FEFEBAOBMEY S 21 —v g v

2020 4 3 H

Sar K FE R e
BT 2ADT SR T2 s (A8 IERAR)
YERY: 2 — 2 (JBE#HE  AREKF])

FE EX



MAEFIEAM X, &7V oEETRETHWLRTW S, M 713, s

R ERRAGHRICH LN T W28, BIEIRIER EDOYIRDOE L WILRIC X b,
Wi 7 XV OB/EPHERKLET Cnd e bic, 7V —F—DL WEF» L,
FEIR_RLDIARX M E Y YBROLNT WS, IR T VRERTE-01C, K
AAEAREOHIK, HiE TR SELrIE T b5, Fric, #E TR mE®EMICIE,
H—Tva—74AvI7OENCESE, MEMOREREMPRETEN TS, h—T
YA—T 4V TIFEMFED 1 OTH Y, AW E -7 VIROERE L TR TS
200 TH Y, MERBHECHEAI LW Ao FEL LR, L) EHETOR
MHATRE L 72 %,

AR OEHEBEMATIE, FCZORENPHETH L, T F LI, MEKRIcE
C2RDZELTHY, WETNVOHRARDIFAE 72 5, KAl & % HI L
FETOBLZITI) &, BLERBELL T b, BLEXoREZIHIT 2720
ITiE, KiERORRPVETH 2720, KiEH A —71Tld, FHORERFAFE 1T
biLTwb,

KiERIORFE X, BEBRICE S 2 FTHENICITb T2, T HICHFEL A
Az, BREOBMREICHISI L ILEND Y BAEREROFED 7 X —7
—DEEEMEHL TIT5 720, KHERIOFRBEICIIZ K& L ORHEZ 48 e L
T3, EEEBMICHIGLZMERIOREICENTD, A—Tva—7T4 v 7icH
TOHRABBETH 2P, MERBMHICHA—Tva—T4 v Z7%2AHALTHwE I
WA =T =R A7 KO G 2 RE A DFAFE AR EEIC 72 o T 2 D 3 BIR T
»H5,

R Tld, KEAIFIEICBUEI R 2 EAST 2 2 L 2 HWE 35, BARMICITHRS
ARAIBAORMEY I 2L —vaviiTw, A—T v a—7 4 V7T X2 EHEER,
BIRELZoRECHTIMAZEL LT, h—Tva—T4 v ZICHIEL 7
MER O EREIC L, LELEMAS X B OB A ERT 2 2 &L HVTH
%, K& % share-thinning Z /R SR PERA EIRE L. 3L 2 0FREHKE, UT
DEBBICHE L., BEFEZFEMT 2 LT 1L EDELIC WEFDRME % A
HEL T %,

REEROBAE TRICE W T, BENICKUERBAT 5,

CRAERRE LT, BIEECHUN R v =2 AL, KEL TR R LR 5,

i



BAEEE Y —ricid, A — 7 v Y — 2D O0penFOAMZiHT 3, 1Z U % DFEHR
ODHBHMEZERT 2720, 240 2 00@FRICO T, BIEFHEET VEREL.,
BUHEHR % 1T > 72,

AFFEClE. LTONATHK I NS, F2E T, OpenFOAMSTEDVOFIEIC
X 3 ZAHBRAR OB & O R OB A R T 2 20, B LI U 2Muhs
Y= ABEEL, FECE AT EHRMERICXVBELL, Lo, M
AR LB T2 € v R—VEOEREEM L, SHREMGRE KT 2 2 LK
HatHET LV ORZYEEBEEL 72, OMEEH VT, YHEHEE LT LBIEER%
fToceT, vvds—LrolRICEZ 2HERTEL., KTk LTI T
Wb, Za—bVHRICET 2 €y — VO REREER S, R AN #E AT EE 5> R
fliL7, ZDkE, BMHEIHEL Y v s— A RKRET 2T AELNE, BEE
Bl LW 2 AT - 22551, BilA o CENEMAE T A2 EA L, BRIBM %
TEZETEYFR—LORESHREKZ CL3br o7z, ZOBMEHEZH VT,
v YR —ADRERE L EROYMEEE ORGREREL 2L 25, REEE I
AR ORMRICHFI L, K KEH T2 e pbhrotz, T2, RBMEAHE
LA, MERE IZRBAOMEICS U C3ETHHIT 2 L 8br o, Thit,
FATHIEE L CHE I N T I EEEOBGE L Twi 2 b, MERT
FEEMAEHVSE LT, EIN TV IREEREASHAHAMGETH 2 2 &b p
272,

F3ETIE, BEN~DOZIEOERAICO W CEIEEE % EM L 72, &R off
HEINTwdh—Tva—74 v 702 RBUEGIHEETVEERL, h—T v D
JEAR % 2K J coating window D FFHl 2 1T\>, VOFEIC X W KU A DR & 7 5 225
[FIff (air entrainment) 2BHIATRED A L7, % LT, EHEIREICH T 2 =HHHm
MicowT, LfriffgEe ik L, VOFkIC k3 h—Tva—7 4 v 7 OREE%
Bt L7z, % OfER, MIAORE, BHiEs L BAHEEX LTS 2 2 & T, heel
formation*Pair entrainment7zs & DA — 7 VIBIRBHEHTE 2, 25 DR EH W
Tcoating window % FFB L 72 #5 8. JefTHE D b @ & —E L 7=, T, EFIK
REL 7x o TR ICO W C EMEMB OB L FE L2 L & A, BFOMI Tl &
NTOLEFREMNR KLz, bk, VOFEZHWThA—Tva—T4 v
DFHNAEETH 2 2 L Bbr o Tz,

i



BABETIE, A—Tva—T4 v 7O 3IRTEMHEEEML., SIERADFHH
DSAJRED R L 72, WD, 2 RTCEHREET A ZHLR L T 3 RICEHEE T v 2 1EKL
L. coating window!Z 3 % air entrainmentD BLHI 23 [ RED G L 72, $720 1—T
VAV EREANLZZ 3RICEHEET AV Z/E L., [FfkICair entrainment 2381l AT HE 2>
HE L7, ZOfHE, airentrainmentZ &84 2D h — 7 VIBIRA RO N2, Thb
Dt % Fl\» CTcoating windowZ I L 72 25, 2 RICEE CEO W00 &
N L7, £/, h=T VHA FEEALZETNMICEWTD, airentrainment??
BElE N, kY, RIFFRCTERLE3IXTHEETLEHVT, BE~DOX
TWRAZ BT % 2 0REES R S iz,

AWFRICE Y, BERHICAEL 2 Yy R— L OELZ., WERIKE. KR,
WSS TR 2 L AAREL Ie o7z, F 7o SEIERL 72 8UEEH R €7 v % H
W, ZBRAFEEOBMEERBRAFEL o7z TNOLDOKER, H—TFTva—T 4V
UG L 72 KGO BFE 2 nlREIC L. BHFEIC 4 e 2 2 + B X R o Bl I J
M2 L BIREI NG,

il



Adhesive coating is used in the process of manufacturing self-adhesive label. Self-
adhesive labels are used for various purposes such as product labels and delivery slips. Due to
the remarkable expansion of logistics such as mail-order sales, the demand for self-adhesive
labels continues to increase, and fierce competition among label users requires cost reduction
of self-adhesive labels. In order to achieve cost reduction of the self-adhesive label, reduction
in the amount of adhesives applied and speeding up of the manufacturing process can be
mentioned. For speeding up the manufacturing process, high-speed application of an adhesive
by introducing curtain coating is being studied. Curtain coating is one of the coating methods,
characterized by flowing the coating liquid as a curtain-like thin film, which enables higher-
speed coating than other methods used in adhesives coating.

In high-speed application of an adhesive, generation of pinholes in a coating film is a
problem. This coating defect causes printing failure of the self-adhesive label. When coating is
performed at a high speed with a reduced amount of the adhesive applied, the pinhole is likely
to occur. In order to suppress the occurrence of the pinhole, it is necessary to improve the
adhesives. Therefore, a adhesives maker is developing a new adhesives for the label.

Development of the adhesive requires a lot of cost and time. The development has been
performed by trial and error based on experience. Furthermore, it is necessary to apply the
developed adhesive to the coating equipment of each company, and the coating test is performed
using the actual machine of the label manufacturer.

The purpose of this study is to introduce numerical simulation into adhesive
development. By performing numerical simulations of adhesive application and obtaining
information on high-speed application by curtain coating and the occurrence of the pinhole, it
is possible to develop adhesives for curtain coating, reducing the required cost and period.
Assuming that the adhesives is a non-Newtonian fluid exhibiting share-thinning, the
phenomena occurring of a pinhole are divided into the following processes, and numerical
calculations are performed:

* Air bubbles are mixed in the coating film in the step of applying the adhesive.
* With the bubbles as nuclei, fine pinholes are formed on the coating film and grow.
To evaluate reproducibility of the simulations, we calculated these processes with OpenFOAM,

which is the simulation library including the solver for multiphase flow.
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This research consists of the following contents. In Chapter 2, we simulated the growth
of a pinhole on the coating film in order to confirm the reproducibility of the phenomenon
involving the movement of the three-phase contact line by the VOF method attached to
OpenFOAM. As a result, we obtained a state in which the contact line receded and the pinhole
grew. Comparing the results with coating experiment, it was found that a pinhole growth can
be reproduced by introducing a dynamic contact angle model of the contact angle using the
receding angle. Using the numerical simulation, the relationship between the growth rate of
pinholes and the physical properties of the adhesive was investigated, and it was found that the
growth rate was proportional to the surface tension of the adhesive and inversely proportional
to the viscosity. Furthermore, it was found that the growth rate was proportional to the third
power of the receding angle when the angle was smaller than 30 degree. This is consistent with
the relationship between the growth rates reported in the previous studies, indicating that the
reported growth rate equation can be used by using the receding angle for the adhesive.

In Chapter 3, we simulated curtain coating for two-dimensions to investigate the
incorporation of air bubbles into the coating film. The coated window representing the shape of
the curtain was reproduced, and it was investigated whether air entrainment causing air bubbles
could be observed by the VOF method. And the steady-state three-phase contact line we
obtained was compared with previous studies to examine the reproducibility of curtain coating
by the VOF method. As a result, curtain shapes such as heel formation and air entrainment could
be reproduced by changing the viscosity, application amount, and application speed of the liquid.
And the steady-state three-phase contact line we obtained was compared with previous studies
to examine the reproducibility of curtain coating by the VOF method. As a result, we obtained
curtain shapes such as heel formation and air entrainment by changing the viscosity, application
amount, and application speed of the liquid. As a result of reproducing the coating window
using these results, the results almost agreed with those of the previous studies. The location of
the three-phase contact line in the steady state results generally agreed with the relationships
reported in existing studies. These results indicate that curtain coating can be reproduced using
the VOF method.

In Chapter 4, we attempted a three-dimensional numerical simulation of curtain

coating to investigate if air entrainment could be reproduced. First, we create a three-



dimensional calculation model by extending the two-dimensional calculation model, and it was
examined whether air entrainment in the coating window could be observed. Next, we make a
three-dimensional calculation model with a curtain guide was created, and it was similarly
investigated whether air entrainment could be observed. As a result, four curtain shapes
including the air entrainment were obtained. When the coating window was reproduced using
these results, the distribution substantially agreed with the distribution obtained by the two-
dimensional calculation. Air entrainment was also observed in the model with the curtain guide.
From this, it was suggested that it is possible to reproduce air bubbles in the coating film using
the three-dimensional calculation model created in this study.

This study made it possible to predict the growth of pinholes on the coating film
surface from the viscosity of the adhesive, surface tension, and wettability. Also, using the
numerical simulation model created this time, a numerical experiment of air entrainment
became possible. These achievements enable the development of adhesives using numerical
experiments, and are expected to contribute to reducing the cost and period required for

development.
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Fig. 1.1 Schematic of the process for self-adhesive label.
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Fig. 1.2 Schematic of the coating methods". (a) Roll coating, (b) Slot die
coating, (¢) Chamber gravure coating.
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Fig. 1.3 Schematic of curtain coater?.
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Fig. 1.4 Schematic of slide fed coater and three areas of flow: forming curtain
area, falling area and impingement area.
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Fig. 1.5 Picture of the hole on adhesive film.
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Fig. 1.6 Experiment of air entrainment on dip coating. The left scheme shows
the schematics of the experiment. The substrate moves into liquid pool
dragging the interface. The right scheme shows the contact line breaks on the
coated face in the area surrounding by dash line.
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Fig. 2.1 Schematic of calculation model for growth of a pinhole.
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Fig. 2.2 Schematic of the calculation for normal vectors with contact angle.

n = n,sinf + n, cosé (2.7)
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Fig. 2.3 Schematic of the experiment for coating adhesives on a released paper.
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Table 2.1 Physical Properties.
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[kg/m3] [Pass] [kg/m3] [N/m]
1.0 0.01822 1050 0.0344
X 103 _ 3
o X 10 Hing X 10 k 3 4
[Paes] [Paes] [/s]
570.0 24.0 78.1866 0.7863 2
Experiment
o o O Shear rate y Viscosity u
[kg/m3] [N/m] [deg] [/s] [Paes]
1050 0.0344 70.9 1.0X 1073 0.570
1.0 X 10! 0.367
1.0 X 10! 0.175
1.0X10° 0.060
1.0X10° 0.024
1.0E+02
1.0E+01 —model
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Fig. 2.5 Rheological Characteristic and its fitting results of Carreau-Yasuda
model.
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Fig. 2.6 Pinholes growth on a coated film by coating experiment.
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Fig. 2.7 Growth of the pinholes on the coated film of adhesives.
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Fig. 2.8 Time dependent change of pinhole shape and the viscosity distribution.
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Fig. 2.9 Temporal variation of pinhole diameter.
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Fig. 2.10 Schematics of dynamic contact angle;(a)Advancing contact angle.
(b)Receding contact angle.
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Fig. 2.11 Comparison of temporal variation of the pinhole diameter between
experiment and the simulation with dynamic contact angle model.

Table 2.2 The ranges of surface tension and rheological parameters.

oX10° Ly X103 My ¥ 10 k
[N/m] [Pass] [Pass] [/s] "
10 ~ 60 11.97 ~570.15  2.41~2846  50~300 0.2~0.8

FHEE L LTk 7=,  Figure2.12 I ¥ YR — A ORERE L REREN B X R
RRETE & BB AR T, 77 7 DMt v v R — A DREREE 2R L, R ER
N1 XL RIEDORERTE ey %R T . ()13, BURHE L KRR & OBRTH 5, L
A vy —FEiL, table 2.1 DEZ M L 72, RS IZR IR ICHAI L THEMS 2
Zenbhrol, DIy —VORERE LEEORE L OB TH 5, KK
IF, 0.0344 N/m & L7z, £7z. UM e 13, BRI GE O WUAREEE D35 fE & L
2o YD 77 X0, IRIROREREINT 2L, Vv F—VLOREHEMET L T
LTl DhBb, THIE RDOLIICEZLNDS, BV E—LDRKEICHE W TEED
i EN BT X 6. RIATR) PRI D)L 2 I3 5, — i
WMABE Liho 2 &, BEMNICHBIZAAEL 2720, MMESERT 2, 2ok &, Mtk
HORIC X > CHRIBEOEEB = AL F =2 kbh b 2 h o, Mtk v A— L oRE%
X g LEZOND,

INSHOREHREE, Mk, KRR B X EME)) O TH % Ohnesorge £0%
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(a) Surface tension
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Fig. 2.12 Relationship between growth rate of a pinhole and adhesive
properties. (a): surface tension (b): representative viscosity.
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Fig. 2.13 Relationship between growth rate of a pinhole and Ohnesorge
number (Oh).
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Oh = (2.11)

v=f (%) (2.12)

ZORIF, BITMETHRE I N TV E2)RABLUTQRHXEFFEL R\,
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Fig. 2.14 Relationship between growth rate of a pinhole and receding angle 6.
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Fig. 3.1 Schematic of calculation model for curtain coating in two dimensions.
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3.2.2 ICRLITER
BUERTER Y Loy —x, 2 E L [AERIC OpenFOAM %Ml L 7z, SZBC/FFER 1T Navier
Stokes . #HftDR. VOF B OB TR TH %,

dpu
% + V- puu=-Vp+p+ V- u(Vu+ vu’) + oxné;,; (3.1

V-u=0 (3.2)

(z)—j+u-Va=O (3.3)
T, wldHERY P v, w3RE, g ZEIINEE, p 13ETI. pldEE. o3 KA
BRI n ZREOERZ v S XM, IR HE O, ald VOF KI5 5 (R fE
NETHD, VOFIKICL B, =T va—7 4 v 7 OFRNEZFHET 2 720, KiEH
DORMEIX. =2 — b vtk e U, ML ol 3 Ersim & LT 90 Fe Lk,
T/, GHRETAD R v v 2 BEICIE AT E D blockMesh 2 L 72, 71— 7 v 235
ICHTZE T 2 HEBBS R DM VA v 2 ic B X ) el EiT v, RN AIEER 156
um & L7z, M. JE= = — b At X OBl £ 7L 2 lAA A ZBIER T D W
X, SRoOBEHREL 75,

3.2.3 Coating window

Coating window & 13, AN OEIESRMA L EFHIREICE T 5 71— 7 v OIREOB G %
#3777 CTh s, Figure 3.2 I coating window D% /R3, 77 7 Offtlhix, »—7
v @ Reynolds # (Re=piQ/ ) . TEEMIZIBAREE U L HZRKEO A — 7 v OWE THE VD
tkuvch s, 777 OFIRDOFEIFIL coatable & I 2 IEH 7 AR A3 Al RE R S&1F T
H2,7 770k FITEAO ERMNCHETEE Y %4 U % heel formation DFHIKTH 5,
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Fig. 3.2 Coating window schematically shows the relation between coating
conditions and curtain formations.

Heel formation & 7& % 5&fFTl. coatable & HH L CTHEAIEL &Y, £/~ v =
v RO A D VAR Tl KA RIS £ NI 32 2 & THiEAI 9L 3 % vEE
D3 %, —J7. coatable D Ml XU FTlE, 7 —7 VBT HICKE 5o
5k 5415 pulled film . K & Hbf & ORNICZERDOE DR AT 5 air entrainment & 7x
254 CH 5, MERIOBEA TR E W &5 5 Reynolds SN E b, £7-
BIHRELEETH 5 Z & 25 air entrainment 23 FE4E L3\, 77 728 Coatable D
£ OFEIE TlE. heel formation B X U air entrainment 23 [GIRFICF A $ 2 fHIBTH 5,
AifgEcld. BIEFHHE OFHM 21T 5 729, #]1®IC coting window DI % 1T 5 7=,

33IRBIUEER
3.3.1 BiERIRIC X 27— 7 VIBIRO IR
Table 3.1 ICFHEEMN2RT, H—F7 vOEE I LY0EBREZSEL L, 20l
DREIICOWTI, #—T vESxHiEL L, SIHAMEZERL CRELL, k.
PIPEEIZ A TIFSE CEF S T3 71% 27 Y & ) VIKER 9% 55 L LTz, WiADRL
ELRARE L BHEEIZ AT A —2 L L7z, Table3.2 IC¥7 A — 2 D—fl&RT,
Figure 3.3 IC Case | DFMFICH T 25t B R 2T, B ZHMGT 2 &0 WEH
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Table 3.1 Calculation conditions for two dimensional simulations.

Pg He P o H 0 * 10 u
[kg/m?] [Paes] [kg/m?] [N/m] [Paes] [m?/s] [m/s]
1.0 1.822 X107 1050 0.0344 0.01~0.2 1.25~75 0.5~6.0
L L L, L H H, H,
[mm] [mm] [mm] [mm] [mm] [mm)] [mm]
31.0 12.5 2.5 10.0 5.0 5.0 5.0

Table 3.2 Examples of variable parameters.

Case 1 2 3 4 5
[z [Pass] 0.025 0.025 0.025 0.10 0.025
U [m/s] 1.0 1.0 1.0 1.0 6.0
O [m?/s] 2.5%x10% 3.75%x10# 5.0x10* 2.5x10% 2.5%104

SRS 5 & AT 72T T < OIS D IR DNENIA Y R E Y 2T L
7o WARTTIANCINDS o 72 iRIRITHE K Gl R IEIX S N CTEBEZTEK L. ROHlIC A U 7231
HME O IIME I, EFEREL o7z, ZDIRREIX, coating window Tl coatable IC
DTHEINLHRTH B,

Figure 3.4 ICEHFIRAE L 72 o 72 Case 2 5 X U Case 3 DR %/~ T, (a)ld Case 2 D
ERTH D, Casel TREHEE NN —T v O EFRBIDO D2 LIROWH T Y 25, EH
IREBICHE W THTERICIIBH I N o7, (b)id Case 3 DFFRTH S, Case 2 &b
LT, LV REVEET VLA ONZ, 20 DFERIE, heel formation IZ34H X 1
5o 20 =T v o TiMlicHn7-0E CIREOFIEZ R L7z & 25, Case
1 TlX 254 pm TH > 72D ICxt L, Case 2 Tl 381um, Case 3 TlE 510 um TH o 7=,
Heel formation 23T X 415 B, JEJZ IS coatable £ D HJEL 725 Z & 28, BEEIAE T
b HfERR T & 72,

Figure 3.5 IC Case 4 D% /"3, Case 4 CIHEAHMAZHRKAR b N, 5., 71—
TVBHEMICEZET S L Casel DX ICEH A —T VIR INDE (1.08), Hil
T, =7 voLEifilk v, s EEE EMoRICR AL T2 & FEKFIC, BIEOE
JERHEL o7z (14s), Z LT, A—T VR FHRMNCE >R b N, TEOBER X b &
NIALETEEZVR L 72 (1.5 5). 2D, 71— 7 v OFLED R A I LMl E)
L. IER BB CTE TV RREBICE 72 (1.7s). Z OFEFRIT, BEINICZER D fE A
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Fig. 3.3 Forming curtain and film on the condition Case 1.
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Fig. 3.4 Heel formation on the condition Case 2(a) and Case 3(b).

fR A9 % airentrainment &, /7 —7 ¥ 23RAG ST MANICH] ok 5 41 5 pulled film ICFHH L,
[iLEZ ARG ER T LEZLND,

Figure 3.6 IC Case 5 \CBF 5, 1 —T VHREMICHEZET 22T, KoLEMEIIZ
H—T7 v ROkt Ch Y, HGIITEMAFEEZILRL 2D TH S5, KA 023 s 1L,
N —T VBEMICERE L ZERORLTH 5, h—T v BEMICEZRT 5 L, JEFIC
ORI & L5 & FIRFIC, Bl X 0 Hb & iR o MIc 22508 7 3 eRICR A
TARTBRAONT, ZOEKRDERTHRENCHEEH L 2>, LD ITRIC A > TR
WMEOVDPEREINZ, COWME VT, RALAEZZELQED BEICEL, Hp e L
TV 72\ T & %25 heel formation DFEH & 13575 2 & 72 BIKDORRIFILIEF 13 < |
K%l 1.4 s D X5 ICEESER I N T Kb H o7z, DX, WHEY %
4 U % heel formation & . Z25ADJE AR AT % air entrainment 23[Rl IS 584 3 2 Al SR 1.
coating window _I. T heel & air entrainment IC 5330 X 415, Heel & air entrainment IZ 35
VT, airentrainment & [AFRIC, BEIRNICKHHARAL TV 2 L2 b, K EA
TN TH B,
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Fig. 3.5 Air entrainment on the condition Case 4.
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Fig. 3.6 Curtain impingement on the condition Case 5.

3.3.2 Coating window D FF3

Figure 3.7 IC, BUERIE OAER X » I L 72 coating window % 7/R3 ., /1—7T vV D%
THE VIR, EME D EE smm OfIEICE T 30 —F v D FTAOMEDFEE L
L7z, Cased DX HIC, A—T VB THRMANCKZ CFloRkoN 556, EFERA—T
YRR EIN T ERZICE T 2 PEEE R L7z, £7-. pulled film (X, Figure
3.5 ® X 9 (T air entrainment & [FIRFICELI X 7272 ®( air entrainment IC/38 L 7z, H
JLD coatable FEIHIC X L, FEIK/E L1 heel formation, 35 X U4 N IC air entrainment,
41 heel & air entrainment & 7z > 72, Figure3.2 & K3 2% &, Rk oz~ L C
WBZlhb, VOFIEICX YV A —FTva—7 4 v 7 OBBNTE ZAREIRE X
Nz,
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Fig. 3.7 Coating window by two-dimensional calculation.
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Figure 3.8 IC & & IRREIC 351> T coatable ¥ X U heel formation & 7z - 7245 R O XM &
L WD Z 7R F, Coatable & 72 o7z Case 1 Tld, B —7 VIZHE VT FHHEICH
. EMAHE CRBICHRE DSBS ZE L T a2t Ao i, S0 T
Hb e, EhhafEcikmEoRNsBHll I Gz, 2o, h—T7 VIiCEbd - Tt
NTWwE 2, 1—7 vikfFcid bgmic g 8320 L 7, Ephatsclid, AtomE
FBRAEE L ERECH L2 b, =T v X0 B0 S O i i HEAM O FE
Lo THZFRIIN TR LEZONE, —Jj. 7—T v O Fififlls X EFED HF
ADEGFIC B TiE, BIROFNICI » TR AL TE b, EICHELE X Y
HTEEN =T cld, I BT 0m/s THo7z, T XY, Tl TlREEDR
NI X o TN EL e FEZ LN,

#E\ 2T, heel formation & 72 - 7z Case2 (b) B X W Case3 (¢) DNk R 2L, 7
— 7 v &0 B O SHERTlE, Casel & [RIBRICEEAR /7 1A & 131X R Z00E T C &l
BB L Tz, —J5, =7 VAIREBT S MAZOiid, WIHE Y NITILAY .
Z DRBFEMELE CRBUCTHNA D ST H DB TTIANCEL L Tie, T2 E Y Diith
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Fig. 3.8 Flow fields for coatable and heel formation.
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Fig. 3.9 Effect of Re and U/V for the position of contact line x".

X, =T VOB LEL CTEBWZ LD, WRBIHE T EEZLND, Tk,
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D\, Sakiadis DEFEIGR IO MR ONIE & Re B XU UV OBER2S
wWEINTHY, UTockIhz DI,

(1—x")U/V = 0.383 Re (3.4)

22T, X3 —T v OREIC XY RITt S R ofiE T H 5, BiEEIE T
BonEEH T, G5HABPHHTE 2 22GEL 72[X72° Figure 3.9 ThH %5, 777
HOEMBBSHRTH 5, KLY, REEFROFMRIZG.5)X 2wzl Twb
b, VOFIEICX DA =T va—74 v 7 PHEETE 20 REESRR S L7,
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ARETIE, VOFEZRHWTCH—T v a—T 4 VI 2Rz, FORER. 2 RICEE
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A% X . coatable, heel formation, air entrainment, heel & air entrainment 1Z 73480 & {1
57 —7 VIERBGE o N, SUEBEADJRK & 72 % air entrainment 35 X U* heel & air
entrainment 23§ H 72 Z L 225, VOF (EIC X U 5SUEIR A DI C % 2 AleME 23 HERR
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Fig. 4.1 Schematic of calculation model for curtain coating in three dimensions.

Releasing paper

Fig. 4.2 Schematic of calculation model for curtain coating with curtain guide.
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—TYHNAVERE L T2e A FPREITF VML OBERIE L, ZDI3HD z BT O

SESUIBARER T & L 7,

4.2.3 ZRc i ek
BUERTR Y vov—1x, 2 E & [AERIC OpenFOAM Z A L 72, XZHC/H £ Navier

Stokes =, EFEDOX. VOF B OGN TH %,

dpu
%+V-puu=—Vp+p+V-,u(Vu+VuT)+mcn6mt (4.1)
V-u=0 (4.2)
6a+ Va =0 (4.3)
5 tu Ve = :
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RS, n ZFREDESNZ v, S 3R, IR mE oM, ald VOF ki k) 346
DECTH D, REFIORMIZ, =2 —F viRike U, b & o8l 1 S &

Ty w2 bov, pl3fGEE, g IXENDIGEEE, p XS, pld %, o35k
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BXWy HROR/NEVIEE 156 pm & L7z, Tz HRNICHE, 1em 720 16 &L
THEIZIT O, e VRREUL 230 TIRETH - 7=,

Table 4.1 Calculation conditions for three-dimensional simulations.

Ps My P 2 M O34 % 10° u
[kg/m?] [Pass] [kg/m?] [N/m] [Pass] [m?/s] [m/s]
1.0 1.822 X107 1182 0.050 0.01~0.2 2.0~16 1.0~ 8.0
L L L, H H, D
[mm] [mm] [mm] [mm] [mm] [mm]
52.5 50.0 1.0 5.0 60.0 10.0
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Fig. 4.3 Three-dimensional simulation result of liquid-air interface for coatable

condition.
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(a) 4=0.010 Paes

(b) 1=0.100 Pass

Fig. 4.4 Three-dimensional simulation results of liquid-air interface for the

condition of heel formation(a) and air entrainment(b).
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Time: 1.000000

Time: 1.050000

Time: 1.070000

Time: 1.100000

2 2.2

1.8 2.4
Time: 1.180000

Fig. 4.5 The motion of liquid-air interface. ( £4=0.200 Pa-s)
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Fig. 4.6 Coating window based on three-dimensional simulations.
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Table 4.2 Range of parameters for three-dimensional simulations with curtain
guide.

y 0O, X% 10° U
[Pass] [m?/s] [m/s]
0.08~0.2 6.0~ 15 1.0~ 10.0

(a) Over all view

Time: 0.34

(b) Side view (c) Upstream

Fig. 4.7 Falling curtain through the curtain guides, and the formed film.
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Fig. 4.8 Velocity distribution of falling curtain.

Fig. 4.9 Forming film for the condition of heel formation.
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Fig. 4.10 Coating window by three-dimensional calculation with curtain guide.
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Table 4.3 Range of parameters for three-dimensional simulations with widely
curtain width.

D H Q54 X 10° U
[mm] [Pass] [m3/s] [m/s]
150.0 0.3~0.6 43.0 ~ 430 1.67 ~3.33

Fig. 4.11 Air entrainment with widely curtain model.
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Fig. 4.12 Coated film seen from bottom. (a)Liquid phase, (b)The interface near
the substrate.
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Fig. 4.13 Coating window by three-dimensional calculation with widely
curtain model.

HI2SA[RETH 5 T L3 b o7z,

44 £L®

AKETIE, SRICRIBEETAEER L. h—T v a—T 4 v 7 OEAERI R %1T > 72,
Z DFEF, 2 ROTBUERIH & [FIERIC, coatable, heel formation, air entrainment, heel &
air entrainment 7% £ O 1 — 7 VBRI S 7z, % L T, coating window % P33 L 72 4%
R B LAk R Lz, 2hE b, 3XRTCEHREICEWTH . KUTRAD
BT & 2 A[REMEAS IR T Tz,

BT H—T VA FZikE L 72 BYHEFIHE ClE. coatable 35 X U heel formation 235
biviz, 72, —7 VIR%EILEET % T & T airentrainment 235 & 41, Coating window
ZHBL MR, BRROGHIIETHELEFE L ZN e rbhol, TLH XD
AEMERIHET AL EH WS 2L T, h—T v T4 FEEE L = K[IdRA OB 23] §E

55



LR o7,

SCHR

[1] Vandre, E., Carvalho, M. S. and Kumar, S.; “Characteristics of Air Entrainment during
Dynamic Wetting Failure along a Planar Substrate,” J. Fluid. Mech., Vol. 747, 119-140 (2014)
[2] Miyamoto, K. and Katagiri, Y.; “Curtain Coating,” Liquid Film Coating, Chapman&hall,
London, 463-494 (1997)

[3] BEARH], “X A4 B4 O RBIELGS & AR A 1 = X L~DIGH B LR A4
Ty A&T 7/ Y —KX&HE (2015)

[4] Blake, T. D., Bracke, M. and Shikhmurzaev, Y. D., “Experimental Evidence of Nonlocal
Hydrodynamic Influence on the Dynamic Contact Angles,” Physics of Fluids, Vol. 11(8), 1995-
2007 (1999).

56



G
il
3
ﬂlg

5.1 AW DGR

ARG X, KSR BRI R A EAT 2 L2 HE L, L EoRERREY
BAARFORIGRA L BE Fo v vy R — L ORERICHEIL, ZNZNBUERI R 21T - 72,
Z OfER, YT ofR %2/ 7%z,

® v VE—NDREDOHKMEE

% 2 T3, OpenFOAM I X 2 RIAEHROHREZFHE$ 2 -0, B Lo v vk
—VOEEEBIEY S 2L —YavickoTHERLE, 2L T, MERZ28MHT 2%
BEiTo, Bl iz vy d— VO L AT 572, % OfEHR, K& o FRrE:
ff 2 REME L 0 B/NE T2, B2 IFBINEEfA T T V2 FR L, Bl Ic kR
% $ 2 2 LT, OpenFOAM ICX VY Y F— AL DRENHETE 32 L by
27z,

ZORMEFHRE Z VT, vy — VO RREE L SR O P EE & oBRZFE L
7z T A BB RS A o R IR A LKt KB 2 2 e b o T,
F7- BIEAEEHE LB 21T C & C EREE L B & 0BRSS LN,
FrICH2iRA A 35 UL T oE Cld. BREEIZFIBM O 3FICHFIL, &I T
W 5 IREE I DT BRIVl 2 R M ICE 212 722,100 X 0 L KPEAIC
BT VR ANDOEEERENTHRETH 5 2 L BbhroTz, —J7. BIBAMN 35 E
L0 REVEAE, KEEEIIZEMAD 3FICHFIL 2 LS 27 5 T,

IO DR XD OpenFOAM IC X Y FERKR O BB AEETH 5 Z &, MiEHlIC
BV E—LORERERE X, 210X D 25 W IEAFERIEZH W5 & Tl
ARETH B Z b o T,

@ H—TVaA—TA4VIDEEYIaL—vaV

HB3ECTIE, BEN~DOXRINDBAIC O W TEEHE 2 Efi L 72, mEEAm i
INTVBh—Tva—T4 V7D 2RuBEREET VEEKRL, 7 —7 v DK
% 27 coating window D 21T o7z, Z DR, WAOKE, Bigds L EMAHE
EaZEHT 52 LT, h—T VIBIRHBZL L, FELL 7 coating window (Z5E/THFFED

57



bDEWR—E L7, £z, EFIREL o 2R ICO W TEMBROME LA L 72
LT, BIrOMETRE I N TR e BIn—8 L7, 2hdH XY, VOFikE
WC, A—Tva—74 v 7 zBETE3REMEIRE I NI,

WAECTIE, H—Tva—T4 v 7 O3IRCEEFEZEML. BEN~DORIED
BADBLFTRED T L 72, WD, 2XOtEHHEET A ZILRLC. A—FT Vv HA F
DBINETVEFER L, 3RICETHEEZITo 72, ZORER, KUERADIEETH % air
entrainment % & ¥ 4 DD N1 — 7 VIBIRDMG b 1172, coatingwindow Z L 72 & Z 5,
2RItRIRECB O e —B L7z, 72, A—T VA FPEEALZFEE
THMCETIHMEY T2 —va v aERL. BiEY a2 —vavi{fTokt 25,
coatable %° heel DA, air entrainment ¥ X WK JEIR A D BLHI A3 C % 72,

INODORERIY, VOF IBICX V=T va—T74 VI RRETE S L 2R
L. [UBRAZHET 272003 RTCh—T v a—T7 4 v 7 OB R Z L3 25
FHoOWEZAREL LTz,

52 KFEDOHERE L VBE

KIFFIC LY, RoZ epRiEnG, 9. vrvh—roREREICOW»T, Kifs
IV REINEZEEEERXZH VS 28T, B0 IEEEFEEA S LT, K
HRIORMIES ., WEOMES L OCBEMD L, v v — 1 OEEE O Tl 2 Ak
Lrolz, TNEV, BRI_NA—H—OBTFuv R X0, KA oWk % RE
52 LMHREL T2 o Tz,

BT, =T va—7 4 v 7 OBIEFHETlE, AL CHIFE L 28l REE 7 v
HWB LT, KM ELED - —T v a—T 4 v 7D 3RICEUEEHE A HE
Lholr, BEEBZITH LT, AI—FTva—T4 v BT 35ERAOHMR%
AF L, SJUBRABFEAEL e Tl 2 LHffE N2, SEWER L2 —T
va—7 4 v 7 OFEEIREE T VI, B OIY oicon TR O RS B,
I—F 4V ZICBCTIE, EMABEIL T3 e b, BIEEMA E 3 % 245
BB D, EAOETNIRL RETAPREINTVWE MWze, BiEEE T
DFHMIICIZ, =T va—T4 v BT R[IBAOER L WKL THRET 2 LT
BHD, INbEITIZL T, XOVEEOE I —T v a—T 14 v 7 ORYEFHR ]
L 72 %,

58



INODOMPELY, FULEORELRCEEZTHIL, 2050 #iH Ry EF O
AMEZ1T S T &<, AIENEE X OCRBRBA ORI TR ZHINT 2 2 & BA[EEE 7 %,
ZDOFER, MEAFE K2 2 Mbs X OHIREEA R I N S,

SCHR

[1] Tanner, L.H.; “The spreading of silicone oil drops on horizontal surfaces,” J. Phys. D; Appl.
Phys., vol. 12, 1473-1484 (1979)

[2] Nichita, B. A., Zun, 1. and Thome, J. R.; “A VOF method coupled with a dynamic contact
angle model for simulation of two phase flows with partial wetting,” ICMF 2010 (2010)

[3] Chen, J. D. and Wada, N.; “Edge Profiles and Dynamic Contact Angles of A Spreading
Drop,” J. Col. Int., vol. 148, 207-222 (1992)

59



AWFFEIE, P2 9 EFE I W TR AMGEN 2 27 7 5 —RFHHE, B &
OFK 3 0 SR FEHIS SR = L SRFETH 5,

KL EAEL T 21CH 720 ARG O CHIRZW D £ L 2R ERFARAGE L
MZREME R ERHERIR AR AL X YV ECEHILRL B3, MEER
BaBhl g0 wi2&, BEAIHEZHY £ L 2 ERFARFELHE TAMTERME
PRI INOE—Jed | MR RFERZBE T2 SRR R B . R
BT, MERFRZBHE T AW e RHERL R BB NFREEREA. SRR
PR B T AR R % HRGEEE e ic o X 0 ESHLHR L BT
EScas

72 A OB X OB 2 St O RR I O TEE e B Y . ki
AlPHE DL L oo T — 242, REERO -0 0z LU ZHEZHBY L
7oA T ACERA S NHEFEARR, MR AARIRR, KAPREGRE, IHHGER, HREPER
FRICOXVECHILF L LT L3, iz itED 5 95 2T, stEEO vy 714 v 75
D3N Y £ L BB © F Bycisk, Bist o S 2 R HERSE. 5o
NEl LIV ELREOTERS A, TERKAE A, EEEE S A, FEHEKX
A BARBEIES AT D X W FLE L B E S,

RRIC, ZFBEE RSP OIGHE L, XA TN lis X icE#HoE ez R LT,



