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Fig.1-5 Film thickness profile from the two-phase simulation. 33!

(a) Contours of liquid volume fraction for instantaneous result of two-phase simulation,
indicating the position of the liquid in the domain. (b) Closeup at wiping region, showing
the reduction in film thickness due to the action of the jet. (c) Comparison between the

mean film thickness profile from the simulation and the analytical model.



Fig.1-6 Photographs of wiping test. Nozzle tip angle:120 ~ .[35]
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Fig.1-7 Fluid engineering challenges in gas wiping process.
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Fig.1-9 Result of feedback control by a coating weight regression formula.[39)
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Fig.1-10 Variation of flow directions of two opposing air knife jets.[43]
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Fig.1-12 Schematic diagram of baffle plate in gas wiping. [14

Wiping width ( =Strip width)

BLADE Wiping gas flow

AN

Nozzle \ I

Position

T

Fig.1-13 Feature of NSblade®. 46!

-14-



—
L-p]

— I [

1 :
1.4 .T Strip |
+ |

."Eﬂ 1.3 _‘\ Edge mask|
$ \

* 2k P
o Y @pmg
ﬁ 1 1lo \ nozzle i
8 '\‘3' '\M

o 10 ——0=0-0=8=0-0-p-0-0-0—0-0-1
> ,

.;"?; 0.9l Owith edge mask .
o ewithout edge mask

X 0.8 '

|
0 50 100 150
Distance from strip edge (mm)
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Fig.1-16 Structure of actual gas wiping nozzle with piezoelectric actuators. 4
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Fig.1-17 An example of strip crossbow correction for uniform coating weight. [50]
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Fig.1-18 Interaction of magnetic attractive force and resorting force

on strip at gas wiping. 53l
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Fig.1-19 Edge splashing phenomenon as observed on laboratory wiping simulator. [13!
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Strip Wiping
: noz_zle

Fig.1-20 Splashing from liquid bath surface in CGL gas wiping. 157

(a) 1%t grade (b) 2" grade

(c) 31 grade (d) 4th grade
Fig.1-21 Photograph of check-mark with grade,

(a) 1st grade, (b) 2nd grade, (c) 3rd grade, (d) 4th grade. [16]
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Fig.1-22 Mechanism of splashing from strip edge. [11.24]
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Fig.1-23 Relationship between critical Weber number and Re number at splashing

from strip edge.!11
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Fig.1-24 Force balance at splashing form liquid surface by gas flow.57
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Fig.1-25 Relationship between critical Weber number and Bond number at splashing

from strip surface in gas wiping process.!57]
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Fig.1-27 Characteristics of a two-dimensional jet.
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Fig.1-28 Variation of turbulence intensity of plane jet. (Near field) 163!
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Fig.1-29 Turbulent jets at different Reynolds numbers: (a) relatively low Reynolds
number, (b) relatively high Reynolds number. The shedding pattern used closely

resembles the small-scale structure of turbulence seen in shadowgraph pictures. [64
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Fig.1-30 Nozzle configurations and

total pressure plots at downstream locations.:

(a) Orifice plate nozzle, (b) Smoothly-contoured nozzle, (c) Long channel [65]
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Fig.1-31 Effect of turbulence model on Nusselt number for different values on plate angle

at Re = 5000, H/b = 10. 77
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Fig.2-1 Schematic diagram of two-dimensional free jet.

y Wall jet

] %\Z
< u_=>

Impinged plate

X

Fig.2-2 Schematic diagram of two-dimensional impinging wall jet development.
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Fig.2-3 Experimental apparatus for flow visualization and PIV measurement.

Table. 2-1 Flow visualization conditions.

Flow visualization

Light source CW Laser
Wave length: 532nm
Output: max 5.0W

CCD Camera  Photron FASTCAM Mini WX100
Resolution: 2048 x 2048 pixel
Frame rate: 250fps

Tracer Qil mist (DHES)
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Fig.2-4 Measurement principle of cross-correlation PIV.
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C. = loge(R(X,y,AX—I,Ay)/R(X,y,AX-i-l,Ay))
* 2log, (R(x,y,Ax+1,Ay)- R(x,y,Ax —1,Ap)/ R*(x,y, Ax, Ay))

C. = loge (R(.X, yana Ay —1)/R(X, yan’Ay+ 1)) (2-5)
T 2log,(R(x,,Ax,Ay+1)- R(x, y,Ax, Ay =1)/ R* (x,y, Ax, Ap))

L f£ ) 1 E°7“IZ/I/LJT@*%&*F%%O*§@J%AXSW Ayspa [
Ax,,, =Ax
Ay spa ypeak C

pcak
(2-6)
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Fig.2-5 Processing result by cross-correlation PIV
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Table. 2-2 PIV measurement conditions.

PIV measurement

Light source

Nd-YAG Laser
Frequency: 30Hz
Output: 200mJ

CCD Camera  Photron FASTCAM Mini WX100
Resolution: 2048 x 2048 pixel
Frame rate: 60fps

Tracer Oil mist (DHES)

Pixel pitch 10um

PIV processing

Interrogation window:

40 x 40 pixel

Search window: 16 x 16 pixel
Step size: 12 pixel
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Fig.2-6 Cross section of tested two-dimensional jet nozzles.
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Table. 2-3 Experimental conditions on flow visualization and PIV.

Experiment PIV Flow visualization PIV
Jet Free jet Impinging jet Impinging jet
Injection velocity U, (m/s) 2,3,8,15 2,3,8 2,3,8
Re number of jet 660, 990, 2660, 4980 660, 990, 2660 660, 990, 2660
H/B - 4,9,13 4,9,13
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Fig. 2-7 Velocity distributions at nozzle outlet of tested two-dimensional jet nozzles.
(a) Contoured, Re=660, (b) Contoured, Re=2660, (c) Contoured, Re=4980,

(d) Straight, Re=660, (e) Straight, Re=2660, (f) Straight, Re=4980.
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Fig. 2-8 Relationship between the uniform jet velocity length of the nozzle outlet

and Reynolds number.
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Fig. 2-9 Impinging jet formation of each tested nozzle at H/B=4.

(a) Contoured, Re=660, (b) Contoured, Re=990, (c) Contoured, Re=2660,

(d) Straight, Re=660, (e) Straight, Re=990, (f) Straight, Re=2660.
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Fig. 2-10 Impinging jet formation of each tested nozzle at H/B=9.
(a) Contoured, Re=660, (b) Contoured, Re=990, (c) Contoured, Re=2660,

(d) Straight, Re=660, (e) Straight, Re=990, (f) Straight, Re=2660.
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Fig. 2-11 Impinging jet formation of each tested nozzle at H/B=13.

(a) Contoured, Re=660, (b) Contoured, Re=990, (c) Contoured, Re=2660,

(d) Straight, Re=660, (e) Straight, Re=990, (f) Straight, Re=2660.
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Fig. 2-12 Effect of distance between nozzle and impinged plate on Strouhal number of

1mpinging jet.
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Fig. 2-13 Mean velocity magnitude distributions of impinging wall jet at H/B=9.
(a) Contoured, Re=660, (b) Contoured, Re=990, (c) Contoured, Re=2660,

(d) Straight, Re=660, (e) Straight, Re=990, (f) Straight, Re=2660.
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Fig. 2-14 Mean velocity magnitude distributions of impinging wall jet at H/B=13.
(a) Contoured, Re=660, (b) Contoured, Re=990, (c) Contoured, Re=2660,

(d) Straight, Re=660, (e) Straight, Re=990, (f) Straight, Re=2660.
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Fig. 2-15 Near-wall mean velocity distributions of impinging wall jet at H/B=9.

(a) Contoured, Re=660, (b) Contoured, Re=990, (c) Contoured, Re=2660,

(d) Straight, Re=660, (e) Straight, Re=990, (f) Straight, Re=2660.
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Fig. 2-16 Near-wall mean velocity distributions of impinging wall jet at H/B=13.

(a) Contoured, Re=660, (b) Contoured, Re=990, (c) Contoured, Re=2660,

(d) Straight, Re=660, (e) Straight, Re=990, (f) Straight, Re=2660.
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Fig. 2-17 Jet development evaluation by wall jet thickness.

(a) H/B=4, (b) H/B=9, (c) H/B=13
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Fig. 2-18 Near-wall velocity fluctuation distributions of impinging wall jet at Re=990.
(a) Contoured nozzle, H/B=9, (b) Contoured nozzle, H/B=13

(c) Straight nozzle, H/B=9 (d) Straight nozzle, H/B=13
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Fig. 2-19 Stable conditions of impinging wall jet.

(a) Contoured nozzle, (b) Straight nozzle
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Fig.3-1 Schematic diagram of two-dimensional inclined wall jet development.
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Fig. 3-2 Experimental apparatus for flow visualization and PIV measurement.
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Fig. 3-3 Cross section of tested two-dimensional jet nozzle (straight nozzle).
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Table. 3-1 Flow visualization conditions.

Flow visualization

Light source CW Laser
Wave length: 532nm
Output: max 5.0W

CCD Photron FASTCAM Mini
Camera WX100
Resolution: 2048 x 2048 pixel
Frame rate: 250fps

Tracer Oil mist(DHES)

Table. 3-2 PIV measurement conditions.

PIV measurement

Light source  Nd-YAG Laser
Frequency: 30Hz
Output: 200mJ

CCD Photron FASTCAM Mini
Camera WX100
Resolution: 2048 x 2048 pixel
Frame rate: 60fps

Tracer Oil mist(DHES)

Pixel pitch 10um

PIV Interrogation window:
processing 40 x 40 pixel
Search window: 16 x 16 pixel
Step size: 12 pixel
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Fig. 3-4 Changes in impinging jet vibration behavior due to nozzle-to-plate spacing

at 0 =90°. (a) H/B=4, (b) H/B=9, (c) H/B=13.

(@) H/B=5 “ (b) H/B=9 () H/B=13

Fig. 3-5 Changes in impinging jet vibration behavior due to nozzle-to-plate spacing

at 0=65°. (@) H/B=5, (b) H/B=9, (c) H/B=13.
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Fig. 3-6 Mean velocity magnitude distributions of vertical and inclined impinging jets:

(a) 6 =90°, H/B =4, (b) 6 =65°, H/B=5, (c) 8 =90°, H/B=9, (d) 6=65°, H/B=9, (¢) 6 =
90°, H/B= 13, (f) 6 = 65°, H/B = 13.
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Fig. 3-7 Wall jet vortex frequency measurement area.
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Fig. 3-8 Effect of nozzle-to plate spacing and nozzle inclination angle

on wall jet vortex Strouhal numbers.
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Fig. 3-9 Schematic diagram of two-dimensional inclined wall jet and definition of coordinates.
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Fig. 3-10 Mean velocity distribution near wall surface of impinging wall jet at y/B = 0.2

t0 0.8. (a) 6=90°, H/B=9, (b) 6 =65°, H/B=9, (c) 6 = 90°, H/B= 13, (d) 6 = 65°, H/B = 13.
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Fig. 3-11 Velocity fluctuations of impinging wall jet near wall surface at y/B = 0.2 and
0.8.(a) ©=90°, H/B=9, (b) 6 =65°, H/B=9, (c) 6 = 90°, H/B= 13, (d) 6 = 65°, H/B = 13.
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Fig.4-1 Schematic configurations for multiple-impinging slot jets.[81]
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Triple nozzle
Steady simulations

Fig.4-2 Example of a CFD simulation on triple slot nozzle. (¢!
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AV R ANERDE AHMAY v RS 201070 | ZNENMNLREIFICT D2 & 6
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FE, Do ZTRKVMEREPEND Z ENRINTEY ., BERTHWAMNEARE 50° @/ XL
FVBINEAELZEEEED L ATy MEFRUSADOER TH - X PERENET 2 2 &
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Table. 4-1 Dimension of 3-slot nozzles.

B C E 6 Width
[mm] [mm] [mm] [deg] [mm]

3-slot A 1.0 1.0 2.0 20 250

3-slot B 1.0 0.1 2.0 20 250

)G

B3 Center slot
Do
E

Lower slot

Fig.4-3 Tip shape of 3-slot gas wiping nozzle.
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Fig.4-4 Photograph of 3-slot wiping nozzle.
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Fig. 4-5 Schematic diagram of impinging pressure measurement.
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%, BHEE) . MERNEMEETH X 25 ENEZ 26N D, AEBRTIX
EAR D E B2 HE R ERILT D720, HEEEZHRM LI,

Top roll

Wiping nozzle

Strip

a Pay-off
b/ Reel

Liquid bath

Coiler

Fig. 4-6 Experimental gas wiping apparatus.

Table. 4-2 Specifications of experimental apparatus.

Coil material Aluminum

Coil size 0.1 mm thickness

150 mm width
Transfer speed 0-20m/s
Wiping gas pressure 0-20kPa
Mozzle — strip distance 0 - 50 mm
Mozzle tilt angle Horizontal * 30 deg
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Table. 4-3 Physical properties of coating materials, conditions of coating process and

dimensionless numbers.

CGL Wiping simulator

Coating material Zinc Paraffin *!

(HNP-5)
Operation temperature [°C] 460 90
Coating density [kg/m?3] 6623 759
Coating viscosity [Pa-s] 0.00294 0.0071
Coating surface tension [N/m] 0.81 0.0026 *2
Nozzle — strip distance [mm] 5-10 10
Transfer speed [m/s] 1.0-2.5 0.67
Plenum pressure [kPa] 10-70 1.5 (center slot)

0-1.0(upper, lower slot)

T 0.024-0.074 0.03-0.04
S 0.5-3.0 0.6-1.0
G 50-500 230-460

*1 NIPPON SEIRO CO. HNP-5
*2 Maker’s publication
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Fig. 4-7 Example of mesh for CFD analysis.
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Fig. 4-8 Coating thickness in paraffin wiping experiments with different nozzle type.
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Fig. 4-9 Mean velocity distributions of free jet from 1-slot and 3-slot nozzle.
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Fig. 4-10 Pressure gradients calculated from measured gas velocity distributions.
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Fig. 4-11 Velocity fluctuation distributions of free jet from 1-slot and 3-slot nozzle.

-96-



443 RV)yMEIREIZES 3-RYYM XIILDEFREEHEDEL
2y hE ETFRAY w FOREIB C 12X o> T, BESARKE BT HERIESTE

NS

REDORER DT, 2 WL EH fEHT(CFD) 21T - 7=, Fig.4-12 121%, FIHIE FhrFs L O CFD
BRI AIETHER O i 2~ 3, CFD O EEIE, EEEER LD ik LT
MLTEY, BEREBOIERBZHER SN, 1-A U v k) AT 5 3-AY v b J AL A,
B OEIE O KR/NBIFR) &9 STt JBUERIER R &L CHEmTH Y | EWVIZES
MOHLEREEZ DILD,

Fig.4-13 12, CFD M ROEE 2 ¥ —MERT, 3RV v h/J XV AOHFE, Fk
22Uy b-ETFRAY y IR C NRW2D, FRZAT » FBXOETRY y M b0V =y
R EWZEI EFHEH - T 3 EROESMEES N, FRAY v Y= v MREER
LT, ZAMNY w7 ECRRELLREESMEZTER LD L, 3-AY v /) A B T
X, FhY ey e BNV RPEHEEHESOICAETE L, PR = N OIS S
2L FBZBND, Figd-11 TH O HEZEB 5040 OV T, Z ORI 2 EERINIZ
EMTHMRTHDLEER D, ZOXIIT, MiBIAY v MZX > To®ILy = v ~ OERIE

BRIIRES L L, AT A B 7l & U CHEERENE AR ZHERETH D Z &2
Doz,

20
Exp. CFD
N AN
1.5 /7~ hYd I
£ 3-&'&5\ -
€ 10 |
2 1-slot 3-slotB
05 |
0.0

Fig. 4-12 Comparison of half-value distance in pressure distribution.
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(a) 3-slot A (b) 3-slot B

Fig. 4-13 Velocity contours of 3-slot gas jet nozzle.
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Fig. 4-14 Coating weight in paraffin wiping experiments with 3-slot wiping nozzle.
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Fig. 4-15 Measured impingement pressure distribution on strip surface.
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Fig. 4-16 Calculated impingement pressure distribution on strip surface.
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Fig. 4-17 Comparison of half-width of pressure distribution.

445 3-RUYyb/ XN DOEFREE
A2V b RS B HIR E TOEROIRSTEREEZ 7~ —f#l& LT, Fig.4-18 |Z(a)
ez > b 1.5kPa, ()2 VY v k 1.5kPa, EFAU vk 0.2kPa, (¢) 2V v k
1.5kPa, EFAU > b 1.0kPa ® & % ® CFD fi##TIc L 28 = o 2 —RINRd, AfEFTIC
BT H AMWEEEE L, £ 1.5kPa TIdK 42m/s, 0.2kPa Tl 15m/sGeh 2 Y« |l
JEL 85.7%). 1.0kPa Tl 32m/s([A] 76.2%) T - 7=, (a) & il LT, (b)) TITHRAY v
NEROBMENTHE Y . LV BT ETEHWEENRIZND LD, DL/ ANVT
B5CIX, R CHEFIRA X B 2 L FTRE CTH D, L L, SIHGIT £ o0 BE M 7 fEdek < 1%
LD DRI ~OFE~E AT DIERE & 72 ) | RE 7 [A)0RE f e s & 2 k3 572
HEE A 72T TR IR A Bl 35 Z L IR TH 5,

-103-



Velocity [m/s]

(a)Center 1.5kPa (b)Center 1.5kPa, upper and lower 0.2kPa (c)Center 1.5kPa, upper and lower 1.0kPa

Fig. 4-18 Velocity contours of single and 3-slot jets.
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Fig. 4-19 Total pressure distributions between nozzle tip and strip with 1-slot, 2-slot

and 3-slot jets.
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Fig. 4-20 Turbulent kinetic energy contours of 1-slot and 3-slot jets.
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