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Two-layer coating occurs in many products. Ideally, the liquids are deposited onto
the substrate simultaneously. In the case of two-layer slot coating, the interlayer
between the coating liquids is subjected to enormous shearing. This may lead to flow
instabilities that ruin the product. It is important to map the regions of the parameter
space at which the flow is unstable. Most of the stability analyses of two-layer rectilin-
ear flow consider the position of the interlayer as an independent parameter. Classical
results cannot be applied directly in coating flows. We present a linear stability analy-
sis of two-layer rectilinear flow considering the flow rates as an independent parame-
ter. The predicted neutral-stability curves define the region of stable flow as a function
of the operating parameters. The range of coating operating conditions is restricted
further, when the condition for the desirable interlayer separation point location are
considered together with the stability condition. © 2010 American Institute of Chemical
Engineers AIChE J, 56: 2503-2512, 2010
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Introduction

Continuous liquid coating is the main manufacturing step
of different products, such as specialty paper, optical films
and flexible electronics. It is also a very strong candidate for
mass production of nanoparticle assembly films at lower
cost, as discussed by Maenosono et al.' Most of the time,
these products have more than one layer. The most efficient
way to manufacture multilayer structures is to coat multiple
layers simultaneously before they are solidified.

Slot coating can be adapted for coating two layers in what
is called the dual slot coating method, as shown in Figure 1.
The coating die has two separate feed slots through which
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each layer is fed. The flow can be divided into three regions
separated by feed slots: upstream gap, mid gap, and down-
stream gap. When both liquids are immiscible, they form an
interlayer inside the coating bead. In several coating applica-
tions, both layers use solvents that are miscible and the
apparent interface is truly an inter-diffusion zone. However,
it is so thin that it can be considered as a distinct interlayer
with zero interfacial tension.

Previous researches about dual slot coating method were
focused on controlling interlayer separation point.* When
the interlayer separation point (see Figure 1) transits from
the downstream corner of the mid-lip to the upstream corner,
the top coating layer can invade the mid-gap region accom-
panied by a dangerous turn-around flow or sometimes the
appearance of microvortex that may lead to coating defects.
This event is called mid-gap invasion. Nam and Carvalho®
found that when the bottom layer wet thickness Ay, is
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Figure 1. Two layer slot coating flow. H,, L, U,, h,1, and h,,, are gap height, downstream die lip length, web
speed, layer 1 wet thickness, and layer 2 wet thickness, respectively.
Note that the flow rate is the product of web speed and wet thickness in slot coating process: ¢, = hy, Uy, and ¢, = hy,» U,,. Flow region

inside dotted box is called downstream coating gap.

greater than one-third of gap height H,, mid-gap invasion
can be prevented.

Even if the separation point is located at the downstream
corner of the mid-lip, coating defects associated with insta-
bilities on the interlayer may occur. A waviness in the inter-
layer can cause quality degradation even when the gas/liquid
interface is uniform, especially for optical products. The
interlayer stability can be determined at the downstream
coating gap (see Figure 1), where flow under the down-
stream lip is almost rectilinear. In this region, the distance
between the downstream die lip and moving web is about
100 pum and speed of web is about 1 m/s. Therefore, the
interlayer suffers from enormous shear that may lead to the
unstable configurations.

Historically, Yih* shows that viscosity difference, even in
low Reynolds number flow, can generate instabilities along
the interlayer, so called the interfacial mode in a plane Cou-
ette-Poisuille two-layer channel flow. Extensive studies about
the interfacial mode on parallel channel flow has been carried
out by many researchers, as Yiantsios and Higgins® for a pure
Poiseuille flow; and Hooper and Boyd® and Renardy’ for a
pure Couette flow. Beside the interfacial mode, shear mode
instability can be manifested by Tollmien-Schlichting waves
near the wall of the channel. However, the shear mode
appears only at high Reynolds number.’ In a liquid/liquid two
phase system, the viscosity difference is not the only mecha-
nism that drives interfacial instability. Density difference can
also create Rayleigh-Taylor type instability that is driven by
the gravity action perpendicular to the flow direction,® and
also a gravity-induced instability driven by the gravity action
parallel to the flow direction.” One can find an extensive sum-
mary about two-layer flow stability in Joseph and Renardy.10
They pointed out that long-wave disturbance at the interlayer
can be suppressed by thin-layer effect'' and short-wave dis-
turbance can be damped out by interfacial tension.

Typically, the flow under the downstream die-lip in a two-
layer slot coating has small channel height and high web
speed, and the two-layer products usually use same or similar
solvents for both layers. The flow can be characterized as a
low Reynolds number with high shear flow with negligible
gravitational and density difference effects. Therefore, the
interlayer instability is mainly driven by viscosity difference
combined with the high shear rate, not by density discrepancy.

The available analysis of two-layer rectilinear flow stabil-
ity use the interlayer position as the independent parameter.
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In coating flows, what is fixed is the flow rate of each layer;
the interface position varies as the other operating parame-
ters are changed. Therefore, the classical results in the litera-
ture cannot be applied directly to determine the interlayer
stability in two-layer slot coating.

In this study, we use linear stability theory to analyze the
stability of the interlayer inside the high shear zone of a
dual slot coating system: the downstream coating gap. The
eigenspectrum for the flow system is computed using an effi-
cient numerical method based on Valerio et al.'? To find the
stable region of operating conditions, we choose flow rate ra-
tio as the flow parameter that can be controlled directly,
instead of thickness ratio. Combined with viscosity ratio, the
parameter ranges that guarantee linearly stable coating flow
are found. Furthermore, the critical mid-gap invasion condi-
tion® is also considered together with the stability criteria to
define the operating window of the process.

Linear Stability Analysis of Viscous Coating Flow
Formulation of equations

We consider a parallel channel to represent the two-layer
flow inside the downstream coating gap as shown in Figure 2.
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Figure 2. Base flow configuration for the downstream
coating gap flow.

The system consist of two fluids with the interlayer, moving
substrate and stationary wall. Py and P, are the downstream
and upstream pressure, AP = P4 — P, is the pressure differ-
ence across the flow domain, and L is the channel. With the
pressure gradient across the system, the base flow profile is
the combination of Couette and Poisuille flow.

October 2010 Vol. 56, No. 10 AIChE Journal



The flow system consists of a moving substrate and a sta-
tionary wall where the no-slip condition applies. The pres-
sure gradient along the channel G = AP/L, where L is the
channel length, is a function of liquid properties and operat-
ing conditions. The base flow configuration have a flat inter-
layer at z = 0 with interfacial tension ¢;. Velocity and shear
stress should be continuous across the interlayer, and normal
stresses are balanced at it. The Layer 1, the top layer of the
coating, occupies —H; < z < 0 and the Layer 2, the bottom
layer, occupies 0 < z < H,, respectively. Fluid in layer / has
density p; and viscosity y,;, and each of them is governed by
the Navier-Stokes and the continuity equation.

When we use dimensionless numbers as defined in Table 1,
the base flow velocity profile for layer / is

1
=— G2 +Az+B, [=1,2, )

06 =5

where A; and B, are the coefficient,

1GH; (n* —
A = Uy +_G 3 (n* —m) — mA,
(m+n)Hy, 2 p (m+n)H,

Uyn 1GH3(n*+n)
) 2y (m)

B = = B.

The goal of linear stability analysis is to determine
whether the flow is stable or not with respect to infinitesimal
disturbances. The perturbed fields and interlayer are written
as the sum of the base states and infinitesimal disturbances:

w(x, 1) =iUP(xp) + ey
PP(x,1) = PY(x0) + € P, )
WP (xz,1) = h'(xox,1) + €h = €h

where the superscript p stands for perturbed flow, i is the basis
vector for x direction, P? is the base flow pressure field, hat(")
stands for the magnitude of disturbance in the unit of ¢ from
the base flow, subscript / can be either 1 or 2 depending on
liquid, and subscript X stands for the interlayer, i.e. X x is the
position of the interlayer in the base flow configuration.

The perturbed flow is governed by the time-dependent
Navier-Stokes/continuity equations with appropriate bound-
ary conditions.

Du}

Py, = —VP? + 1, Vi, 3)

V-l =0 4)

where D/Dt is the material derivative.
No slip condition applies to both moving and stationary
walls:

llll)(Z = —Hl) = 0,

w(z = Hy) = iU,. ©)

At the perturbed interlayer, velocity and shear stress are
continuous:
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Table 1. Dimensionless Variables Used in Stability Analysis

Name Definition
Reynolds number Nge = %;VHZ

N . o
Viscosity ratio m="1
Density ratio r= %
Thickness ratio n= %

i i adi _ (AP/L)H;
Dimensionless pressure gradient Ng = T
Interfacial tension number Nr = u:fl’J

p p —
up — UZ‘X:XZ - 07 (6)
p p —
t- [T(u)) —T(W))] -nl_y, =t Vo, (7

where T is the state of stress. Note that Eq. 7 is set to zero,
when the interfacial tension is uniform along the interlayer.
The normal stress is also balanced at the interlayer,

n. [T(u}) — T(ub)] -n|,_, =2Ho, ®)
where the mean curvature at the interlayer 2H is given by

o Vlzlhp — (k X thP)(k X V,,hp) : VHV”hP

2H = VU ‘N = 32
(1 (Zuhey)
€))
The motion of the interlayer is described by
DhP OhP OhP ohP
wh = =—+u} . (10)

Dr o " ar TE Ty

The linear differential equations that describes the distur-
bances are obtained after substituting the perturbed field
onto the transient Navier-Stokes/continuity equations and
boundary conditions, and neglecting terms of order higher
than O(e?). For example, the linear term of the perturbed
Navier-Stokes/continuity equations are

V.- =0 an

Bu,

il [((iU}) - Vi + 1 - V(iUP)] = VP, + V.

12)

It follows that we can separate variables, so that the gen-
eral solution of the initial-value problem is a linear superpo-
sition of normal modes, each of the form

u(x, ) = u(z) exp(iox + ify + wr),
P(x,1) = P(z) exp(iax + ify + wt), (13)
h(xg, 1) = h exp(iox + ify + ot),

where o and f are wavenumbers of an imposed spatial periodic
disturbances, and o is the growth rate. When the real part of ®
is less than zero, the flow system is stable with respect to the
specified periodic disturbances.
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Further simplification is possible due to Squire’s theorem
for a two-layer flow system.'’ According to the theorem,
critical parameter values for the stability limit are completely
determined by a two-dimensional perturbation. The flow sys-
tem for two-dimensional disturbances can be easily obtained
by setting f = 0. The governing equations and boundary
conditions for the downstream coating gap flow system are
summarized below. The momentum equation in the flow
direction becomes equation of motion becomes

: duy
©py+ py (iU + py S =
&2
—iaP+ (d—;l — o M1>, (14)
and the continuity equation becomes

d
i+ 0. (15)
dz

The no-slip condition at the stationary wall becomes
Lt[(Z:—]‘]]):Wl(Z:—[’I]):O7 (16)
the no-slip at the moving web becomes
MZ(Z:HZ) in(Z:Hz) :0, (17)
the velocity continuity at the interlayer becomes

d
141(2:0)—|—hﬂ
dz

:uz(z:O)—l—h% ,
dz z=0
wi(z=0)=wy(z=0), (18)

the normal stress balance at the interlayer becomes

dwy dw,
{—(Pl —P2) + <2#1 & 2;42E)}

z=0

+ (o? o) h =0,
z=0

19)

the shear stress continuity at the interlayer becomes

d2U1 du1 .
m\h gz g e

d2U2 duz . >:| ‘
—uz(h—+—+zocw2 =0, (20
dz2 dz 0

and kinematic condition at the interlayer becomes
oh+icU(z=0)h—w(z=0) =0. 1)

Discretization by Galerkin’s method and finite element
basis functions

Given a periodic disturbance o, the perturbed fields u, P, 4,
and the growth rate w can be computed by applying Galer-
kin’s weighted residual method to Eq. 14 — 21. The weight-
ing functions for the momentum equation ¢; and the continu-
ity equation ; are piecewise Lagrangian quadratic basis
function and linear discontinuous basis function, respectively.

However, in this particular linearized system, the velocity
continuity condition at the interlayer requires a jump of the
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velocity field disturbance across the interlayer, as indicated
in Eq. 18. To handle it, we use two nodes at the interlayer:
two degrees of freedom for the interfacial velocity compo-
nent are assigned to the point, located at the interlayer. The
pressure jump across the interlayer, a consequence of the
normal stress balance, is fulfilled naturally by the linear dis-
continuous basis function. Therefore, the field variables are
approximated by

2N+2
w = Z Uj ¢i>

=

N (22)
Pl = ZPJ wia

=

where N is the number of elements used to discretize the
domain, U; = iU; + kW; and P; are the coefficients for velocity
vector and pressure, respectively. / = 1 is for —H; <z <0 and
| =2 for 0 < z < H,. The interlayer location / is assigned to
single degree of freedom in this system. Note that, at the
interlayer, the basis functions associated to the Layer 1 and the
Layer 2 do not span across the other layer.

To obtain accurate predictions of growth rates and corre-
sponding disturbed fields in cases at which the most danger-
ous modes are associated with disturbances at the interlayer,
a fine mesh is necessary. To minimize the number of degree
of freedom of the discrete system, we use a nonuniform
mesh. We increase node concentration around the interlayer
using stretching function.'* However, as pointed out by
Yiantsios and Higgins,"” the mesh refinement requires spe-
cial care in order to avoid erroneous conclusions. We com-
pare the results from a fine uniform mesh (400 elements)
with those obtained with a graded mesh (100 elements) to
confirm that the graded mesh can give an accurate stability
prediction with less computational time.

The number of algebraic equations is 6N + 5, where N is
the number of finite elements: 4N — 4 momentum equations,
2N continuity equations, 4 no-slip conditions, and 5 interfa-
cial conditions. In vector form, the set of equations is repre-
sented by R(c) = 0, where R is the vector of weighted resid-
ual equations and ¢ consist of the coefficients of the finite
element basis functions.

The set of differential equations constructed here leads to
the generalized eigenvalue problem (GEVP)

Je = oMec, (23)

where M and J are called the mass matrix and the Jacobian
matrix. One can find detail method of constructing Jacobian
and mass matrix in Valerio et al.'?

Filtering eigenvalues at infinity

The mass matrix M is singular, because the continuity
equation for incompressible fluid, the no-slip boundary con-
ditions and the interfacial conditions, except the kinematic
condition, have no time derivative. Thus, the number of fi-
nite eigenvalues of the generalized eigenvalue problem (23)
is smaller than the dimension of the problem 6N + 5. The
missing eigenvalues are commonly referred to as eigenvalues
at infinity, because if the mass matrix is slightly perturbed to
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remove the singularity, e.g., M* = M + ¢l, large eigenval-
ues appear in the spectrum, and they grow unbounded as &
— 0."? During numerical computation of the eigenspectrum,
truncation errors and round-off errors may cause perturba-
tions of the mass matrix and lead to the eigenvalues at infin-
ity—unrealistically large eigenvalues—of the GEVP. The
method of filtering eigenvalues at infinity for the single-layer
channel flow was discussed in Valerio et al.'? Here, we
expand the similar theory in order to apply two-layer case.
In sum, the original GEVP, Eq. 23, can be transformed into
the smaller eigenvalue problem that do not contain eigenval-
ues at infinity.

Flow rate ratio continuation

In two-layer slot coating, the independent flow variable is
the flow rate ratio f = ¢/q, not the thickness ratio that natu-
rally appears in the formulation. Therefore, we have to solve
the eigenproblem using the flow rate as the independent pa-
rameters. However, it is extremely difficult to express a
close form of the base flow velocity profile as a function of
the flow rates and their ratio. However, at a fixed set of pa-
rameters, the thickness of each layer can be founded by solv-
ing the flow rate equations:

_(AP/L) o 1 U
= 6 1y V2 \(m+n)H,
N 1(AP/L)H; n* —m )le
I (m+n)H,
w 1 (AP/L) H3 n*
(U n __( /) 2}’1 +n)H1, (24)
n+m 2 1 m-+n

(AP/L) 5 1 Uy
="' ' H I AN
2= 6w 2 2\t
1(AP/L)H; n* —m )mH%
2 Hy (m + n) Hy

1 (AP/L)H3 n?
+<an __( /) an +n>H2 (25)
n+m 2 J m-+n

Note that the interlayer location is not only a function of
flow rate ratio but also a function of other parameters, like
viscosity ratio. We use Newton’s method to solve these equa-
tions to find H, and AP/L at a given set of flow parameters.

The flow rate equations, (24) and (25), allow multiple sol-
utions. Each solution with respect to the flow rate ratio con-
structs a trajectory in a parameter map, so called a solution
branch. Each branch shows different stability behavior.
However, not all of them are physically acceptable, for
example, complex values of pressure or interface location, or
negative interface location.

To track a single branch, we deploy a method of continuation.
One simple way to do this is to use the solution for the previous
continuation step as a initial guess for the next step, the so called
zeroth order continuation. Therefore, once we pick a correct ini-
tial guess for the first continuation step, the stability of the flow
can be analyzed along a specific solution branch. In this study,
we perform the flow rate ratio continuation keeping the total
flow rate constant: the change of flow rate ratio was carried out
by adjusting ¢; and ¢, simultaneously.
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Table 2. Base Case Physical Parameters

Name Base Case
Web speed (Uy,) 1 m/s
Die lip length (L) 1 mm
Gap height (H,) 250 pm
Layer 1 Viscosity (1) 46 cP
Layer 2 Viscosity (u,) 23 cP
Layer 1 density (p;) 1.2 g/ml
Layer 2 density (p,) 1.2 g/ml
Layer 1 wet thickness (A,;) 50 um
Layer 2 wet thickness (A, ») 50 pm

Here, we propose a two step method to perform the stabil-
ity analysis on the flow:
1. Solving flow rate equations for each layer to find the
interlayer location.
2. Converting the interlayer location to thickness ratio
and use it with the conventional base flow profile to perform
the linear stability analysis.

Results and Discussion

We use linear stability analysis to find the desirable oper-
ating condition ranges for the dual slot coating method. One
way to visualize the stable region in the parameter space is
to construct the neutral stability curve or neutral curve, by
collecting neutrally stable points with respect to different
flow parameters and wavenumbers. Furthermore, since our
target is to find the ranges for defect-free products, the sta-
bility results obtained here are combined with the critical
mid-gap invasion conditions presented by Ref. 3.

Construction of the neutral curve

The solution of the GEVP, Eq. 23, at a given set of flow
parameters and wavenumber is a set of eigenpairs. Here, we
use dimensionless variables based on the characteristic
length unit H, and time unit H,/U,, to display the results.
Flow parameters and operating conditions of the base are
summarized in Table 2. The most dangerous eigenvalue that
can lead to flow instability are those with the largest real
part, or growth rate. The solid dot in Figure 3 a is the most
dangerous eigenvalue at dimensionless wave number a* =
3.80 with the largest real part wg,, = —5.43 x 107°. The
corresponding eigenvectors are presented in Figures 3 b,c,d.
The plots show the modulus of eigenvector components with
respect to vertical coordinate z* for horizontal velocity u,
vertical velocity w, and pressure p, respectively. Note that
the moduli are normalized with respect to the maximum
value for each variable. The eigenvector plots show that the
disturbances are concentrated near the interlayer — interfa-
cial mode. We found that the interfacial mode is always the
most dangerous disturbance for the parameter ranges consid-
ered in this study.

When we collect the most dangerous growth rate at differ-
ent wavenumbers and flow parameters, two types of growth
rate plots are obtained, as shown in Figure 4. Plot (a) was
constructed by finding the most dangerous eigenvalue from a
wavenumber range scanned over at the fixed flow rate ratio f
= 1. We will call it wavenumber continuation. Plot (b) was
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Figure 3. Results from two-layer slot coating flow stability model without interfacial tension for density ratio r = 1,
viscosity ratio m = 2, flow rate ratio f = 1, and dimensionless wavenumber «* = 3.80.
(a) Shows ten loading eigenvalues from eigenspectrum. (b), (c), and (d) plot show eigenvectors corresponding to the solid dot in (a).

constructed using flow rate ratio continuation, as discussed
in Flow Rate Ratio Continuation section, at wavenumber o*
= 3.8. In both plots, the density ratio and viscosity ratio are
fixed to r = 1 and m = 2. The solid dot in both plots repre-
sents to most dangerous eigenvalue of Figure 3a. The open
triangle point and square point in Figures 4a,b are neutrally
stable points at which the growth rate vanishes. The corre-
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sponding wavenumber and flow rate ratio are oy, = 6.75 and
fv = 0.535, respectively. In Plot (a), the flow is linearly sta-
ble only when the wavenumber is lower than oy; and, in
plot (b), the flow is stable only when flow rate ratio is higher
than fy.

Neutral curves can be constructed by collecting neutrally
stable points with respect to wavenumbers and flow
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Figure 4. Most dangerous growth rate versus wavenumber plot at fixed flow rate ratio f = 1 (a) and Most danger-
ous growth rate versus flow rate ratio plot at fixed wavenumber «* = 3.80 (b).

Small plot inside (a) shows the base flow velocity profile for given parameters.
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Figure 5. Neutral curve for density ratio r = 1 and vis-
cosity ratio m = 2 with or without interfacial
tension.

Interfacial tension used in this study is o; = Idyne/cm.
Note that triangular point and square point are neutrally sta-
ble points obtained from Figure 4a, b, respectively. “U”
and “S” stand for unstable interlayer and stable interlayer,
respectively.

parameters. Figure 5 shows a representative neutral curve
that depicts stable and unstable region inside the parameter
space of wavenumber and flow rate ratio. Neutral curve with
solid line was obtained without interfacial tension, and dot-
ted line was obtained with interfacial tension, e.g., a; = 1
dyne/cm.

As there is no method to track neutrally stable point, the
point should be collected from scanning over ranges of
wavenumber and a flow parameter. When the neutral curve
is perpendicular to the flow rate ratio axis, a wavenumber
continuation is the proper method to collect neutrally stable
point. Flow rate continuation is used otherwise.

When the interfacial tension vanishes (g; = 0), there is
always a range of flow rate at which the flow is unstable.
However the results at high wavenumber should be analyzed
with care. At o* > 107, the wave length of the disturbance
is very small, less than a micron, in the cases analyzed here.
This length may be comparable to the characteristic length
unit of interlayer diffusion that was neglected in our model.
Therefore, without including diffusion, it is hard to deter-
mine whether the interlayer is stable or not.

When interfacial tension does not vanish, e.g., g, =
ldyne/cm (Ny = 0.0435), the tension damps out the high
wavenumber disturbance: perturbations at wavenumber o*
above 4.28 are always stable. In this case, flow rate ratio
above f > 0.205 guarantees linearly stable interlayer.

In this study, we determined neutral curves as a function
of viscosity ratio and flow rate ratio to determine the desira-
ble operating condition range.

Finding stable flow rate ratio range
Figure 6 shows the neutral curves for high viscosity ratio
= 2 with or without interfacial tension at different total
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wet thickness A, ,. As shown in Figure 6b, the interfacial
tension damped- out high wavenumber disturbances. How-
ever, stability characteristics of both flows, with and without
interfacial tension, are the same from low to medium wave-
number range.

According to the predictions, large flow rate ratio leads to
a stable interlayer at m = 2. The reason is that the less vis-
cous Layer 2 becomes thin at large flow rate ratio f = ¢/q»,
and the thin-layer effect stabilizes interlayer disturbance as
discussed in the literature. The range of flow rate ratio for
stable interlayer increases as total wet thickness A, , = Ay, /
H, decrease, i.e., thinner coating is favorable in terms of the
mterlayer stability.

Figure 7 shows the neutral curve at viscosity ratio m =
0.5 at different total wet thickness. Now, Layer 1 is less vis-
cous than Layer 2. At low and intermediate wavenumbers,
the stable region is now restricted to low flow rate ratio.
This is easily explained by the fact that the flow is stable
when the low viscosity layer is thin.'® The stable region
shrinks as the total wet thickness &, , falls. Therefore, in this
case, thick coating favorable for 1nterlayer stability.
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Figure 6. Neutral curve for density ratio r = 1 and vis-
cosity ratio m = 2 with interfacial tension (a)
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0.50.

Critical flow rate ratio condition for mid-gap invasion

Interlayer instability is not the only source of coating
defects. As discussed by Nam and Carvalho,® if the wet
thickness of the bottom layer (Layer 2) is less than approxi-
mately one-third of the coating gap the separation point trav-
els through the mid-lip leading to coating defects. As dual
slot coating method is known as a premetered method, the
thickness of the deposited liquid layer is set by the flow rate
and the web speed: hy; = ¢;/Uy, where [ = 1 or 2. The total
wet thickness hy,, = hy; + hy» is usually set by product
specifications, therefore, the critical flow rate ratio for the
mid-gap invasion can be computed from the results pre-
sented by Nam and Carvalho’:

f :ﬂ:@:3hw’[—Hg:
" hyo H,

3¢, — Hy Uy,
H,U,

=3, 1.

(26)

Therefore, coating defects can be present when the flow
rate ratio f is greater than the critical value f,,. Note that in
this simple criterion, the critical condition does not depend
on the material property like viscosity and density. This con-
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dition should be considered together with the linear stability
analysis results for finding desirable operating conditions.
The predictions at high viscosity ratio (m = 2), Figure 6,
show that the stable range of flow rate coincides with the
range of flow rate at which mid-gap invasion occurs. There-
fore, operation at high viscosity is not recommended when
both interlayer stability and mid-gap invasion are considered
simultaneously. At low viscosity ratio (m = 0.5), Figure 7,
the stable range of flow rate is free of mid-gap invasion.
Consequently, operations with the top layer less viscous than
the bottom layer is recommended to prevent coating defects
coming from interlayer instability and mid-gap invasion.

Finding desirable viscosity ratio range

According to the results from Critical Flow Rate Ratio
Condition for Mid-Gap Invasion section, low viscosity ratio,
i.e., a less viscous top layer, is favorable for interlayer stabil-
ity. However, there are limits on the range of viscosity ratio
that stabilizes the flow. Figure 8a shows the neutral stability
curve in the plane of wavenumber and viscosity ratio at a

3
S — -
o (a) without interfacial tension (a;=0 dyne/cm) .
l. with interfacial tension (o;=1 dyne/cm) = = = = = |
10 S* S* .
*E‘_ | .
® 0] | SR . R -
o t v T
e 1 % P ]
\ s’
§ 10° U S U .
F L ]
= "
107 | 4
m=0.321
Fo20 o e avalit N o] v cweal o op o el
102 107 10° 10' 10
Viscosity ratio (m)
1.0 N ——

(b)

0.8

e
o

o
~

(c) @ (e)

Dimensionless interfacial height (Hy/Hg)

1072 107! 10° 10’ 10?
Viscosity ratio (m)

Figure 8. Neutral curve for density ratio r = 1, flow rate
ratio f = 0.04, and total wet thickness h;,, =
0.4 with or without interfacial tension.

“S” and “U” stand for stable and unstable interlayer,
respectively. “S*” inside plot (a) stands for stable interlayer
only when interfacial tension is presented. Plot (b) shows
the interlayer location. Plots (c), (d), and (e) show the base
flow profiles at m = 0.1, 0.6, and 1, respectively.
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Figure 9. Neutral curve for density ratio r = 1 and total
wet thickness hy; = 0.40 for different flow
rate ratio with or without interfacial tension.

Note that when the viscosity for both layers are the same
(m = 1), interlayer is neutrally stable because there are no

distinction between layer 1 and layer 2. Plot (a) displays f

= 0.20, 0.04, and 0.02, and plot (b) displays f = 0.50, 1.00,
and 2.00. For plot (a), “S” is stable for f = 0.02 and 0.04,
“S°” is stable for f = 0.04, and “S™” is stable for f = 0.20.
For plot (b), “S” is stable for f = 0.50, 1.00, and 2.00,
“S*” is stable for f = 1.00 and 2.00, and “S°” is stable for
f = 2.00. “S*” inside plots (a) and (b) stands for stable
interlayer only when interfacial tension is presented. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

fixed flow rate. Note that, for the chosen flow rate ratio, f =
0.04, there is no mid-lip vortex and turn-around flow inside
mid-gap region: no mid-gap invasion. Considering low and
intermediate wavenumbers, the interlayer is linearly stable
only from m = 0.321 to 1.00. The flow is unstable if top
layer is more viscous (m > 1) or if its viscosity is much
smaller than the bottom layer (m < 0.321). Again, stability
of high wavenumber disturbance may not be predicted with-
out diffusion for vanishing interfacial tension case, and the
small wavelength disturbance are always faded away by the
action of interfacial tension (region S*).

The existence of a range of viscosity ratio at which the
flow is stable can be explained by the fact that although the
flow rate ratio and total flow rate are fixed, the location of
interlayer is not constant, but it is a function of viscosity
ratio. Figure 8b displays the Layer 2 thickness inside the
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downstream coating gap region as the viscosity ratio
increases. The results are based on solving Eqs. 24 and 25 at
given flow rates. The less viscous layer is thin inside the
range of m = 0.321 to 1.00. Note that, in this range, the less
viscous layer is Layer 1 (the top layer). When the viscosity
ratio is less than 0.321, the less viscous Layer 1 is not thin,
because of turn-around flow, as shown in Figure 8c. When
the viscosity ratio is greater than one, the less viscous
Layer 2 is always thicker than Layer 1, as shown in Figure 8e.
The results clearly show that only a limited viscosity ratio
range enables the thin-layer effect that leads to stable flow.

The viscosity range for stable flow is a function of flow
rate ratio. Figure 9 shows the neutral curves for different
flow rate ratios at total wet thickness 4}, , = 0.40 and immis-
cible liquid (¢; = 0). Neutral stability curves in plot (a) of
Figure 9 shows that the stable regimes appear at moderately
low viscosity ratio m except at f = 0.2. As the flow rate ratio
increases, the neutral stability curves at low and moderate
wavenumber, o* = 1072 — 10", shift toward the high viscos-
ity ratio. At high flow rate ratios, plot (b), the stable window
occurs at a viscosity ratio range above m = 1.

Not all stable regimes in Figure 9 are desirable in a point
of view of coating operations. When the location of the
interlayer separation point is not located at the downstream
corner of the mid lip (mid-gap invasion), either micro-vortex
under the mid-lip or periodic oscillation of the interlayer can
cause coating defects or degrade product quality.® At the
total thickness hy , = 0.40, the critical flow rate ratio for
mid-gap invasion is f,, = 3 x 0.40 — 1 = 0.20. Therefore,
plot (a) shows neutral curves for low flow rate ratio and they
are free from mid-gap invasion. On the contrary, flow rate
ratios for plot (b) implies that, even though the coating flow
are linearly stable at high viscosity ratio, mid-gap invasion
can cause problems in production.

Conclusion

Linear stability analysis was carried out on the two-layer
flow in the downstream coating gap of a dual slot coating sys-
tem. The problem is written in terms of the flow rate ratio,
instead of the usual thickness ratio. The original generalized
eigenvalue problem was effectively reduced to a smaller size
simple eigenproblem by extending the method proposed by
Valerio et al.'? The most dangerous disturbance related to the
largest real part of eigenvalue or growth rate was found to be
concentrated at the interlayer. The waviness of the interlayer
caused by the disturbance can spoil the quality of two-layer
coating product. Therefore, it is important to find parameter
ranges at which the flow is a stable to prevent coating defects.

When the neutrally stable points, where the growth rate
changes sign, are computed as a function of wavenumber
and flow parameters, a neutral curve can be constructed in
order to mark stable and unstable regions in the parameter
space. As pointed out by Joseph and Renardy,'® the long
wave (large wavenumber) disturbance can be suppressed by
utilizing thin-layer effect, i.e., making the less-viscous liquid
layer thin, while the short-wave (small wavenumber) disturb-
ance is damped out by the action of interfacial tension.
When miscible coating liquids are considered (vanishing
interfacial tension), the stability of short wave disturbance is
hard to determine without including diffusion in the model.
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Besides the interlayer instability, the location of the inter-
layer separation point can cause coating defects.” The critical
mid-gap invasion condition can be rewritten in terms of flow
rate ratio at the fixed total flow rate or total wet thickness.

Combining the range of operating parameters for stable
two-layer flow and pinned separation point (no mid-gap
invasion), a defect free region can be created. The predic-
tions show that the recommended conditions are at low flow
rate ratio f = ¢;/q> and low viscosity ratio m = u/i,, i.e., a
thin top layer of a low viscosity liquid. These condition
exploit the thin layer effect without invoking mid-gap inva-
sion. Because the interlayer location in the downstream coat-
ing gap is a function of the viscosity ratio at a fixed flow
rate, only a small window of viscosity ratio leads to stable
flows. The defect free region is a function of the total flow
rate; it shrinks as the wet thickness falls.
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