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Frequency responses to the slot die coating process is analyzed using empirical
modal analysis to predict the effects of periodic process disturbances such as gap os-
cillation and variations in vacuum pressure, web velocity, and flow rate. A type of em-
pirical modal analysis known as an experimental modal approach was used, and an
oscillator basis model was assumed by using a linearized governing equation, and the
coefficient of the basis model was determined by curve-fitting. By completing the pro-
cess, we were able to decompose each mode, during which process it was found that
the modes are of two types: a squeeze mode related to viscous characteristics and sin-
uous modes that are identical to capillary waves. Observation of the meniscus shapes
of each mode revealed, in the third mode near the lip edge, significant fluctuations
that can induce other coating defects. © 2010 American Institute of Chemical Engineers
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Introduction

Slot die coating is often used to produce coatings of
highly accurate and uniform thickness, such as photographic
films, magnetic tapes, and optical filter sheets." When pro-
ducing coatings with tight specifications, slight dynamic me-
chanical disturbances such as gap oscillations and variations
in vacuum pressure, web velocity, and flow rate of the coat-
ing liquid have deleterious effects on the coating bead and
meniscus, resulting in coating defects such as barring,
streaks, swelling, and air entrainment as shown in Figure 1!

Two approaches exist for avoiding these coating defects.
One is to thoroughly review the integrity of the process,
such as the die geometry and the characteristics of the coat-
ing liquid. The other is to optimize operational parameter
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settings such as coating gap, vacuum pressure, web velocity,
and flow rate of the coating liquid. Since the magnitude of
the coating defects due to periodic disturbances depends on
frequency of those disturbances, one must examine innumer-
able combinations of settings to determine what combination
most effectively decreases the sensitivity of the process to
disturbances.”

To evaluate process sensitivity to disturbances, an experi-
mental approach is often used.” However, as previously sug-
gested, such an approach is generally expensive. In contrast,
with a reliable theoretical model, many aspects of coating
quality can be computed over large ranges of frequencies at
relatively low cost. Theoretical models are rarely complete,
but can be validated by comparing their calculated predic-
tions with experimental results.

Generally, the response of a flow to external disturbances
is predicted by computing an equation system linearized
around a steady-state value; in modern control theory,
this approach is called the state-space formalism.* Van
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Figure 1. Typical slot coating configuration: (a) Opera-
tional parameters, and (b) Coating defects.

Abbenyen5 and Christodoulou® introduced this approach to
predict the frequency response of slide coating using the
Galerkin finite element method for a two-dimensional (2-D)
Navier-Stokes system. Later, Cai’ and Gates® applied the
approach to slot coating and Musson® further applied it to
two-layer slot coating.

An alternative way to predict the response of a flow to
external disturbances is to solve the transient Navier-Stokes
equation. Katagiri and Scriven'® used this approach to ana-
lyze the frequency response of slide coating to oscillations
in flow rate and showed that theoretical-frequency-response
analysis is an effective way to model coating flow problems.
However, to compute the equation system requires that a
large matrix system be solved at each disturbance frequency.
Therefore, in terms of time cost, this approach is not particu-
larly efficient for handling every coating flow problem. Fur-
thermore, these studies are limited in two ways. First, system
response to disturbances was evaluated solely in terms of
final thickness. Second, a single peak in the frequency do-
main was regarded as representing one physical mode with-
out allowing for any decomposition of modes.

To predict coating flow more efficiently, Landau and
Levich'" derived a classical film profile equation for the ris-
ing film in order to obtain the final thickness of the coated
film on the moving wall. Gardner and Adebiyi'? and Hig-
gins'® developed a 1-D theoretical visco-capillary model in
which viscous and capillary forces are balanced over a 2-D
cross section of the coating bead of the slot coating at steady
state. Kheshgi'* used this approach to develop a film profile
equation that uses a 1-D momentum steady-state Navier-
Stokes equation integrated in the depth direction to average
each momentum term, similar to the approach of von Kar-
man’s integral momentum equation.'”> This approach agrees
well with experimental values.'® Kapitza'’ and Shkadov'®
used the boundary-layer approach, and Shkadov developed a
two-field model involving film thickness and local flow rate,
for which the velocity field is not supposed to be entirely
slaved to the film thickness evolution. Other researchers,
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e.g.,'”” followed and continued to develop this approach.
However, there are few reported cases of unsteady equation
systems for frequency response analysis of slot coating.

In this article, we examine the frequency-response charac-
teristics of slot coating using an empirical modal analysis
known as the experimental modal approach, and devise an
unsteady visco-capillary equation system.

One-dimensional unsteady equation

The Navier-Stokes system of conservation for unsteady
flow, viewed in 2-D, is approximated by neglecting certain
viscous stress terms that have little effect on nearly rectilin-
ear flow" such as coating bead and meniscus, as

2 2
p(? ai+@):—a—p uo (1)
t Ox Oy Ox Ay

where u,v are the components of velocity in the x,y directions,
p is the static pressure, u is the viscosity of the coating liquid,
and p is the density of the liquid. To obtain a simplified 1-D
equation, we average the momentum over the depth h(x,r) of
the liquid by integrating the equation as described by
Higgins'® and Kheshgi.'* Integrating the y-component of the
momentum equation yields

h
b rou o Quy op  Ou
/()P(@“‘a*’a)dyf/(—a*‘ﬂa*yz)dy ()
0

We then integrate Eq. 2 by applying the Leibniz Integral
rule to acceleration and inertial terms to obtain

h
00 ) oh
|G~ ulh) Gy - [ wldy =) 5 (s )

or Ox
0
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- P - 3
dx K Oyy— K 0yy—o )

where Q is the volumetric flow rate. To solve this equation, we
derive the lubrication-type velocity at unsteady state.

Generally, unsteady flow in the coating bead and meniscus
can be divided into four types.20 Figure 2 shows that each
type of oscillation disturbance that induces coating defects
creates an unsteady flow component, categorized as either
Couette or Poiseuille flow. If we assume that each velocity
is fully developed, the superposition principle becomes avail-
able to the velocity components as a quasi-steady model,
and we obtain the velocity profile for the coating bead and
meniscus as

u=y(x,y,1) + <)Y (x,y,1) (©)

where y is the Couette component and  is the Poiseuille
component, defined, respectively as

1 =U@)(1 = y/h(x,1)) ®

¥ =y"/2 = h(x,1)y/2 (©6)
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Figure 2. Typical flow types induced by oscillation dis-
turbances.

Integrating Eq. 4 over the depth of the liquid gives the local
flow rate Q and the time-dependent function &, defined as

12 <U(t)h(x, 1)

] —Q(x,r)) (7

The local flow rates Q in each region except the slot
region are defined by the flow rate at certain points and loca-
tion parameters shown in Figure 3

00(x,7) = Folf) —g / hex ®)
01 (x,1) Fl(z)+F°(’)L;fl(’)(x—xl L)
= Q,«-%—i%(){—xl—l—h) (9)
Qo(x,1) = Fs(f)+w(x—x4)
1 dA,
= - (x—x4) (10)
Where Lo —x di
% — Fi(1) - Folt), % — F3(t) - F>(0)
R0 =00+ F2(0) = 0:() - 42, Fx(0)=0

where A is the cross-sectional area of coating bead in each
region, F is the local flow rate at a certain fixed point, and Q; is
the flow rate from the slot. In the slot region (x; < x < xp), it is
difficult to evaluate the velocity profile since the vertical
velocity component must be taken into account. Instead, we
assume a control volume not previously considered, so the
conservation-of-momentum condition becomes

f/pVVonder/nOTds:O (11)

S M
where V' is the velocity vector, n is a normal vector, and T is
the stress tensor. The inertial and viscous terms then become
approximately
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I ha
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N X3

By incorporating Eqgs. 12 and 13, Eq. 11 becomes

Iy ha

pulixs)2dy — / pu(xs)?dy + hap(xs) — hap(x2)

0 0
X

- /'cyxdxy:o =0 (14

In the meniscus region, instead of using pressure drop dp/
dx, we use the Young and Laplace equation, which defines
the relationship between the mean radius of curvature of an
interface and the pressure difference across an interface,
since the pressure jump across a curved interface is equiva-
lent to the meniscus pressure.'® This gives

hXX
(1 +h,%>%} -

dp  dl _ di  d

_dx_odx;_aa_gdx

where «x is the radius of curvature of the meniscus, o is the
surface tension, and H is the curvature of meniscus. Using
these equations and the kinematic condition (Eq. 16), we
linearize Eq. 3 with respect to time derivatives to obtain

Oh Oh
V*E‘Fua*ht"'uhx (16)
d[ e
— |————=7| =/stea + funstea o 17
de (1 +h%)3/2 .ft dy(x) f t dy(-x ) ( )

where

, 1U*> 6F? U Fo
fsteady = Phx<§7—§h—§)) —3,11(?—?) (18)
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Figure 3. Configuration of local flow rate and parame-
ters in the coating bead and meniscus.
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Figure 4. Configuration of upstream and downstream
lips in coating bead region.

hia = hy — hr(xl) (20)

In the coating bead region, we consider inclined upstream
and downstream lips, which are typical techniques used to
improve coating quality (Figure 4).

The equation for the upstream region (vy < x < X3),
derived by substituting in Eq. 3, is

0 .
81; fsteady( ) +funsteady (x7 t) (21)
where
. p 2 6
fotcady = /TB U?tan ), — “h_g U (22)
_ hou + x4 tan 0
funsleady = Px h“)(4 (X4n o L —4X4 - — hOun)
p1 hou + x4 tan 0,
——Ulh u - = =
s <°f R p— 23)
12()(—)(4) hou + x4 tan 0,
- 7]/13 h()ut — At —L
i 2 — X4
h, = hy, + x tan 0, 24)

where the 7 and x subscripts indicate derivatives with respect to
time and the x coordinate, respectively. The equation for the
slot region (x3 < x < xp) is

hq (Xz)p (XZ) = hy (X3 )p ()Cg) :f(x)s[eady +f(X, t)unsleady (25)

where

2 I 6 02
fsteady = p(g Uz(hu()B) - hd(xz)) + gUQi — g Q(l ))

1 1 3
- 2U — il (26
+ p(xa — x3) (hd()Q) + hu()c3)> hd(X2)2 Q} (26)
12 ;
funsleady 5 7 % ) [h()ut X4) - x4r(h0u + X4 tan 914)]

1 1
3 _ TR S
+ 3p(x2 — x3) (hd(xz)z + /’lu(X3)2>
X [how(Ly — x4) — x4;(hoy + x4 tan 0,,)] (27)

hg = hog — (X — Xl) tan 0, (28)

The equation for the downstream region (x, < x < x) is

_dp _
dx (x)steady +f(x [)unsteady (29)

AIChE Journal September 2010 Vol. 56, No. 9

Published on behalf of the AIChE

where
fe ~ 2 an 0,0 += Qt 0
= — tan — n
steady 1% 15 al d /’l al d
6 12
—u(=U-20;) @0
u(hﬁ hZQ) (30)
100, 1
funsteady = P{— Q - |:h0utt(L2 —X4)

hy ot hy
XxX—x;+L
— Xare(hou + x4 tan 0,)] — hoax {#} }

+ P{ QI tan Oy (h()m( X4) - -x4t(h0u + X4 tan ()u))
Hoar 1 120; \ hoa
— L U — ==l ) Do
+h3 (x—x+Ly)| + <5U Shd> hd}

{ hq [hOut(LZ - X4) - X4,(/’l()u + x4 tan 0 )]

xX—x;+L
+12h0d,(}i31)} 31
d

Using the parameter configuration in Figure 4, for F in
Egs. 19, 20 we obtain

Fo=0;—Ay —Ay
= Qi — Lihog — how (Lo — x4) + x4r(hoy + x4 tan 0,)  (32)

In coating thin film at high velocity, the meniscus retreats
into the gap zone, making it impossible to trace the shape
with a Cartesian coordinate system. We, thus, use curvilinear
coordinates to obtain

dH 1
g
ds cos 0 (33)

I5(8) + fun(s, 1)

B } B
(1+n2)%

F
- Fg) cos  (34)

82
fun*% Fo; — az/hcosf)ds cos 0
2R o | 12F,
[hm 5 hz) cos@—i—a/hcos@ds?ﬁsme
51
30 [
,uﬁa/hcos Ods cos 0 35)
where
do dh d
a:H, a:sin(), d—;c:cos() (36)
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Figure 5. Flow domain with boundary conditions.

Figure 5 shows the flow domain boundaries. At the end of
film flow (1), we assume the flow to be fully developed and
impose the boundary condition

oh 0

h
E—Fa/udyzo (37
0

Downstream (2), we assume the air pressure to be zero.
The static contact line attached to the downstream free sur-
face (3) is pinned at the sharp edge of the die. In the inflow
region, we assume the flow to be fully developed so that

0: = Qi + e ™ (38)

where € and @ are the amplitude and frequency, respectively,
of the disturbance, and j is the imaginary unit. At the dynamic
contact line (7), we use the empirical correlation to impose the
condition®!

0.5
Cos adynamic = COS Ogtatic — 2Ca (COS Ostatic + 1) (39)

At the upstream gas-liquid interface (6), vacuum pressure
P, is usually applied in order to stabilize the coating bead,
giving

P, =Pyg+cd™ (40)

At the static contact line attached upstream, the free
surface (5) can move along the lip with static contact angle
p. The pressure balance at the upstream free surface
becomes'?

hi(x4)p(x4) 4 0(cos tgynamic + €os(f — 04)) — hu(xa)py(t) =0
4D

At the substrate (8), we impose a web velocity condition

U=Uy+ed™ (42)

We consider the effect of die vibrations to alter the gap
height /4 such that

h=ho+ee™ (43)
Note that every equation given here was checked by tech-

nical computing software (Mathematica, Wolfram Research).
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Frequency-response analysis

These nonlinear equation systems (Egs. 21,25,29,33,36,37,
and 41) are solved all together by a finite difference method
with second-order approximation. The finite differences cre-
ate residuals for these discretized equations at each node.
When all variables are setup, the partial differential equa-
tions reduce to simultaneous algebraic equations for the
nodal values of all field variables. The system of equations
is nonlinear and sparse, and can be solved by Newton’s
method, which guarantees the correctness of the Jacobian
matrix and the program in obtaining quadratic convergence.
This discretized equation system at steady state is

RyAn =R (44)

where R are residuals, n are variables, and the subscripts
indicate partial derivatives. First, we evaluate all the variables
at steady state, which is equivalent to all residuals being zero.
Using a Taylor expansion, we predict the frequency response
of the variables to disturbances around the steady state as

RWAVI + R,‘,Aﬁ +R,‘7‘Ai’i + R A + R AT+ RzAit =0 (45)

where

A’? = N = Nsteady An =m — Tlsteady (46)

where 7 is a parameter of the coating process such as web
velocity, vacuum pressure, flow rate, or coating gap, and the
dot indicates a derivative with respect to time. To transform
this into a state-space equation, we consider multiple variable
arrangements

B17 = Byz + Dk 47)
where
z=(An, AR, k= (An, A, Ai)" (48)
_ | Ry Rj _|—Ry O
—R, —R: —R;
b *[ 0 0 0 ] (50)

In Eq. 47, since the matrix B, is singular, we solve the
matrix equation by the direct method, which is efficient and
does not use complex variables.® First, suppose only one
parameter suffers a disturbance, so that

A = ede™ | A = jewd &7, Aij = —cw 206/ 51
An =™, Af=jew ™, At = —ew 2™
where
o =0, +jo; (52)

Using Eq. 51 and Eq. 52, the real and imaginary parts of
Eq. 45 become two separate equations
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Figure 6. The geometry and parameters of the slot
die.

(Rﬂ — ‘(UZR,'i)ér — ‘(UR,‘751‘ = —(Rn — szﬁ)

=m0, — myd; = —m

JjoR;d, + j(R, — @°R;j)6; = —jwRs
= jmyd, + jmi6; = —jna (54)

Using a matrix formulation, we can rearrange these equa-

tions to
my  —my 5,— | —m
ol 11 i Y B

When we compare computational results with experimental
data,22 we find them to agree well.

Figure 6 shows geometric details of the slot die consid-
ered in this study. The coating gap is uniform, the static con-
tact line at substrate and die is 62°, the characteristic length
is assumed to be the same as the coating gap [2.79 x 10~
m (h)], and the surface tension at the gas-liquid interface is
fixed at 0.061 N/m. Thus, the Reynolds number Re is 6.5
and the capillary number Ca is 0.2 (assuming that the den-
sity of the liquid is 1190 kg/m3). We computed the fre-
quency response to disturbances of web velocity, inflow rate,
vacuum pressure, and gap oscillations. In each case, the
amplitudes of disturbance are 1% of the parameter value set,
and do not create significant nonlinear effects.”

Figures 7-10 show frequency response analyses of
changes induced in the film thickness at the asymptotic
region of the coating film by disturbances. In each plot, the

12
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Figure 7. Frequency responses to web velocity disturb-
ance.
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Figure 8. Frequency responses to inlet flow rate dis-
turbance.

vertical axis is the gain in film thickness for each type of
input disturbance and the horizontal axis is the frequency
of the disturbance. Figures 7 and 8 the frequency response
results show that oscillations in coating bead and meniscus
have the characteristics of a low-pass filter; the gradient of
the response curve suggests, since there is no peak, that the
system operates as a first-order low-pass filter-—in other
words, as a first-order lag process. In Figure 9, frequency
response implies that the oscillations system have the char-
acteristics of a band-pass filter; the slopes on the right and
left sides differ, so the order of the two filters also differ.
Figure 10 shows three peaks. Because their gradients are
steeper than those in Figure 9, they might be regarded as
resonant phenomena. However, the troughs between the
peaks, which correspond to characteristics of the coating
bead and meniscus, are relatively high and the peaks are
not clearly separated, so each peak does not necessarily
represent a separate resonant mode. In the next section, we
use experimental modal analysis to decompose frequency
properties according to bead and meniscus region, provid-
ing insights into the dynamic characteristics of the coating
bead and meniscus.
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1000 10000

Figure 9. Frequency responses to vacuum pressure
disturbance.
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Figure 10. Frequency responses to coating gap oscilla-
tion.

Experimental modal analysis

Continuous flexible structures generally have multiple os-
cillation modes. Modal analysis provides certain eigenfunc-
tions and eigenmodes that are equivalent to physical resonant
modes. In dealing with symmetric, uniform, linear structures,
we simply specify equivalent eigenmodes. However, in deal-
ing with complex structures, it is complicated to specify
modes, since many weak coupled modes exist. We, there-
fore, analyze a complicated coating bead and meniscus sys-
tem by a substructure synthesis method®* similar to experi-
mental modal analysis.

Figure 11 shows a flow chart of disturbances. These dis-
turbances vibrate the coating bead and induce variations in
flow rate F at the exit of the gap zone, which in turn induce
variations in thickness /. The transfer function is

Output
Input

Transfer function = (56)

This equation indicates that frequency response results
from multiplying the bead and meniscus transfer functions.
To specify the transfer function, we derive a linearized
unsteady equation by a perturbation method. As an example,
we consider a concrete procedure using the meniscus region.
By assuming that time-dependent terms in the film thickness,
curvature, and other parameters are small enough to treat as
perturbations, we obtain

h = hy(x) + ehp(x,1) (57)

hy = he + eh (x) (58)

O = Oy () + Ghp (X, 1) (59)
U=U,+:¢eUp(r) (60)

Fo = Fg + eFp(r) (61)

In Egs. 57-61, ¢ has a small value, the S and D subscripts
indicate steady and unsteady values, respectively, and the in-
finity subscript indicates the final coating thickness. Substi-
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tuting these equations assuming that terms higher than sec-
ond-order in ¢ are zero, we obtain the linearized equation

1U? 6F 2Us F
O'thxx =p (775‘ - 77S> th - 3:“ (hTS - hTS> hD
o0 00 o0 o0

X
Up FD) 1
*3,“(7*7 +p— | Fp */thtdx
R k3, hoo \" 7
X

+ p(hD,(x) _ th(xl)) <2U\ 12F§) L 3

- = hpde (62
She  SI2 hgo/ pecdt - (62)

X

According to the methods of modal analysis, the response
of each mode can be obtained using the superposition

n=oo

hp(x,1) = Z Y, (X)G(t, Ta(x)) (63)

where Y is the orthogonal modal function of the meniscus
mode shape, G is the time-dependent function, and 7 is the
phase lag.

Next, we consider the fixed condition of x = L (meniscus
endpoint) and n = 1 (one mode). To simplify the problem,
we normalize Y,, at x = L (Y,(L) = 1). Substituting Eq. 63
into Eq. 62 gives the simplified equation

alél (f) + aZGl (f) + a3G1(f) =+ a4UD =+ 05FD =+ aGFD
+arhp(x1) =0 (64)

Since we do not have information about the modal shape
of meniscus oscillation, we cannot estimate the coefficients
a; that contribute to Y. Instead, we specify these coefficients
from the transfer function using curve-fitting. To adapt the
equation system to the frequency domain, we define the vari-
ables and normalized parameters

oy o) &
o _ e @
oer

o) /

h. (@) P ()

8ap

ﬂ// Fi(o)
AW

M

Meniscus Zone Gap Zone —1 w)
Figure 11. Flow chart of disturbances in coating bead
and meniscus.
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Substituting these equations into Eq. 64 gives

ay

—a1@? + a)jw + a3
asj@ + ag

—a1@? + ayjo + a3

gU(w

g1(m) =
ajw
—a1@? + ayjo + a3

gn()
(69)

gr(m) +

The aforementioned equation shows the relationship between
input (disturbance web velocity g, flow rate gr, and gap oscil-
lation g,), and output (variation in thickness at the end of me-
niscus g;) in the frequency domain. This equation system
clearly has the same form as an n-order mode. In the bead
region, the degree of freedom # is just 1 according to the gov-
erning equation, since the bead is surrounded by a fixed wall.

By the same procedure, we obtain the following coating
bead region equation, which shows the relationship between
disturbance and variation in flow rate at the exit of the coat-

ing gap

(bajm + bs)jw
(—cq@? + csjm + co)jm .
= 71
gr (@) i S ——— gn(@) + crjmgn(@)  (71)
o) = —— Ny @)
© —e @2 + eyjw + e3
es)jm
gr(w) = (es) gr (@) (73)

—e1@? + eyjw + 3

where

== e 74
05 go(m) (74)
Pip _ jot

P grv(m)e (75)
Qi =0s+¢e0p (76)
P, =Py +ePyp (77)

These equations contain equivalent oscillator basis func-
tions at each mode, suggesting that each transfer function
consists of a through signal, a first- and second-order low/
high-pass process and a combination system (band-pass),
and, thus, implying that the systems are damped, resonant,
or complex. We show these basic functional forms as

C1

LowPass(1st) = 78
(Ls1) )+ jw (78)
Highpass(1st) = c:ri (79)
)+ jo
1

LowP 2nd)=——>——-—— 80
owPass(2nd) Sy — (80)
HighPass(2nd) il (81)

ighPass(2nd) = ———————

& —@? + cjw + 3
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Figure 12. Flow chart of transfer functions in coating
bead and meniscus.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Disturbance
U(w), h(w)

Disturbance
P(w)

cyjm
BandP Ist) = ——"—7—— 82
andPass(1st) s (82)
)
BandPass(2nd) = i (83)

@t + crjw’ + 3w? + cyjw + s

Generally, a first-order low-pass action is created from
accumulating action, while second-order low/high-pass or
band-pass systems are equivalent to the model having reso-
nant phenomena since the denominators of the transfer func-
tion are equivalent to those of dynamic vibration systems
(second-order mass-damping-spring model). However, band-
pass filter might arise from a combination of a complex sys-
tem involving a first-order low/high-pass filter. In this case,
we consider the bead system as a single system, and, there-
fore, regard these equations as resonant phenomena.

Several methods exist for curve-fitting in the frequency
domain, depending on system properties.24 We use the sim-
plified linear direct method, since we neglected nonlinear
effects and lack information about resonant frequency. First,
we define the error function between computational and
modeling results as

ARe - l—‘Re(w) - QRe(w) (84)
A[m - 1—‘[m('w) - le(w) (85)

where I is the modeling response function (equivalent to g; or
gr ), Q is the computational result found using the governing
equation, and the subscripts Re and [m indicate real and
imaginary parts of the value, respectively.

To determine the system function, we solve the set of lin-
ear algebraic equations, which contain the coefficients. We
compute each modal equation separately, changing the fre-
quency range to get the minimum error A.*® To avoid an ali-
asing effect, we restrict the frequency to <1 kHz, a realistic
value in industrial processes. Furthermore, we specify these
coefficients while neglecting modes higher than the fourth.

Figure 12 shows how the transfer functions are related.
Each disturbance parameter P (velocity, flow rate, vacuum
pressure, gap oscillation) creates a variation in outflow
according to the bead transfer function. Variations in out-
flow, web velocity, and gap oscillation create variations in
film thickness according to the meniscus-transfer function.

Figures 13—16 show the results of curve-fitting to the bead
and meniscus-transfer function. Circles show curve-fitting
results; lines show computation results. Curve-fitting and
computational results agree well, indicating that the model-
ing procedure appropriately predicts the dynamic system.
Figure 13 shows that the coating bead compensates for
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Figure 13. Curve fit result of bead transfer function to
inflow rate disturbance.

fluctuations in outflow rate resulting from disturbances
such as from a flow integrator, particularly at frequencies
>100 Hz.

Figure 14 shows that the most important disturbance to
the coating bead is gap oscillation. Compared with the effect
of other disturbances on the coating bead, the energy of the
gap oscillation disturbance continues to rise in the high-
frequency region. The disturbance must excite hidden minor
modes in the high-frequency region, which usually suffers
strong viscous damping. Figures 15 and 16 show similar var-
iations in their respective transfer functions, which we cate-
gorize as resonant phenomena since the transfer functions
(Egs. 72 and 73) are equivalent to the band-pass filter func-
tion (Eq. 82), which has a resonant mode. The reason for
their similarity is probably that both disturbances create a
pressure field fluctuation in the coating bead: the web veloc-
ity creates a fluctuation by controlling Couette flow, while
the vacuum pressure creates a fluctuation by controlling
Poiseuille flow.

Next, we consider the meniscus-transfer functions. Figures
17-19 show that, at <1 kHz, considered to be the target fre-
quency band, curve-fitting and computational results agree
well. In Figures 17 and 18, the transfer function is of the
low-pass type, but at higher frequencies the gradient changes
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Figure 14. Curve fit result of bead transfer function to
gap oscillation disturbance.
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Figure 15. Curve fit result of bead transfer function to
web velocity disturbance.

slightly, implying the presence of multiple modes. Figure 18
shows that several resonant phenomena exist.

From these results, we can understand how the frequency
response is created. First, the frequency response to a web
velocity disturbance (Figure 7) consists of the product of the
bead component (Figure 15), meniscus-outflow rate compo-
nent (Figure 17), and meniscus-web velocity component
(Figure 18). Hence, the roundness of the response curve in
Figure 7 in the range 10-100 Hz is created by a bead com-
ponent effect. Second, the frequency response to the flow
rate disturbance (Figure 8) consists of the product of the
bead inflow rate component (Figure 13) and meniscus-out-
flow rate component (Figure 17). Hence, the region of decay
(10-100 Hz in Figure 8) is created by a bead component
effect. The frequency response to a vacuum pressure disturb-
ance (Figure 9) consists of the product of the bead vacuum
component (Figure 16) and meniscus-outflow rate component
(Figure 17). The reason for the asymmetric gradient of the
response curve in Figure 9 is that the left-side curvature is
created in the bead region, and the right-side curvature is
created in the meniscus region. Third, the frequency
response to gap oscillation (Figure 10) consists of the prod-
uct of the bead gap component (Figure 14), meniscus-out-
flow rate component (Figure 17), and meniscus gap compo-
nent (Figure 19). The main response is created in the bead
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Figure 16. Curve fit result of bead transfer function to
vacuum pressure disturbance.
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Figure 17. Curve fit result of meniscus-transfer func-
tion to outflow rate disturbance.

region, which enables higher modes to be fully excited since
the disturbance level is intense in the high-frequency region.

In the meniscus region, the dominant transfer function is
the one describing the outflow rate disturbance. Since coat-
ing defects from gap oscillations are the most serious prob-
lem in reality, the product of the gap oscillation and outflow
rate functions constitute a good example. We next consider
the decomposition of each mode of the transfer function
to understand the characteristics of the meniscus oscillation
system.

Figure 20 shows the results obtained by decomposing
each mode using the relationship of Eq. 63. At <1 kHz,
there are three modes: one low-pass type and two low-pass
types that also have a resonant point. From these results, we
find that a single-response peak in the frequency response
(for example, Figure 10) consists of multiple eigenmodes
(peaks and low-pass filter processes).

Next, we consider the resonant phenomena. Figures 21-23
show the results of meniscus mode shape computations at
the dominant frequency point. The meniscus shape is excited
by gap oscillations and decomposes into real and imaginary
amplitudes equivalent to the minimum and maximum ampli-
tudes in the time domain. In Figure 21, the surface of the
meniscus (2.28-3.00 x1073 m) moves coherently; in other
words, the meniscus is periodically squeezed. Since this
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Figure 18. Curve fit result of meniscus-transfer func-
tion to web velocity disturbance.
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Figure 19. Curve fit result of meniscus-transfer func-
tion to gap oscillation.

squeeze mode does not exhibit a peaked response, we pre-
sume that viscous damping is the dominant effect.’® The
other two modes are sinuous, and move in wave-like string
vibrations.”” Comparison of Figures 22 and 23 shows that,
although the variation in thickness of the third mode at
~4.00 x 107> m is smaller than that of the second mode,
the variation in film thickness in the meniscus zone is signif-
icant enough to create other coating defects. Thus, it is im-
portant to analyze the dynamic coating meniscus behavior
near the die lip region, as well as at the film endpoint.
Figure 24 compares the characteristics of sinuous modes
and capillary waves. Computational results agree with the
capillary wave first-order approximation.28 In other words,
the sinuous modes are themselves capillary waves. Note that
the modal structures are available for the case of no coating
defects such as ribbing, barring, and swelling, since the me-
niscus shape contains 2-D/3-D deformation in these cases.

Conclusion

Slot coating is one of the preferred methods for creating
high-precision coated products. For product uniformity, it is
important to consider the effects of disturbances and to

10

— 1st mode
B 2nd mode
— 3rd mode
© 001 —\
0.001
0.0001 :
0.1 1 10 100 1000 10000

Frequency (Hz)

Figure 20. Curve fit result of decomposed meniscus-
transfer function to outflow rate disturb-
ance.
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Figure 21. Frequency response of first-mode meniscus
shape to gap oscillation (10Hz, ¢ = 10%).

resolve those disturbances immediately. Frequency response
analysis has been used to predict variations in thickness
caused by several types of disturbance. However, such anal-
ysis shows merely the resulting response, and not the root
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Figure 22. Frequency response of second-mode me-
niscus shape to gap oscillation (200Hz, : =
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Figure 23. Frequency response of third-mode menis-
cus shape to gap oscillation (750Hz, ¢ =
1%).
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approximation.

causes. Another difficulty is that previous frequency response
analyses considered only the final thickness point, and not
the meniscus or gap zone. Furthermore, they regarded the
single-peak response in the frequency domain as one physi-
cal resonant mode.

In this work, we proposed an efficient 1-D unsteady equa-
tion to reduce time cost. To examine the frequency response
of a slot coating, we introduced an empirical modal analysis
approach. The model has an oscillator basis with a transfer
function assumed from a linearized governing equation. The
coefficients of the basis model are found by curve-fitting.
Each mode can be decomposed into two types of mode
shape: a squeeze mode related to viscous behavior and sinu-
ous modes that are identical to capillary waves. By observ-
ing the meniscus shapes in each mode, we find that, in the
third mode near the lip edge, significant fluctuations exist
that induce coating defects.
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