIEICHKEMTIZ X > T2
$0.5mm DO RMHEAL, / A/VEFBLIO AV 172, 7 AV 1/4 O3 22BN TH
ARG OBHAEH» VS 2mm ONLEICRE Lz, 507z 3 SO E O ERE £
JE2 IR E 2mm OENIZEIT 5 FERE & LT, 500~300°CHIZI 1T 5 i 5 EVE 2
FREAE R LT,

Slit-like nozzle
x thermocouple position
:J f:J f:.l f:J l:J f:J l:J f:J l:J f:J l:J & nozzle position
Staggered arrangement nozzle
top view X
@ @ X ®
X @ X @
() ) ) )
DOO OO OO OO O had <X @ ’
2mm
side view % ¢ L
. . F'Y
cooling surface cooling surface

Fig.2-2 Thermocouple arrangement and nozzle position.

BVREREE ISR T 2 ARG ORI, A L2 BVRER Y XV
BEINTHRWE (Eil) OBMREZEZE L, \HEIE 0.8, HiliosERHUT
11.63W/m’K & EFE L7z, Ak, HIROBH 5 SUS Kl OIS RIT L VEWHE L7250, K
B TIX SUS M % 600°CLL EIZMBE LMK LFIH L TWE 7w, RENELL 7L —
MOHBRIER Mo TmE 7> TE Y BILEIZH T DHEHE NI VETH D 0.8 ZEH L7,
F WM OREIREE 300~500C 0 HARRIIZ 31T 2 BV Z R B O KR REIX 11.63W/m’K
BEICTHL, FLELOBRERMOBNRNICBIIL2ERTHL Z L2000, SABLY

EHS D Air OIREIT30CE LTIV o7,
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Table 2-1 IZEREMFZ T, / A~y ZEJ)IE, CAL (Continuous Annealing Line)<>
CGL (Continuous Galvanizing Line)D J A ¥ = v MNGEITHEHAMICHW LN LG TH 5 3,
5kPa @D 2 £ E Lic, / ANVEE & IIRIE, Fig2-3 IR T KO ICHAREZFNE » F
THEAARICHEGEE LAY v MR X e, & 2 AV OBRREREEIZ7 5 15 TRIR
IZHCE L7 T RALE 2 XV 2 R 2 MGE L 7=, AL, 85 (Fig.2-3 BiJ51E) 1280
FE T ZVRBIATEY, 2 v b ZJVERRIZIE D7 17 O R EE 53 A0 A ¥ — 12 T & S F]
WD 5, %ABNL, WMD) ZVERAKREWTCOIRESMITACRT VAR, 2 AR
ZTNENERBCTRE SN TWD D, J A 1 RKPGHEZ M S #BE A Rk, >F 0 IiX
E22 L2 ORI K 0 AN S D BEBEA A NS L CIRIERE L R 5720, A
RITEL< 2D,

Table 2-1 Experimental conditions.
Nozzle arrangement Slit-like Staggered arrangement
Pressure 3,5 kPa 3,5 kPa
Nozzle distance 10~30 mm 10~30 mm
Nozzle diameter 3.2 mm 4.0 mm
Nozzle shape Circle Circle

Nozzle pitch Width direction: 5.6mm Width direction: 28mm

Length direction: 120mm Length direction: 24mm

Slit-like nozzle Staggered arrangement nozzle
_ 2. b a/b=0.89
topview LOO OO OOQOOOO0OO0OO0O —
O O O O
a

alb=21.43 O O (@]
a O O o O

aperture rate = 0.012 . . .

diameter=D
-~
o O @ (]
O0O000O0O0O0O0O0O0OOO

aperture rate = 0.018

..... .. height =L

L/ID=2

side view

Fig.2-3 Nozzle arrangement and shape.
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J ZVOBIAHEERIE, AU v MR AL 0.012, TEE®E AL 0018 THDH, 22
T AVOOEBRIL, 2 AV 1RSSO XV OEE, GBHMSERETERE LE, A
Uy MR R, 7 Ao~y ZIZHE 3.2mm O 25A RFBHECE 26 L, AL/8¢3.2mm
Z 5.6mm [BIRCTHRI 7, E-TBEBREED , VX, EWMBPESEHLE  AVEFFEO
J RSy LI AT T2, B L2 ZviX, 7 AVE S 10mm, / AVEEEROBE O
p6mm, S ANGEEEOR O EH¢dmm OF — N—R E Lz, T — =KD 2 Aix, A
FL— FMERD 7 XV & LEBRZ IR TE 2728, 7 1 7 OIEEA A 2 89 L [F
ANy ZTENCBWTH AREEZHESCT Z N TE S, EREHORVEMAR AR, XL
SR L, RO EEER N LT S0, MEBREROEEL/ NI TED, e ALE
SRBHDTED ) AN~y X EmEIRGMEOEMEZILS EHZ ENTE, BEN EH L
T ADWE ZAME L, PEHZ L, MEAIERE D & Vo RERH 5, KL LT,
BT — = ) ZVITIRDN 72 728 ) ANVEUEIZB W T A ER0n 5,

—J, AV MR ANVIEZAIROTZORENES Th 5, BIZ@FEOAY v MEA
J AV L L, 2R D JEIR TR W ) ALy X OTREE N & < BTV & v
STERER DD, 122 LZ DL D REAIRDAY v MR ZIEBR RS O THIK
DFIELRR W, FIlBEEZRLETHD,

NS ERFF o7 2 FEEO ) ANV ERWEHHEIERIC L VDA ERIEL, &K1
DB 2 282, Martin O TR & OILERGEEZ R4 5 Z & T, WmARESD THRIO K A
AERAT,

2. 3 JALBEHOEE

2. 3. 1 ZERFERRVUEBZ

EBR T b N - BVRERE 2 Martin O I & ik U C Fig2-4 (2R3 3, HIX/ A4k
i — AR R OREREZ R, 2O R Y v MR AN THE FRIEAFELE L 72
72, JANVEOEERSEDRAY v b XV EREL, AU v ME 1.436mm (2815
Martin IO FHHAE % Fig.2-4 IZ/RLTW 5D,
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500
450 o~

400 = - - /n Staggered arrangement : SkPa
\ ~ - [1 Staggered arrangement : 3kPa

350 ———__ | a sitike:5kPa

300 | Slit-like : 3kPa

250 x 5 -
200 r— B
150
100

50

= Martin equation : 5kPa
Martin equation : 3kPa

Heat transfer coefficient [W/m?2K]

0 2 a - - »
5 10 15 20 25 30 35
H: distance between nozzle exit and SUS surface [mm]

Fig.2-4 Comparison of heat transfer coefficient between experiment and Martin equation.

2T, EBREEER L ORBMGEICHVZ Martin O ERTEERICOWTERAT S, T
SBLE ) AW L TER@2-D)2%, AU > b ZVIZE L TiER(2-2)2%, FhEh 2000
=Re=100000, 1500=Re=40000 OHiPH TEH SN2, FHEURERE Ho IOV TIEE
nNZENX(2-3), Q-4)THETE S,

2
1-2.24/ =
Nu,, =K/ f S Re3.pr02

% e (2-1)
1+0.2(D—6j\/7
3 2
2 4 2 Re 3
Nu, =—- 4l == |7 .pr0# (0.
tm =30 Lf/fo+fo/f] ' (2-2)
Nu,, -4
o _ Nup, -4
m= ~-(2-4)

ZIC, DT ANVER, UEH ADBYREER, Re lX b A J VAE, Prid 77 v MV,
Nup [ ZFEH X v b, BlE AVA Y v ME, Hao X EHEBEERERTH 5,

LKL ZVOREE T, TEERE XL TiEx(2-5), 2-8), AV v b/ XTIk
(2-6), 2-NTEIND,
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f :L(Bj ...(2_5)

243\ L
B
f =7 (2-6)
H P -0.5
j;={60+4(£§—2)} (2-7)
H/D 6 —0.05
K=|1+ ~+(2-8)
%)

ZIT, LT/ AVIEEERE, H X AV LM SEM OB TH D, AW
72 AV v Mg 1.436mm, / AVE 4dmm DGH O ) ZVEEREZ BT 2R £, fi, K
DfE % Table 2-2 12/,

I A VAR DOERIZTOWTLLFIZRT,

_ws

Re ~+(2-9)

1%
SIT, wid AV O TON AR, UIEIERKTH B, ST, TEEE 24T
S=D, AV v /) ALTILS=2BTh 5,

Table 2-2 Numerical values of nozzle geometry function.

Slit-like Staggered arrangement

B:1.436 [mm] D:4 [mm]

0.01197 0.12058 0.01851 0.99837
0.01197 0.07942 0.01851 0.94465
0.01197 0.05381 0.01851 0.85103

Fig.2-4 OERBFERICENT, AV v MR Zizx L, TREE , XV OmAERE 2 &
W ENRDND, Fle~y FENOEWTREHAEITELS Lo TnD, TORRERE, /
AN OB A HEEEREEO RK/NOBEKROEY T, %4 ThodH, —JF, / ANVEH#EkIZ>»
T, TREE  ALVTIHBHEARMm EL, AU v MR AV TIRBHEADME T T2
B n Lo,
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Fig.2-4 [Z8BF 2 T BELE / AL Martin 2O FHEFERIE, / AVERMmm (2815
iz 7my hLTWD, ERE KRS 5L, fExtEidga—5%L Tnbaa, 2 Xkl
REOWHEIRE I O Ea 7 ZVEEEE 10mm T 10%IE KICFHE T 2658 & e oz, £/
AVERIIAR K, MEROEBEEZ T H T A—2—ThbH, LH»L Martin THXTITE
ANBETERSNTEBYVMBRIIZER IS TRV, KERTIE, TF—/—FRDZ%EHH » X
N RN TN DT DREIR D ENT L A EROERMEIZBWT, BVRERIED Martin Tl
NEMR—HT DRR L ol

—J, ZHOAY v MR ZAZHOWT Martin FRIZUE, 7 ZOVEREES B 72 S 0EIC
BWTHER LD IRWBURERE AR LTz, Eio /7 ZAVIEHLEE, Martin T I=03H EIRE
JmETAEmTH D DITR L, EBRTIE AVERE 10mm OBVREREN R H/NE
Moty TOXICTREE , Ane A v MR AUCBWT, EBE Martin T
T 5 L BVRER B O E R O VIR R OIS ER N AL D 2 &3
ST oTe, FEBLLOXATO ) ANITEWTH Martin THIFIL, 2 X viniilb
R DA B R AW RIC RS 2N R o, ZOMAICE LT MAttalla
5 E, BTIRELE ) AV OEBRICBWT 2=H/D=5 OFEE Tl H/D O liTEV&EI2IE
EAEEE L NERRTEY, LEG.Geers b '8 T BB E / X/LOERIZBWT HD
<4 OFEBTIE, BYREMTIL AL LARNERSNTNGE Z Lnb, BB RO Z Y
MENEE XD,

2 Uy MR A2 BWT, Martin THIF (XU v b 20 PRI &g L, R

BT LIBGEREDIRELS R >EFHNE LT, MEORENEZOND, KHED X
ZHIL) ANELAY v b AVORFERIZOWT, ) AVE Yy FORIIKETHZ L&
AL, WOLHIZEIHLTWD,

L5 X
d/D =12x,2 —3.19x, +1 x, < 0.133 -+(2-10)
%A v k)AL

b/B = 11.1x,% — 2.67x, + 0.89 x, < 0.12 - (2-11)

ZZC,d, bIFEDOY =y ME, D, BIX/ ANAEE, AV v ME, x, 0/ ALy F (H
AL m) ThHb, KRERICBITZAU v MR XV (5 A) OREFHIER 098 & 72
D, AU » b Z)VOHERIIT 073 75720, WH DK 1.34 TH D, £ Z T Martin
FHXIZBIT DAY v MiEE 1.436[mm] X 1.34=1.92[mm] & L7=5:MCTrHE T 2 &, Fig.2-
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S5ITR$E Y 2 ZOVEEREE 20, 30mm OEEAER L IFFE BT 5, ZAILARKDORY v MK/
AN DHHRE ) THNZH W T, Martin PRI (XY v b X)) ICHETREEZ MK 5 2 &
TEBEEORBEEZM/ L, TRBEEZNETEDZERNbholz, LML A VRS
10mm (2T LB OB HEIBE I ME T+ 2 BB oW, MEFRE O BB O 1330
DI DINTRUN,

300
3
£ 250 -,
2 Fm— e 2T T A Slitlike : 5kPa ] exoeriment
£ 00 7.0 B Slitlike : 3kPa | &P
-g o — — — Martin equation(B:1.436mm) : SkPa
E 150 Martin equation(B:1.436mm) : 3kPa
Q — - Martin equation(B:1.92mm) : 5kPa
s ... ) Martin equation(B:1.92mm) : 3kPa
w100
c
o
= 50
1]
T

0

5 10 15 20 25 30 35
H: distance between nozzle exit and SUS surface [mm]

Fig.2-5 Comparison of heat transfer coefficient between slit-like nozzle experiment and Martin

equation in case of two slit gap conditions.

Fig.2-6 {2/ A/VE T, / XV 1/4 #s, 7 AV 172 #5280 2 BviE sk o 15 ] T
FEREZIRT, DO OKHENMNED S00CH % 0sec & L TW5D, /J A/NVEFTIE, /X
JVEREE H 23/ &0 10mm D GF Tl b Im AR E S H S 2> T, Lav L/ XV 1/4 1
AL 12 HUETIE, 2 AVEREEDS K E WV 30mm ORI EIEE BN 2o TV D,
T, AV v MR ZAICET D RAVIEEEEOBRHENE T, 2 ALEoBH
MR TRNRRTH D Z Enbnd, SIROMHENL, WS MEZE L 7% O MBI > Tk
ORI L > THIThbN D, REDIBRBLTWDHIEY, 4/ XTI/ XLIH
THMNR Y RERBURENMTDbR S, Lo T/ ANVMOBHBENDNET T 5L, 2EKDF
BB B E REIERTIEDL 2 &ITR D,
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Fig.2-6 Temperature history in experiment (Slit-like nozzle: 3kPa).

WICTFBELE /) AVICHET D AVET, /7 AVE 14 HE, 7 2V 12 sisB
HEVEX ORERITERE R E Fig2-71277, 256 5 b IO 72 O &M E A 500°CHf % Osec
ELTWD, TREE ZVTIE, /AVETR ZAVEE W T REMEIZERZ <,
ZIERGEOEBIEL 72> TW5, F72/ AVFERENIEVIE EARHEENELS o> THY,
ZY sy "R AN DL ICEBEIZ LY 2 AR OHBEEERE L KT 5 T R
LI o T,
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Fig.2-7 Temperature history in experiment (Staggered arrangement nozzle: 3kPa).

WA HXE R D AT ARERINC K DA 2 53 2 72 @, MR oes & F v 72 FEERAS R
DFFREAT o T2, BREITHEOBREE L O DITHY, — RNV A J LV AE Re & X
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Rea =2 ...(2_12)

I\IllaV :T ...(2_13)

ZITC, u IMEHOBEIEEE, xo 13 AV v T, BRI, o (3T EVE ELR
BThd, RPBEMOEIHEEL, & ZA/VEEREZ 31T 2 WH /510 & B piEFHT L 0 Jl

E

>

LTCRDT, PE LT —F % 20 ROBENVEE CTEE L7255 R % Fig2-8 1 d, A
IR ZViZigE i o EHRGE %2, TREE AV AVEEERL 7 AVE T 4mm

R D3 JR R & 2 2 AV 2 EUH & EF L 7o, Re O FHRITHE A L 72 & 28R E % Table 2-

3R,
—— H :10mm from nozzle exit ——— H : 10mm from nozzle exit
Slit-like: 3kPa =~~~ H:20mm from nozzle ex!t Staggered arrangement: 3kPa  — — — H :20mm from nozzle exit
==+ H:30mm from nozzle exit ===+ H:30mm from nozzle exit
70 70
60 60
é 50 g 50
£ £
> 40 = 40
S S
% 30 % 30
z g
L 20 T 20
10 10
0 0 P _

”

0 5 10 15 20 0 5 10 15
width position [mm] width position [mm]

Fig.2-8 Jet velocity distribution of slit-like and staggered arrangement nozzle.

Table 2-3 Impingement jet velocities.

10 mm 34.38 m/sec 44.44 m/sec 44.72 m/sec 57.32 m/sec
20 mm 27.12 m/sec 34.32 m/sec 36.40 m/sec 48.29 m/sec
30 mm 21.95 m/sec 27.22 m/sec 25.90 m/sec 37.18 m/sec

A2y MR AL ETBEGE ) AL Re, Nu O BIFR A2 BB L 7=/ R % Fig.2-9 1277,
T 7R EFRTH Y, K5 D Re, Nu 2~y Z[E£71) 5kPa, / A/VEEEE 10mm D5

EICEBIT A Re, NudDbb & U THBEL L, AU v MK AL TlE, EBRERED— KOG
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WZFS TWRWNWZ EDBDND, ZHIFHRIZIR > THIL D T A DRERILIC X > TERE
MNRHNATON TV RN EZ2RLTWS, —F, TRE®E AVTE, TAEH, /
ANVERBED H T2 2 FRFER N — KO LIZF - TWD Z R DD D, ZHUTHMRIZH > T
AL D H A DEERIIC X o TEMB NN EITON TN D Z L 2R/ THRIUE 25, 20
EOICRAY w MR AVTIE, 7 AV OBMRENME T T 2 72D FEEBURZR MK T L
TWLZERHLMNERST,

Slit-like nozzle Staggered arrangement nozzle
2
z ® 3KPa £ O *Pa -~
5 5kPa &
2 = <> 5kPa
o o
&9 O = %
2 e ° ©
g o 3
=) ¥
z z
=z =
0.5 0.5
0.25 0.5 1 0.25 0.5
Re, / Re,(at 5kPa, H:10mm) [-] Re, / Re(at 5kPa, H:10mm) [-]

Fig.2-9 Correlation of Nusselt number and Reynolds number of Slit-like and staggered

arrangement nozzle.

2. 3. 2 RV vy MR ANVOEIERENT
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kw,ﬁﬁ@ﬁ%@%ﬁ%%%bto%ﬁ%#%Fg}mmﬁﬁoXUyF%/fwwi
BRLFSDEETH D, ) ALK AVHLTRHIFTH S Z L b, $HFREER %1 A
L7z=WeEeT vV E Lie, /7 AVidée3.2mm T, WHEBIC 3kPa DJE R 254 7=, /
ZVERREIX 10, 20, 30mm O 3 G & L7z, E7MTICRB W CRFREIBE R O &L % 1T
KT D7, FEEMEEITH ARSI O SUS MiE» D L FRBEN TN ICIA L & E
L7z, BPHEERZME, BHMHEmMASERE Lz, A v ¥ =%, polyhedral A v ¥ = & ff
ML, Ay 2803 AVIERE 30mm OSMFTRIK 78 T A v =2, WREEEO kK
INA v 2 B 100um TH D, 7B FEICITILHAENT Y 7 N ANSYS FLUENT v17.1 % fif
AL7,
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Fig.2-10 Analysis condition of slit-like nozzle.
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ARERGIBEFELEZE L, MHEOLD, B ORBIIEEL Ty, LLEOSLM
T, SAATHIEEE 500°CH> b O Hf#AR B B AT & FEhE L 7=

AT S D AR 22 1T TR EE JE IR & Fig.2-11 (2R, kD728 7 ZXVEREE 10mm (238515 5
TR 2 PR T D, EEGRERIT, HIREEHR S 2mm (LE 236 T 2 BV o I EfE
ThHV, 7/ ZAVETICEBW TR (RERE) K0 &EWIRELR-oTHLR, /X
IV BN TUXMEAT G R D I ENEE D J7 B < 7e o TV D, fiFNTIXIEE H T OFAE B
AT 2 EM L TR0, WMOFAE, FiE, MBI O BVEER OIFEF L & D RE B
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Fig.2-11 Temperature history in analysis (Slit-like nozzle: 3kPa).
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PIFEANERNWZ ENRBEREZEZ D, — IR T oy vaT ORI ZRICER T/
AP DT L SD~6D FRJE WL ShbhTWwWb, Tk i 2 XViERE 30mm T
TR OB CTHHBEN DMK T LTS, 2D OMAIEFERME R Fig2-6 &fla—
HELTWD,

Fro ) RVH VA B, 12 5T, 2 AVERBER REWIZ EmARAIEIR ELTWS 2
EWXDOND, THHERMRSEAT B L TR, BT RIIERLZEVEE THE
TETWDH LEEZ D,

TN OBHTRERZEHET HICHT- 0, B SOOI oW T, Fig.2-12 & A
WCHT 5, / A0 b —Hk OB E CHES SN 72ERIE, BFERAKEREI D AW
SUEANRA Y, HERAF & =RV F —RAFANIHE > T, BODREEDAM E > T,
Z OFEIIE AL O B FEI & PRI AL, NEBICIEE S I O R EE R 2L B R0 S
BGR DR T 2w v ay LN D IS Do WMADBERIZET D &, /7 AVl
05 180 O 3R FE Ry 1 X A B D U, @ HIkE i & AT 5 A o i (BERE ) ~ & 21 kT 5,
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Fig.2-12 Schematic illustration of the flow characteristics of an impinging jet.
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Fig.2-13 Current velocity distribution on cooled surface (Slit-like nozzle).
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Fig.2-15 Analysis condition of staggered arrangement nozzle.
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Fig.2-16 Temperature history in analysis (Staggered arrangement nozzle: 3kPa).
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Fig.2-17 Current velocity distribution on cooled surface (Staggered arrangement nozzle).
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Fig.2-18 Effect of nozzle length on heat transfer coefficient.
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Fig.2-19 Effect of nozzle diameter and geometry.
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Fig.3-3 Thermocouple temperature at stagnation point.
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Table 3-1 Experimental conditions.
Pressure 3, 5kPa
Nozzle distance 10~30mm
Nozzle diameter 4.0mm
Nozzle shape Circle

Nozzle number 1

Table 3-2 Relationship of gas physical property values and velocity for helium concentration.

Pressure 3kPa 5kPa

Helium concentration [%] KU 20 50 100 0 20 50 100
Outlet velocity [m/sec] 70.8 77 93 189 91.1 99.1 119.5 243
Density [kg/m?] 1.184 0.9798 0.6735 0.163 1.184 0.9798 0.6735 0.163
Viscosity [mPas] 18.4 19.64 20.62 19.8 184  19.64 20.62 19.8

el Gy il Einiy 259 3927 6436 1493 259 3927 6436 1493
[mW/mK]

J ANV % Fig.3-4 [ d, / AVES 10mm, / A/VIEE OB OE A ¢6mm, / XL
LN edmm O T — X—RD ) A E Wi, T—/3— ) AV TiE, A FL— MEKD
J AN EHUETBRREZIRBCTE D, 2B HORWEHMZ NI AL g L, Wik
DOEEEDR BT D72, HEBREOREL /NS TED,

RS TImAIERZITY, WA (BMmERED) IOV T He IRE D%, Martin
DT ML OLlk, Wz FEh L7z,
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Fig.3-4 Nozzle shape.
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Fig.3-5 Effect of helium concentration.
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= Martin equation
= =: P. Chen et al.

2 Experiment (stagnation point)
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Fig.3-6 Relationship between heat transfer and helium concentration.
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Fig.3-7 Relationship of Prandtl and Reynolds number for helium volume percentage.
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Fig.3-8 Ratio of heat transfer coefficient to Air.
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Fig.3-9 Sketch of analysis condition.
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Fig.3-10 Comparison between analysis and experiment temperature.
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Fig.3-11 Analysis results of heat transfer coefficient.

FEBR &bl L C, AEMENT, Martin 2030, He 32 EEHIINEE 0O BVm 2242 500 BN % 3
(TR DA & 72 5 72, Martin & £ & OFZEEIE, Martin XL, Air B2 D O
X THY Nufl Re 0, Pr&XOBBRN —HTH L Z LICRKRT DN KRENEE XD,
— 5T, FEBREMNTREROAERIT, X ERBERICK T HBMREOMITREE, BXW, v
WA METOT—2 20 HE 5T & FROWE S 2mm (ZEICH T 5 ¢ 0.5mm EVE
PEZ K DS N T —F TALLIELEEL TVWDL EE XD, He REAIC
O, K EBEBORE S KRBURERBAOMAOLENEZTD TELZEITI,

Air & Hel00% DM D 72 52D TC, BEE COMZEE ) 53 A O A ARAT 5 SR % Fig.3-12
IR T, Hel00% CTILE FELDOENRDOT KT LTWD Z ENbhd, ZIUEEHR
O NEEL, E#EEEZL-THDHZ EE2RLTWVD, Fig3-13 127 L—AFr— 1
TRILLESFRMOREa X —%R"T AT vy aT PR D /2 X0 — kM
HEECH > ThH, Hel00%IZI W TIE, SHUZUT D < A2 TRl Il A o7 22 S8/ v
LTCWAERT R b0d, MEOEEMNZREMICBEAL T, /V AVhibe ) ANz y VICE
DD 2 X )VER ST D53 A & Fig.3-14 124, X/ AV O35 Smm HiS O
ETHBL LI TH D, / AL TOMHEIL, He0~50% TIiEZ L L7221 2% Hel00%
THENKE LS o TWD, £/ ANl vy v, BV, FAEFHER L
DREREEZE, TAMRNOREIZ X D3 E DO, SLAAREAELTWD Z & L)
Thbd, ZNHMNLOEE, /V ANVEFTOLEAROERICHHEELZG X DD EEZ
HiLtd, /S ANVE FRIDENABLAKE L 725 Hel00%IZIBWTIE, HEAR H K& <

50



20, WEITE S, ENRES R, SEICE T OMMERBDEIMLIZEF A D,

Pressure [kPa)]

—Air
......... He20%
----- He50%

- = Hel00%

0 1 2 3 4 5

Distance from stagnation point [mm]

Fig.3-12 Static pressure distribution on heat transfer surface.
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Fig.3-13 Velocity contour.
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Fig.3-14 Distribution of normalized velocity in the nozzle axial direction.

ﬁm,%ﬁAh%%ﬁ#@%%%@ﬁ?ét&Ik%%%ﬁ@%ﬁ%%%Fg&wm
IRT, J AVE FICEIT D He BT, 1T & A EJEH Air B XA WEBEZITTELT,
WEHTED He JREE L IZIE—HK L TWAHZ &b D, —J, / AVE TS 10mm B/
MEICBWTIE, B Ar BXALOREICEIY He BREDXNKRE K TFTTLZE03bho
7=, W He JEFEICxH T DI T OEIA THERT 5 LS He IENMEWFMEIZE,
FH Air 8 XiA% He BEDN KX IKTT MmN H - 72, Bl IXESH He20% D - T
%, 7 AVET 10mm (ZE 23 1F 5 He JEEITH 10% & B 7 A D He JR IR LT
LTWd, RRFEMRICET D He IRAH AMSIZ, WH T A D He IRENRNZE, JH
JH Air DB ZIAHLBENKEL 25, 2L G. Michaux & 95 O FEER & WO\ TH 5 713,
VRO L HREBLE X D, He it —E TO G. Michaux H DERIZEBWT, Kit&E
T He BENEWRMEIZE Air OBZALNEIML TS, TABEZICED He D
AT DIREEEEIZ BV TIE, He IREDREWIZE Air OB ZIALBEINT 5 DI
L, KEBROHHEN —EITHT 5 EEOBEEETRICH W TIE, KRR T He U AR
PARVIE L, JEBH Air & DIREDPKRE L 2D LW ARG, RIEG O EEIC
WTIE, BAED BIENKETH Y, [KHIE EHEND OREEZITRT < Air LR
AlLlELE25,

53



100 .

stagnation point ~
® 10mm from stagnation point S

80 o

90

70
60

50 P

40

30 -
20 &

0| . e

He concentration on cooling surface [vol%]

0
0 10 20 30 40 50 60 70 80 90 100
He concentration ofnozzle outlet gas [vol%]

Fig.3-15 Helium concentration at 10mm from stagnation point.
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Fig.3-16 Analysis results of helium concentration.
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Fig.3-17 Analysis results of heat transfer coefficient distribution.
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Fig.4-1 Schematic illustration of experimental set-up.
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Table 4-1 Experimental conditions.

Wiping gas pressure 17 [kPa]

Gas nozzle - strip distance 5 [mm]

Nozzle slit gap 1 [mm]

Induction heater power 50 [kW]

Heating coil - strip distance 5 [mm]
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Fig.4-2 Comparison of coating weight.
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Fig.4-3 Analytical model of gas wiping.
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Fig.4-4 Analysis of strip temperature.

IREMATRE RO, MEVE Y U A 0 FAEIZR T D H#F RIS 440, 520CHHETH
O, HEROFR 420C LD MW bbb, EMEE Y EEROHE KD Fe E &% %
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m <, Fe-Zn &N EL T2 Z ERX D05, Fig. 4-2 IZB W T, IEE Y 30—10m/min
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Table 4-2 Fe% of zinc coat in case of heating.

Strip velocity [m/min] 10 30 60

Fe [%]* 4.2 1.2 0.7

*converted value in case of coating weight 40 g/m?

4. 3 N—=—F—MBUCLDZTUA U TER

4. 3. 1 EBREBOHMEBIVERSE
T A TEOHRIRE R AT AET 57280, FEINEUNL T a0 A NN—F
—ICEDIMBUCEE L, FHREHOL CEREITo T, EBRE % Fig. 4-5 1277,

1% .

¥

I:gosure plate
. ”

5 1‘-2:15’ -.
:

Fig.4-5 Experimental set-up.

R— T —fEER I, B 20mm OSBRI 0.9mm DI 21 E AT H D T H K LPG-2000L
KO &G A Smm T4 HEY HF 48k & L, £720 AESIEEFE 0.7MPa,
72/ 0.07MPa CTHEH L7-, N—F—&\E, J AVESE, Wm»HZE4 210mm,
280mm Th D, /A—F— k0 &G HERRE A 20 S EHFRE OB LT o7, N—F
—TCMAT DR HEZ VA 7T 5 2 & TR—F —@RLEBEZ BRI L, SRR
B B WAk L7z, SR I 1T, B 2 0.45mm, BF 100mm o 3% i il $1 5 4 Bl 17 (1175 & 40g/m?,
AL0.14%, @ CLBE L) 260 Uiz, ST IR Ouskr 2 k3 2 726, HilH &7
EAF IR I3k 2% 2 i3 2 MR 2 A L 72,
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4. 3. 2 EBRERBLIUOEBLR

By

55

i

R TR L TV D,

Table 4-3 Experimental conditions.

EBRSAE % Table 4-3 12, 174 & & IR OBRRE R~ L2 EZBRFER %2 Fig.d-6 IZR-7,
AR 1T 10, 20, 30m/min @ 3 cATH D, HEEILX, UA BT EEGIC X DB E
D

Wiping gas pressure 16-50 [kPa]
Gas nozzle - strip distance 5 [mm]
Nozzle slit gap 1 [mm]
Burner — strip distance 50-350 [mm)]
20
2= 18 < 10m/min
2Dz Ao :
S % 16 v ©120m/min
5 14 B 30m/min
£3 12 .
< ~ ;
S = 10 F e
G QD 8 T
c g ¥
2gF 6 :
=1 O
& % 4 i L
- 2 el 8 Lo o
0 1 | L
400 450 500 550 600

Strip temperature at wiping position [°C]

Fig.4-6 The relationship between coating weight and strip temperature.

BRI, MRAT A BT B A A BASMEE T A IRERFIET %L TRy, A
B T EROMEHRIE N B X E 460~480°CTU A B I RN BALT DR E o7, F
AR TIXEBNEEITHERL, VA E U ZTRAMET TR L 2o 7=, iR T,
TR A B 0NTHIIN T D L B LTz,

IR T O A EHRIE, MANS & 2 MERAEERE, BRI EREICH T 2 BEEERELERO
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HEINMZ X BHE ERANFKEEZ DD, @R CoMEEBIMNT, MiRLICHE> &
BREOBENTA L THAELZLDEE XD,

— 5T, MEHEEMERT 2IRERICBN T, EE A HRmokET I L0 K&V, Zh
X — H N SR T SN DWW S @R VAV VT ERE LI LB R D,
PEBHEIE DS SILE Fe EE&% A HIE L, 15 & 40g/m? #HiH CRR LIRS % Figd-7 12
AT, ETHESYIREO Wi E 5B O —F% Figd-8 \Z/Rd, #igh &SRO RiEIZIAN D L
BORNVEINERIE TH D, HERFESWIET D Fe%lX, X602 1XdH D b O OHIHIRE
LT IS%RRETH-7z, ERMEEELY, AEEOEAT 14m FEETHDH Z &
Wbholz, S00°CLL T TR SN DY EaNEO T2 MfkITcH e HEE S D, G
D Fe%l35 6.9%, HEX 7.15g/em®> THHZ 0D, G&EMEREIL Fe%, EANDL, £
IEA 8T, 93g/m? LR TE L, oM EETOBIZ 9gm> NV A T REL 25
HWHEEE THL L E R D,

3.0 *converted value in case of coating weight 40 g/m?

— 25
=,
'ES'_. 2 0 * o ':
& 1.5 s S -
15} * . * e “ ot .
2 1.0 R
(5] * -
= 05

O | |

400 450 500 550

Strip temperature at wiping position [°C]

Fig.4-7 Fe weight percentage of Fe-Zn alloying.

Alloy layer
1.4um

Zn coat l 3.1um l

4

Steel Coating weight 22g/m?

Fig.4-8 Example of cross section image of Zn coat.
TA Y TEIRE 440°CLL LD EERBRICK L, 1G4 og/m? 2725 L5\ 7= 55
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176 & & BEm A & 2 2 Bl L 72 R & Fig4-9 12”7

‘E‘ *excluding initial alloy layer 9 g/m?
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*

— L 4

o 30 —* .

O

= ////
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<

S e ? 4

= <

& 0
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Analysis coating weight [g/m?]

Fig.4-9 Comparison of analysis and experiment coating weight.

Eo X LHINHEMMER MR —HL TWDH I N5, TA L TV EREER
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HIREE NG ET D 2 & Bbnol,

[FI4%IZ Table 4-2 DR 10m/min, ABLE 42%DFERICHOVWTEELEZMNZ 5, $kE
BT 1.68gm> TH Y, 540°CLLEIZMBA I N TWD 2 Enh, AEBIESI M Y Th-o 7o
CHEETE D, S1HHD Fe%lXB L Z 11%TH Y, 1.68/0.11=153 [gm? NV A B TR
I NEEE Tholo b B2 5, (AR 24g/m? 12K L, KHSIX 8. 7gm? FEE THh -
BB, ZTH0HD Figd2 TBITHHmMEERREEEAMERH DL LN D,
ZOLIICEREOMENEDL> TOABE R EEERTLHLT, VA B ZEEmO T
WENKET D ERlbhol,

4. 4 BEIVRICLXDZUVA VU TER

4. 4. 1 ZREBOMERLIUVERFE
A TEOMEREX, VAL TRICEEST S, 22T, MBKREOARTIEA
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SHABINZ L DEERT, D>EV VA THOGBHNY A &2 FRICEET LM
AEEATHTD, TAREAER LUV A VL I ERZEM Lz, EBREEL Fig4-10 IR
T WIEAR IR NIC BRI B 2 e O BUIRICHLE L, 7 A% 600°C, i K& 6Nm*/min
FCMATEX I EBLHRMHEUEL, =7 —0MBEITo T2, 2721, J ANRLEEETO
REK TR 7clow, EBRCTRZE L TENTE S/ AV A TO N A @i E T 400°C
Thol,

Alr jet temperature
20~400°C
Wiping nozzle

Strip velocity 30 m/min I

Smm\

Steel strip Burner
£0.45 X W100 [mm]

350mm
|200mm

N\
N
Zmc pot
470°C

Fig.4-10 Schematic illustration of experimental set-up with high temperature gas jet wiping.

4. 4. 2 EBRFERBIVEZR

FPIEHERE AT AR E TIR T3 A5 C, MRV ATOUA BV TR %
P L7e, N—F—ZHH LR WRETCOMERD FERER L Figd-11 [ZRT, T ARE
1% 100, 300, 400°C D 3 e, HFAEI11E20,40kPa D 2 1 TH %,
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Fig.4-11 Experimental results of high temperature gas wiping without burner.

HABED EH L EHITMABFEENRHEDL, VA TP ELTNDZ ERbND,
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ZREPRAEFICHD L ERBLTWD LRI DI ENTE D,

F%&mKH%%&%@%%@%T@I?*ﬁ%@%%%%ToIY*%%@@%ET
HD, FUHAENTB W TEIRSMIF CEAERbE T2 T AR T D, mikk
FECIE, HABEMET UM E I3 5728, H280 7 AEB) = R L X — LR % &
DLW, WDARBEZWV S LTS TZREAEMEL TS ZEERLTND, 2
MWIEAT T v aORETH LARIEEZ R D,

%
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Fig.4-12 Relationship of air temperature and flow for coating weight.
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T, N=F = H\TU Ay 7limEE%Z 450C L L TERZIT o7, (15 E
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74



30

25 5

20 N & T T---_]

~—

15 ==

10 e

Coating weight [g/m?]

0 100 200 300 400
Air temperature [°C]

Fig.4-13 Experimental results of high temperature gas wiping with burner.
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. ~
3 roll coater To drying furnace

Deformable \ G_ap or
roll nip pressure
Rigid r011 control

Coatmg liquid

[ Steel strip

Fig.5-1 Sketch of reverse 3-roll coater.

A—=T 47T ut AN T, BERRA  MIMTERENBOFHIETH S, (5=
T DBRMEREIC K » TIRE S, IRRESBM T OMRBERIC L > TS, L
Py UANIE ) 72 G WA 24T 9 L AMBIR a2 5644 %, Fig.5-2 12U B2 (ribbing, #kHH
S TIEIr—E 7)) LIRS e — L a—F =TI b5 A DRDOINBLUR el 2 7R
T

~

P
Liquid film on steel strip

L Ribbing

Fig.5-2 Example of appearance defect.
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4 Processor Visualization tests with laboratory roll coater )

High speed camera

Computer Measurement of
liquid and time
Li ght. Transfer direction
B — e

Blade (Strip length : 10 m / loop) StOP-atCh

3Roll Coater

Drive unit of steel strip Measuring cylinder

r

J

Fig.5-3 Sketch of experimental set-up.

Table 5-1 Specifications of strip, solutions, and rolls.
Strip specification Tin plate steel, Width300xThickness0.2 [mm]
Coating liquid Newtonian fluid
Roll specification Diameter :250 [mm], Width :250 [mm]

Pickup roll specification Rigid roll (flat roll or gravure roll)

FRISEMAEE LT, MR & PRICAED 7 Z v he— L2 HWEERGER LTz, Z0
%4, MR & PR IBIEX v v 7 CHIMI S 4, 60~100 um OB T L7, WEERIL, o
— Xy y e — VERICEVEIND, TLAr— LERTHE—{LEET, FLER
X 30mm, TAEET a7 ABMETSSETHD,

WRIEE 7L, SRICERE L7 L— RICK VBEH & LICiRO MR & FHIRE 2 & # A
Uiz, AR E LCHEMA LZIRIE, 2 TKRBIKR C=2— bk Th 5, FimkIT 31
~45 mN/m, FEMELREIE 1.0~2.7 mPas OFLPH THEE L7z, MO FEEIL, KT o
G5 R OB TN L VAT o7z, BB HERIE, 3.5~7.0 % T L7,

WD NBIBLIERIZIE, & E S A (Photoron Fast Cam MAX) %M L7=, & A ZI2i%
FTRDOERPELND L > X e A, 18 ECRIEEZ b T 5 L5 BB OAE %
THEE L7z, BEES A T1E, 2000 7 L— LB TR 2T o 72,

5. 3 ERERLEBZE
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5. 3. 1 ZS57u—L0NE~DEE
RSB~ MR JEH O R A MRGET D TR A Fli L7z, AR JEH (Var) & SARH
(is) OHIX 1.0, WFEEAILT7 um & 9um THDH, PRE7 T v bu— L Emidrs/ o
T a— bl LT R MZ BT 2 itk OIS BLA Fig.5-4 127”7,

Var/V1is = 1.0 (speed ratio) Liquid film thickness : 7.0 mm | Liquid film thickness : 9.0 mm
PR : flat roll Ver! Var=0.66, Vag/Ver=0.8 | Vor/Vaz=0.66, Var/Vor=0.6
Visualization ‘ i Transfer direction /
Gap control \ "

| Coating\ﬁﬁlid |

PR : gravure roll

Visualization

Nip pressure
control \

| Coating Tiquid |

Fig.5-4 High speed camera pictures in case of flat and gravure roll condition.
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Fig.5-5 Stability diagram and liquid surface on strip.
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Fig.5-7 Properties of coating liquids.

Table 5-2 Properties of coating liquids.

Non-volatile Viscosity Surface tension
[“o] [mPa - s] [mN/m]

Liquid® 5 1.4 43 1

Liquid® 6 1.9 36 1.6

Liquid® 7 2.7 31 2.7
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Fig.5-9 Stability diagram for Ca number and experimental conditions.
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Fig.5-10 Stability diagram for Gap control coater with flat roll®.
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Fig.6-1 Schematic illustration of flotation dryer system.
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Table 6-1 Experimental conditions.
Strip size thickness0.26xwidth120 [mm]
Tension 0.10 [kg/mm?]
Pressure 600 [Pa]
Off-center 0, 10 [mm]

Side plate height 5, 10 [mm]
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IZiE, A Lv AR ZX-LD100 &4 L7z,
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|:| |:| laser distance meter
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plate | | 1 1111 11111 pate
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Fig.6-5 Measuring method of the strip tilt angle.
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Fig.6-6 Definition of “Increase of tilt angle”.
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Fig.6-7 Experiment results of tilt angle.
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Fig.6-8 Experiment results of tilt angle.
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Fig.6-9 Analytical model of floater strip walking.
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Fig.6-10 Steel strip attitude in case of Smm of side plate height.
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Fig.6-11 Strip position history.
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Fig.6-12 Relationship between centering force and strip position.
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Fig.6-13 Analytical model of floater strip walking.
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Fig.6-14 Steel strip attitude after 0, 0.4, 1.0 seconds in case of 100mm side plate.
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Fig.6-15 Strip position history.
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Fig.6-16 Relationship between centering force and strip position.
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Fig.6-17 Comparison of increase rates of centering force.
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Fig.6-18 Analysis results of normalized pressure distribution on the lower surface of the steel

sheet at maximum tilt angle.
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