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Abstract

Recent research results on viscocapillary models of various pre-metered coating flows such as curtain, slide,
and slot coatings have been reviewed in this paper. Such one-dimensional models have been simplified from
two-dimensional Navier-Stokes equations for viscous coating flows with free surfaces, using integral
momentum balances and lubrication approximation. It has been found that these viscocapillary models is
capable of predicting flow dynamics in various coating systems, providing the good agreement with results

by 2-D models.
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1. Introduction

Coating is generally defined as the displacement of air
from a solid substrate or web by a coating liquid in order to
deposit a continuous or discrete thin layer until it is dried or
solidified. Coating processes are indispensable in the man-
ufacture of both commodity and specialty products includ-
ing flat panel displays, Li-ion batteries, fuel cells, papers,
adhesive/magnetic tapes, photographic films, electronic cir-
cuit boards, integrated circuits, Cr-free steels, and so on.

There are many varieties of coating processes such as pre-
metered types (e.g., curtain, slide, and slot coatings) and
self-metered or post-metered types (e.g., roll and blade coat-
ings). In the pre-metered coatings which are mainly focused
in this study, the final coating layer thickness is exactly
evaluated from the continuity relationship of coating
liquids, whereas it depends on coating method itself in the
post-metered coatings (Cohen and Gutoff, 1992).

Both theoretical considerations, i.e., flow dynamics in
coating bead regions, process stability and sensitivity, and
experimental observations with the ingenious flow visu-
alization techniques for these coating processes have been
successfully and steadily developed by many researchers
(Cohen and Gutoff, 1992; Gutoff and Cohen, 1995; Kistler
and Schweizer, 1997). However, there have been many
unresolved issues in this area, e.g., viscoelasticity effect on
the coating flow, complex dynamics of multiplayer coat-
ings, high precision coating technology, high-speed
technology for productivity enhancement, etc.
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The final goal of coating processes is to deposit uniform
coating liquid layer on the web or substrate with the spec-
ified coating thickness. However, manufacturing uniform
coating products is not a trivial task at high-speed oper-
ations because various flow instabilities or defects such as
leaking, bubbles, ribbing, and rivulets are frequently
observed in coating processes. It is no wonder, therefore,
that many efforts to elucidate the various aspects of
dynamics and coating windows in coating processes have
been made both in academia and industry.

The theoretical analysis for pre-metered coating pro-
cesses has been mainly developed by means of 2-D
Navier-Stokes equation for viscous free surface flows (Kis-
tler, 1983; Christodoulou, 1990; Sartor, 1990; Gates,
1999). Such an analysis is so challenging and time-con-
suming that a simpler, approximate model would be valu-
able, once its range of validity were known by comparison
with fuller theory and with experiment (Jung et al., 2004).
In this paper, we would like to briefly review some recent
results on flow dynamics in pre-metered coating processes
such as curtain, slide, and slot coatings based on the vis-
cocapillary models.

2. Curtain coating flow

Curtain coating is a pre-metered coating process that has
been used to manufacture single-layer and, most notably,
multiplayer and patch coatings (Fig. 1a). Coating liquids
can be delivered by a slot die (slot-fed type), as in the
casting of polymer sheet, or by slide die (slide-fed type).
The most important feature of this process is that liquid
sheet falls freely without any support in curtain flow region
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Fig. 1. Schematic diagrams of pre-metered coating processes.
(a) Slot-fed curtain coating, (b) slide coating, and (c) slot
coating.

before impinging on the substrate being coated and impact
pressure at impingement can delay air entrainment up to
higher speed.

However, the film or sheet can be very susceptible to
unexpected disturbances, e.g., air pressure difference across
the curtain (Finnicum et al., 1993; Weinstein et al., 1997),
leading to flow instabilities (Jung and Scriven, 2001).
Therefore, theoretical 'modeling is inevitably required to
understand, predict, and control curtain behavior.

Curtain coating has been first analysed by Kistler (1983)
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by means of the 2-D Navier-Stokes governing equations
with the free surfaces. This paper has simplified his 2-D
equations to viscocapillary ones to simply examine the
dynamics of free unsupported liquid curtain, sheet position
and trajectory as well as the sheet thickness in curtain flow
region.

2-D dimensionless generalized curvilinear Navier-Stokes
equations are expressed below (Kistler, 1983).

Equation of continuity: 35 +6i;7v) 0 (H)
where, s:s*/L, n:n*/T, u:u*T/q, v=v*T/sq, h=1+¢gén,
e=T/L
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ou 1 oP latss
ke [ae h( as 05

S| s

L1100, T

eh On h
where, 6=1'q/(TL), =1 TL/(nq), P=P TL/(ng) Re=pqly,
St=pgT’L/(pq)

)

Crosswise equation of motion:

i
Re[s@+§( ov +hv avﬂ -ReLo = la—P—Stcosa+l%T—"s
s

50 \5s " on 7 on h
L1l Oht,,) Ty
e o h 3)
Extra stress components:
lau voh ov _ lav h@(
> =0V o g lov 4
Tos™ (has h@n) Ty T s eonh ) @)

where, @ denotes the dimensionless time, s the dimension-
less streamwise direction, » the dimensionless crosswise
direction, / the scale factor, £ the aspect ratio of curtain
thickness to flow distance, u the dimensionless streamwise
velocity component, v the dimensionless crosswise velocity
component, T; the dimensionless exira stress components, /2
Newtonian viscosity, P the dimensionless isotropic pres-
sure, « the inclination angle of mid-surface from the hor-
izontal line, T the characteristic curtain thickness, L the
characteristic flow length, ¢ the flow rate per curtain width,
Re Reynolds number, and St Stokes number. Overdot means
the derivatives with respect to s and superscript asterisk
denotes dimensional properties. The following boundary
conditions are incorporated within above governing equa-
tions to completely solve the free surface systems.

Normal stress condition at free surfaces:

—pB4p! +C—21<+ + Tt ZFE(H)I

H
+=0 +—
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where «, =a(s), Ca=uq/(cT)
Tangential stress condition at free surfaces:
L2

2 . 2_2 _ _.H
—€h, (5 (Tes—Tan)s +8[J_rhi Fe (%1) :|T,,Si =0 at n= J_rz
Q)

Kinematic condition at free surfaces:

u, = %(Vt :Fg-t(%,)) at n= i%[ )

where ., represents the curvature of free surface, Ca
capillary number, o surface tension, H the curtain
thickness, superscripts 4 and B the air and liquid phases,
and subscripts + and — are the right and left free surfaces,
respectively.

Next step is to integrate both streamwise and crosswise
equations of motion (Eqgs. 2~3) over sheet thickness from
—H/2 to H/2, incorporating with the free surface boundary
conditions, as given in Egs. 8-9.

Integrated streamwise equation of motion:
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Integrated crosswise equation of motion:
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It is the core to eliminate the pressure distribution in the
above integrated equations of motion using the following
pressure equality relation.

2P(n) = P(H/2)+ P(H/2)* )= d fm (10)
Inserting normal stress boundary condition and crosswise
equation of motion in Eq. (10), yields pressure distribution,
P(n).
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Exact integrodifferential equations of motion are finally
obtained when Eq. (11) is substituted into the integrated
pressure terms of Eqs. 8~9 as follows.

Integrodifferential streamwise equation of motion:
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Integrodifferential crosswise equation of motion:
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Also, equation of continuity including time dependent
term (Eq. 14) can be easily derived by integrating equation
of continuity over the curtain thickness coupled with the
kinematic free surface boundary condition.
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OH 8 iy =
== (uH) = 0 (14)

Finally, viscocapillary equations comprising the equation
of continuity, two equations of motion are simplified by
the several assumptions that curtain sheet thickness is
very small compared to the length scale of flow direc-
tion, 1.e., “thin sheet approximation,” (very small €) and
shear stress is neglected in the curtain flow because this
region is mainly governed by uniaxial extensional flow
like polymer extensional deformation processes, e.g.,
fiber spinning and film casting, and deformation and
velocity component normal to curtain trajectory are also
negligible. The 1-D viscocapillary equations are repre-
sented below.

Simplified equation of continuity:

%+[Sina]a_‘3y(um=o (15)

Simplified streamwise equation of motion:

Reﬂg—g + ReuHsinaZ—Z—%inaagy(sina%H) —HStsina=0
(16)
Simplified crosswise equation of motion:
[sina) 2% ResH + 4[sin’0 ] 22U + AP
oy oy oy
+lsinaa—a+HStcosoc=0 (17)
Ca dy

where AP is the air pressure difference across the curtain
and y the vertical height from the die exit to web position.
Streamwise equation of motion balances streamwise
inertia, viscous tensile, and streamwise gravity. Crosswise
equation of motion balances crosswise inertia, viscous ten-
sile, air pressure difference across the curtain, capillary
force, and crosswise gravity.

One interesting point is that viscocapillary model includes
air pressure difference across the curtain in the streamwise
equation of motion. Air pressure difference may be impor-
tant because the liquid curtain gives rise to high impact
pressure at the impingement region (Finnicum ef al., 1993).
It is confirmed that if the curtain falls vertically under zero
air pressure difference condition, above equations coincide
with those by Brown (1961) and Kistler (1983).

One example of steady curtain trajectories in curtain flow
region, depending on the process conditions, is depicted in
Fig. 2. As Re increases, curtain is deflected back and forth,
qualitatively agreeing with 2-D simulation results by Kis-
tler (1983). More detailed results on stability and frequency
response in 1-D slot-fed curtain flow will be reported later
by the authors (Youn ef al., 2007).
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Fig. 2. Curtain deflection in curtain coating process when Re
increases.

3. Slide coating flow

Slide coating process basically includes a slide die with
an inclined plane, placed at a small distance (0.2 to
0.4 mm) from a moving web. One of advantages of this
process is to produce multilayer film widely used in
photographic industry. Although there are many important
theoretical issues in this process (Christodoulou, 1990;
Kistler and Schweizer, 1997), viscocapillary model and its
steady results have only been focused in this section.
Derivation of viscocapillary models for flow dynamics
in the slide wall and moving web regimes is similar to
the curtain coating case, using the integral momentum
balances of Navier-Stokes equation (Nagashima, 2004;
Jung et al., 2004). The exemplary viscocapillary equations
for predicting the steady sheet thickness profiles are
shown below in the slide coating (The detailed derivation
of viscocapillary model and boundary conditions is
referred to Nagashima, 2004 and Jung er al., 2004).

Flow model on the inclined plane:

die _ Ca(—§R—§+Stsine)d_H+ 3Ca_ 4 Steosod (18)
dx S5H dx
;2
where « =

2.372

(1+(dH’dx))

Flow model on the web:

de_ (R_e(zi_g ing)9H
P Ca S\77 H3)+Stsm¢)dx
3 30U,
+Ca(f~—w)+Ca Stcos 19
Ha H2 ( ¢) ( )
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Re=0.1, Ca=0.05

I 6=80°, ¢=20°

Dimensionless distance

Dimensionless distance

Fig. 3. Effect of web speed on the sheet thickness in slide coating
process.

where H denotes the dimensionless sheet thickness, x the
flow direction coordinate, & the inclination angle of slide
wall, ¢ the inclination angle of moving web, k curvature,
and U, the dimensionless web velocity.

Fig. 3 displays the effect of web speed on the slide coat-
ing flow determined by the viscocapillary model. It is
clearly seen that the web speed makes the standing wave in
inclined slide larger.

4. Slot coating flow

In slot coating, coating liquids issuing from feed slot are
coated on the surface of moving web typically operated at
high speeds after passing through the coating bead region
which is the liquid span between the upstream and down-
stream die lips and the web. A slight vacuum can be
applied at the upstream meniscus region for the stabili-
zation of the coating bead (Sartor, 1990; Kistler and Sch-
weizer, 1997; Gates, 1999).

As in the other coating methods, slot coating process
should be carefully controlled to prevent coating defects
that mar the uniformity of the coating layer, e.g., leaking,
air bubbles, barring, ribbing, rivulets, etc. (Gates, 1999;
Carvalho and Kheshgi, 2000). The occurrence of these
instabilities critically depends on design (e.g., upstream/
downstream lips, gap size between die and web, and slot
gap), operating (e.g., flow rate, web speed, and bead pres-
sure), and physical parameters (e.g., viscosity, density, vis-
coelasticity, and surface tension) in this process. For
example, leaking occurs when the upstream meniscus has
maximum curvature at the upstream edge of the upstream
lip, breaking the pre-metered condition and bead break-up
phenomena including ribbing, rivulet, air entrainment, and
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barring happen as the upstream meniscus reaches its max-
imum curvature at the downstream edge of the upstream
lip. Therefore, it is essential to understand the flow behav-
ior inside the coating bead and establish the optimal oper-
ability coating windows for the uniform coating in slot
coating, depending on process conditions.

Simplified 1-D viscocapillary model to predict the steady
flows in coating bead can be derived by assuming the rec-
tilinear flow in that region (Ruschak, 1976; Higgins and
Scriven, 1980). Flows in both upstream and downstream
gaps can be predicted by the combination of the Couette
flow caused by the moving web and the Poiseuille flow by
pressure drop for the sake of the continuity condition. First,
the equation of motion in coating bead region is simply
reduced, as shown in Eq. (20), assuming that inertia and
gravity forces are relatively small compared with viscous
and capillary forces.

P (Ju)_
- ax+“(a_yz) 0 (20)

This simple equation is subjected to the following
boundary conditions.

u=U, at y=0
u=0 at y=H,

(21a)
(21b)

where u represents Newtonian viscosity, P the isotropic
pressure, U, the web speed, H, (H,, and Hp) the coating gap
sizes at upstream and downstream regions, and x and y the
flow direction and normal direction coordinates, respectively.
The net flow in the upstream region of the coating bead is
actually zero, whereas that in the downstream region is the
flux of coating liquid carried by moving web.

H (P -PH U,
=_-U _L__0)+_"H =0 22
qu 12# JCf*xU 2 U ( )
p :_H—g(P—é‘P f)+ﬂ'y ~UH, (23)
D 12# Xp—x; 2 1 W w

Here gy and gp denote the flow rates per the width at
upstream and downstream regions, Py the pressure at feed
slot, Pj;and Pj the pressures in the liquid phase at the
upstream and downstream menisci, and A, the final coat-
ing thickness.

Using the Young-Laplace equation relating the pressure
in the gas phase to that in the liquid phase, P} and P} are
substituted with pressures in gas phase, i.e., Py and Pp.
Regarding the upstream meniscus shape as an arc-of-circle
that meets the upstream lip with static contact angle, 6,
and the web with dynamic contact angle, €, (Higgins and
Scriven, 1980), incorporating the Landau-Levich film flow
approximation for downstream meniscus shape (Middleman,
1977), and finally combining Eqgs. 22~23 to eliminate feed
pressure, P; 1-D viscocapillary model has been derived
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(Gates, 1999). To analyze the sensitivity response of wet film thickness

7 ) with respect to unexpected disturbances or perturbations,

lU:xf_xU:6 (‘} (AP—1.34Ca2 31L%+£(cos(9s+cosed)) frequency response analysis has been conducted (Gates,

B w Hu 1999; Kim et al., 2005). Fig. 5(a) shows the sinusoidal

7 H change of wet film thickness when the ongoing disturbance

- [72’(1—21?“’ Ly (24) with 5% amplitude is introduced in web speed. As the
D

oscillating frequency of the disturbance increases, the sen-
sitivity of film thickness gets lower. Fig. 5(b) exhibits the
whole sensitivity of wet film thickness with respect to var-
ious disturbances. It is noted that the ongoing gap dis-
turbance with high frequency makes the system more
sensitive. Systematic analyses of the effect of die geometry

where /,; denotes the length of the upstream bead, x; the
upstream meniscus position, x, the feed position, AP the
bead pressure drop (the difference between ambient pres-
sures acting on upstream and downstream menisci), L, the
downstream die lip length. It is possible to approximately
establish coating limits (leaking and bead break-up) by cal-
culating the upstream meniscus location under various pro-

cess conditions. a
Coating limits determined from the position of upstream S 050}
meniscus using Eq. (24) are obtained in the form of bead £
pressure drop and web speed (Fig. 4) and also compared 3
with those from 2-D CFD software, Flow-3D under the ?
same process conditions. Leaking defect that the coating £ 048+
liquid issues into vacuum box occurs under high bead pres- °
sure drop or low web speed conditions and bead break-up 2
. . o
is generated at low bead pressure drop or high web speed. g
: o 046}
This figure also demonstrates the good agreement of -
results by 1-D and 2-D simulations. =
Interestingly, using the transient 1-D model, sensitivity i
analysis (frequency response in this study) of this process 0.44 , . , ‘
has been performed. By introducing the sinusoidal ongo- 0.65 0.70
ing disturbances at flow rate, web speed, bead pressure, Web speed, m/s
and upstream/downstream gaps, sinusoidal changes and (a)
amplitudes of final wet film thickness have been evalu-
" dted. 15t
Gap size
15000 @
- 1-D model 2 /
o = 2-D model 5
< £ 10} /
£
£ 10000} s
o
g Leaking 2
a o
o g 05f
a L =2
25000 Stable £ Flow rate
© = ®
3 <
Bead pres.
0 . Bead breakup ook il et e
0.0 0.4 0.8 10’ 10° 10°
Web speed (m/s) Frequency (v)
b
Fig. 4. Example of stability windows in the form of bead pressure (b)
vs. web speed in slot coating. (Lines denote results by 1- Fig. 5. (a) Sinusoidal change of wet film thickness with respect to
D model and symbols represent those by 2-D model. ongoing disturbance with 5% amplitude at web speed and
Hy=Hp,=200pum, o=67mN/m, u=36cP, L,=L,= (b) amplitude ratio between wet film thickness and var-
1000 um, H,=90 um, 6,=60°, §,=120°). ious input disturbances.
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and process conditions on the slot coating dynamics then
make possible further stabilization and optimization strat-
egies to improve the process productivity.
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