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The region of acceptable quality in the space of operating parameters of a coating
process is called coating window. Their limits are set by coating defects. For the slot-
coating process the low-flow limit is important. It corresponds to the maximum web
speed at a gi®en film thickness, or the minimum film thickness at a gi®en web speed, at
which the coating bead remains stable. The a®ailable ®iscocapillary model is based on
the Landau-Le®ich equation, which is limited to small Capillary and Reynolds num-
bers. Under these conditions, the minimum film thickness that can be coated decreases
with decreasing coating speed, but many coating processes do not occur at low Capillary
numbers. It is important to determine the range of ®alidity of the ®iscocapillary model
and find the low-flow limit outside this range. The low-flow limit was determined here
theoretically and experimentally. The 2-D Na®ier-Stokes equations with free surfaces
describe liquid flow in the coating bead. Theoretical approaches sol®e the Na®ier-Stokes
system by either using Galerkin’s method with finite-element basis functions or applying
a long-wa®e expansion. The minimum layer thickness at a set of parameters was deter-
mined by the turning point on the solution path as the thickness was diminished. The
minimum film thickness was measured experimentally by determining the flow rate at
which the coating bead breaks, leading to stripes of coated and uncoated web. Results
show that the low-flow limit of the coating bead at large Capillary and Reynolds num-
bers fundamentally differs from that at their low numbers. At large Capillary and
Reynolds numbers, the minimum film thickness that can be coated decreases with in-
creasing coating speed. The coating window of the process is much larger than that in
the literature, broadening the applicability of this coating method.

Introduction
Slot coating is used in the manufacturing processes of many

different products. This method belongs to a class of coating
methods known as premetered coating: the thickness of the
coated liquid layer is set by the prescribed flow rate fed into
the coating die and is independent of the process variables,
making this class of method ideal for high-precision coating.

ŽHowever, the liquid flow in the application region coating
.bead , and therefore the quality of the coated film, is strongly
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affected by operating parameters such as web speed, liquid
properties, and the geometry of the die.

The region of acceptable coating quality in the space of the
operating parameters of a coating process is usually referred
to as the coating window. It is important to determine coating
windows for the different coating methods in order to predict
whether a given method can be used to coat a product at a
prescribed production rate. Coating windows can be con-
structed either from extensive experimentation or from theo-
retical modeling of the coating flow. The experimental ap-
proach is generally expensive. In contrast, with a reliable the-
oretical model, many aspects of coating quality can be com-
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Figure 1. Coating bead of a slot coater.

puted over large ranges of variables at relatively low cost.
Because theoretical models are rarely complete, however,
theoretical predictions should be compared with experiments
in order to validate them.

Figure 1 shows a two-dimensional cross section of a slot-
coating bead. The coating liquid is pumped through the feed
slot and bridges between the coating die and the solid sub-
strate, the web, forming the coating bead. The coating bead
is bounded by two gas]liquid interfaces. It is clear that physics
sets the operating parameters at which this two-dimensional
free surface flow exists. In order to sustain the coating bead
at higher speeds, vacuum is usually applied to the gas up-

Ž .stream from the upstream meniscus Beguin, 1954 .
Ž .Higgins and Scriven 1980 extended the work of Ruschak

Ž .1976 and analyzed the operating parameters at which capil-
lary and viscous forces could be balanced over a two-dimen-
sional cross section of the coating bead of a slot coater. The
results of their viscocapillary model led to a feasibility win-
dow in the plane of vacuum pressure and web speed. Since
then, several experimental and theoretical analyses that de-
termine the vacuum limits for stable operation have been re-

Ž .ported in the literature Sartor, 1990; Gates, 1996 . However,
vacuum pressure is usually not a limitation in slot coating of
thin films. In the coating windows presented in the literature,
there is always a range of vacuum at which the coating bead
is stable at Capillary numbers below a critical value.

A more important limit, from a practical point of view, is
what is generally referred to as the low-flow limit. This limit
corresponds to the maximum web speed possible at a given
film thickness, or the minimum film thickness at a given web
speed, at which the flow is stable. The low-flow limit of slot

Ž .coating has been studied by Lee and Liu 1992 ; however,
their experiments were performed without any vacuum pres-
sure applied to the upstream meniscus, and therefore their
results do not represent the actual low-flow limit of industrial
situations.

The basic mechanism that defines the low-flow limit can be
well described by the viscocapillary model. The main flow un-
der the die land is a combination of a Couette and a Poiseuille
contribution, as shown in Figure 1. At a given coating gap,
H , and constant speed, V, the flow rate associated with the0

ŽCouette contribution is constant. As the film thickness t and
.therefore the flow rate decreases, the Poiseuille contribution

Žand therefore the adverse pressure gradient in the down-
.stream meniscus region has to increase. The minimum flow

Ž .rate possible minimum film thickness is determined by the
maximum pressure gradient possible at the downstream

meniscus. The pressure gradient can be estimated by analyz-
Žing the pressure difference between points 1 and 2 see Fig-

.ure 1 . It is approximately determined by the radius of curva-
ture of the liquidrgas interface, R, and the surface tension of
the liquid, s :

s
p y p s p y p s .2 1 0 1 R

The maximum pressure gradient occurs at the smallest ra-
dius of curvature possible. If the shape of the free surface is
assumed to be cylindrical, the smallest radius that can be fit
between the die and the web is given by

H y t0
Rs .

2

Ž .Ruschak 1976 extended the work of Landau and Levich
Ž .1942 and showed that the pressure drop across the down-
stream meniscus can be related to the film thickness, web
speed, and liquid properties:

s
2r3p y p s1.34Ca .0 1 t

The capillary number is defined as Ca'mVrs , and it indi-
Žcates the ratio between viscous m is the viscosity of the liq-

.uid to surface tension forces. The operating parameters that
set the low-flow limit can be determined by combining the
three previous equations:

3r2
mV 2

Cas s0.65 . 1Ž .ž /s H rt y1Ž .0

This relation is plotted in Figure 2. Above the solid line,
the coating bead is unstable and the two-dimensional steady
flow does not exist. In experiments, crossing the low-flow limit
from stable to unstable, the uniform coated layer gives way to
alternating uncoated and coated stripes. This defect is gener-
ally referred to as ri®ulets. It is clear from the plot that, at a

Figure 2. Low-flow limit predicted using the viscocapil-
lary model.
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fixed coating gap, the minimum possible film thickness in-
creases the Capillary number increases, that is, higher pro-
duction speeds require thicker wet layers.

Because the viscocapillary model was derived from the
Landau-Levich equation, it is only valid at low Capillary
numbers, that is, typically low speed andror low viscosity.
However, many coating processes do not operate at low cap-

Ž .illary numbers. Experiments by Sartor 1990 have shown ex-
amples where the viscocapillary model fails to predict the
correct maximum coating speed. It is important to establish
what is the range of validity of the viscocapillary model, and
moreover to find the low-flow limit outside this range.

The viscocapillary model indicates that slot coating is bet-
ter suited for low-viscosity liquids. The limitation on web
speeds for higher-viscosity liquids can be illustrated by the
following example: Suppose a liquid film of thickness ts0.6

Ž .mil f15 mm is to be coated onto a substrate by the slot-
Ž .coating method with a coating gap of H s4 mil f100 mm .0

The solution has viscosity of ms20 cP and surface tension of
s s25 dynrcm. The maximum possible line speed predicted
by the viscocapillary model is approximately equal to V s30

Ž .ftrmin f0.15 mrs . Such low speeds may not satisfy the
economic requirements of some products.

In this work, the low-flow limit at different operating con-
ditions, including high Capillary and Reynolds numbers, was
determined by both theory and experiments. First, the low-
flow limit was estimated by the film-profile equation derived
from a long-wave expansion to the Navier-Stokes equation,

Ž .as described by Kheshgi 1989 . The predictions were com-
pared with the complete theoretical approach that consisted
of solving the two-dimensional Navier-Stokes equations with
free surfaces that describe liquid flow in the coating bead by
the Galerkinrfinite-element method. At each operating con-

Ž .dition liquid properties, coating gap, and web speed , first-
order, pseudo-arc-length continuation was used to construct
a solution path as the flow rate fed into the die was dimin-
ished. The minimum film thickness corresponded to the flow
rate at which a turning point on the solution path occurred.
The experimental procedure followed a path similar to the
theoretical calculations. A coating bead was established at
each condition. Then, the flow rate into the die was slowly
decreased until the coated layer broke into stripes of coated
and uncoated web. The experiments were done using liquids
with different viscosity in order to cover a wide range of Cap-
illary numbers.

Film-Profile Equation Model
By application of a long-wave expansion to the Navier-

Ž .Stokes system for film flows, Kheshgi 1989 derived an ap-
Ž .proximate film-profile equation FPE for the evolution of

finite-amplitude disturbances to Newtonian liquid films. FPEs
based on a long-wave expansion are asymptotically accurate
for films where the disturbance is long relative to the film
thickness, and the Reynolds number is low. FPEs are an ex-
tension of the viscocapillary model discussed in the Introduc-
tion, and include higher-order terms. Moreover, one form of
FPE was found to represent well the shape of the film down-
stream from a slot coater at moderate Reynolds and Capil-
lary numbers. Note that film thickness decreases more rapidly
with distance from the slot in flows with higher Capillary

number. In this section we apply this FPE to estimate the
low-flow limit in slot coating, and in the following section on
the two-dimensional model, we compare the results to finite-
element solutions of the Navier-Stokes system.

Ž .The form of FPE given by Kheshgi 1989 adapted to steady
films translating in the x-direction is

d 2 H 1 1Ž .
s3Ca y3 2ž /dX Y Y

6 dY 1 1 9
q N Ca q y . 2Ž .Re 2 3ž /35 dX Y Y Y

The position of the free surface in Cartesian coordinates
Ž .X, Y is made dimensionless with the length scale, t, the
final film thickness. The full representation of the curvature
of the free surface is 2 H, which in Cartesian coordinates is
given by

1r222d Y dY
2 Hs 1q . 3Ž .2 ž /dXdX

The Reynolds number based on the deposited film thickness,
t, is N ' rVtrm.Re

The shape of the downstream free surface in a slot coater,
that is, the solution of the FPE, is obtained by numerical
integration of Eq. 2. It was represented by a system of first-
order ODEs in arc-length coordinates, as was done by

Ž .Kheshgi et al. 1992 to estimate film profiles in dip coating.
The integration begins far downstream from the slot, starting
with the initial conditions:

dY d2Y
2Y s lq e , +u syel, and +2 Hsel ,2dX dX

where l is the exponential decay rate of the film to its final
film thickness Y s1, determined by the solution of the lin-
earized version of Eq. 2, and e is a small specified coefficient
Ž .such as 0.01 . The inclination of the film is represented by
the angle u . If N and Ca are small, the region of the freeRe
surface that is highly inclined would be much thicker than
the final film thickness, viscous and inertial forces would be
small, and the film curvature would be approximately con-
stant, that is, the righthand side of Eq. 2 would be small.
Integration is continued in arc-length coordinates until a
maximum value of the coordinate Y is reached. In all cases
this corresponded to u sp , with a film profile that has turned
upside-down. Figure 3 shows the computed downstream
meniscus at Res0 and different Capillary numbers. As the
Capillary number falls, Y increases. The low-flow limit atmax
each operating condition can be estimated based on the val-
ues of Y , as explained in the following subsection.max

Use of film-profile equation to estimate the low-flow limit
in slot coating

As is shown in Figure 3, at each Capillary number, Reynolds
number, and final film thickness, t, there is a maximum value
for the dimensionless coordinate Y at the point where u sp .
The low-flow limit can be estimated by assuming that Ymax
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Figure 3. Downstream meniscus predicted by the FPE
at Ca=0.1 and Ca=1 and vanishing Reynolds
number.

represents the ratio G between the maximum slot gap possi-
ble H and the final film thickness t at a given set of condi-0
tions, that is, Y sGs H rt. A stability map, similar to themax 0
one presented in Figure 2, but now including the effect of
Reynolds number and higher-order terms, can be constructed
with the predictions of the FPE. Note that the value of Gs
H rt calculated in the way described in this section is a func-0
tion of Ca and N , which are specified. To estimate G as aRe
function of Ca and Re' rVH rm, N is adjusted iteratively0 R e

Ž .to yield a specified Res N G Ca, N .Re Re
The low-flow-limit map predicted by the FPE is shown in

Figure 4, together with the viscocapillary model results. In
order to relate the effect of the web speed to only one di-
mensionless parameter, such as capillary number, the results
are plotted in terms of the Property number, defined as the

Figure 4. Low-flow limit predicted using the FPE at dif-
ferent Property numbers.

ratio of Reynolds to Capillary number, or P ' RerCasp
rs H rm2, and therefore independent of web speed. At low0
Capillary number, Ca-0.01, the predicted critical gap to film
thickness at the onset of the low-flow limit is virtually the
same as the one predicted by the viscocapillary model. The
effect of inertia, represented in terms of Property number, is
negligible at this range. At higher Capillary numbers, for ex-
ample, Ca)0.01, the FPE predicts a gap-to-film-thickness
ratio larger than the one obtained with the viscocapillary
model. The results obtained with the FPE show the small
effect of inertia on the onset of the low-flow limit. At large
Capillary numbers, as the Property number rises, the critical
gap-to-film-thickness ratio initially increases, reaches a maxi-
mum, and then decreases. The approximation used to derive
the FPE is, however, valid only at low Capillary and Reynolds
numbers.

Two-Dimensional Model
In order to verify the predictions of the FPE, and to ex-

tend the analysis to even higher Capillary and Property num-
bers, where the long-wave expansion is not valid, the flow in
the coating bead was described by the complete two-dimen-
sional, steady-state Navier-Stokes system. This section de-
scribes the formulation, solution method, and predictions ob-
tained with this more complete description of the flow.

Go©erning equations and boundary conditions
The Navier-Stokes system for viscous free-surface flows is

Ž .described in detail by Kizstler and Scriven 1983 . The partic-
ular case of the flow on a slot-coater bead was first presented

Ž .by Sartor 1990 . This section recapitulates the governing
equations and lays out the boundary conditions used.

Figure 5 shows the domain used in this analysis. The veloc-
ity and pressure fields are governed by the momentum and
continuity equations, which in dimensionless form are

Re© ?=©y=?s s0, =? ©s0. 4Ž .

For a Newtonian liquid, the total stress is s sy pIq=©q
Ž .T=© . The Reynolds number Res rVH rm measures the0
ratio of inertia to viscous forces. The web velocity is repre-
sented by V , and H is the gap, that is, the distance between0
the coating die and the substrate. The dimensionless geomet-
ric parameters are the gap-to-film-thickness ratio Gs H rt,0
and the dimensionless slot height Ss H rH .s 0

Figure 5. Flow domain with boundary conditions.
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The no-slip and no-penetration conditions applies at the
die walls and at the substrate:

©s0, at the die walls 1 5Ž . Ž .

©sVi , at the substrate 2 6Ž . Ž .

Ž .Here, V is the web speed. At the outflow plane 3 , the direc-
tional derivative of velocity is set to zero:

n ?=©s0. 7Ž .

Ž .At the free surfaces 4 , the traction in the liquid balances
the capillary pressure, and there is no mass flow across the
gas]liquid interface:

1 dt
n ?s s y nP , n ? ©s0, 8Ž .0Ca ds

where t is the unit vector tangent to the interface and P is0
the pressure of the air. At the downstream free surface, the
air pressure is usually atmospheric, that is, P s P . At the0 ATM
upstream gas]liquid interface, vacuum is usually applied in
order to stabilize the coating bead, that is, P s P . The0 V AC
dimensionless vacuum pressure is defined as Vac s
P H rs . The Capillary number CasmVrs measures theVAC 0

Žratio between viscous and capillary forces s is the liquid
.surface tension .

Ž .At the inflow plane 5 , that is, at the die feeding slot, the
flow is assumed to be fully developed:

26Q x x
i ? ©s0; j ? ©sy y , 9Ž .ž / ž /H H Hs s s

where Q is the flow rate fed into the coating die. It defines
the thickness t of the liquid layer deposited onto the sub-
strate: tsQrV.

Ž .At the dynamic contact line 6 , the Navier slip condition
was used instead of the no-slip condition and a dynamic con-
tact angle u s1100 was imposed:d

1
t ? ©yVi s t ? n ys ; n ? n scos u , 10Ž . Ž . Ž .Ž .w w w w f s db

where b is the slip coefficient, t and n are the unit tan-w w
gent and normal vector to the wall, and n is the unit vectorf s
normal to the free surface. For a better description of the
flow in this region, a contact angle as a function of Capillary
number would be more appropriate. However, because the
low flow limit is set by a force balance at the downstream
free surface, and it is virtually insensitive to the flow close to
the dynamic contact line, the dynamic contact angle was as-
sumed to be constant for the sake of simplicity.

The static contact line attached to the downstream free
Ž .surface 7 is pinned at the sharp edge of the die, that is, the

position x of the downstream static contact line is fixed:sd

x s X . 11Ž .sd e d ge

Ž .The upstream static contact line 8 is free to move along the
die face, that is, the y-coordinate of the upstream static con-
tact line is fixed. In this case, the static contact angle u ofs
the free surface with the die face has to be specified:

j ? x s H ; n y n scos u . 12Ž .Ž .su 0 w f s s

Solution method
Because of the free surfaces, the flow domain at each pa-

rameter is unknown a priori. In order to solve this free-
boundary problem by means of standard techniques for
boundary-value problems, the set of differential equations and

Žboundary conditions posed in the unknown domain Eqs.
.4]12 has to be transformed to an equivalent set defined in a

known reference domain. This transformation is made by a
Ž .mapping xs x j that connects the two domains. The map-

Ž .ping used here is the one presented by de Santos 1991 . He
showed that a functional of weighted smoothness can be used
successfully to construct the sorts of maps involved here. The
inverse of the mapping that minimizes the functional is gov-
erned by a pair of elliptic differential equations identical with
those encountered in diffusional transport with variable dif-
fusion coefficients. The coordinates j and h of the reference
domain satisfy

=? D =j s0; =? D =h s0, 13Ž .Ž . Ž .j h

where D and D are diffusion-like coefficients used to con-j h

trol element spacing. Boundary conditions are needed in or-
der to solve the second-order partial differential equations
Ž .Eq. 13 . Along solid walls and synthetic inlet and outlet
planes, the boundary is located by imposing a relation be-
tween coordinates x and y from the equation that describes
the shape of the boundary, and stretching functions are used
to distribute the points along the boundaries. The free

Ž .boundaries gas]liquid interfaces are located by imposing the
Ž .kinematic condition Eq. 8b . The discrete version of the

mapping equations is generally referred to as mesh-genera-
tion equations.

ŽThe Navier-Stokes system and the mapping mesh-genera-
.tion equations were solved all together by the Galerkinr

finite-element method. Biquadratic basis functions were used
to represent both the velocity and the mapping from the ref-
erence to the physical domain. The basis functions used to
represent the pressure field were piecewise, linear, and dis-
continuous. Details of the weak formulation of this class of

Ž .problems can be found elsewhere Kistler and Scriven, 1983 .
Once all the variables are represented in terms of the basis

functions, the system of partial differential equations reduces
to simultaneous algebraic equations for the coefficients of the
basis functions of all the fields. This set of equations is non-
linear and sparse. It was solved by Newton’s method. The
linear system of equations at each Newtonian iteration was
solved using a frontal solver.

Newton’s method converges quadratically close to the solu-
tion. However, it can fail to converge if the initial guess is not
close enough to the solution or if the solution does not exist
for a given set of parameters. In order to improve the likeli-
hood of convergence and to obtain solutions around turning
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Figure 6. Representative mesh used to discretize the
problem: 411 elements and 8,373 unknowns.

points, a pseudo-arc-length continuation method, as de-
Ž .scribed by Keller 1977 , was used. Solutions were not calcu-

lated exactly at the turning point, where Newton’s method
would not converge. The turning point was considered to be
the last solution computed before the derivative of the chang-
ing parameter with respect to the solution norm switches sign.

The domain was divided into 411 elements, with 8373 un-
knowns. A representative mesh is shown in Figure 6.

Results
In order to relate the effect of the web speed solely to one

Ž .of the dimensionless parameters Capillary number , it is use-
ful to define the Property number P ' RerCas rs H rm2,p 0
that is, a function of the liquid properties and the coating
gap, and invariant to substrate speed.

The operating conditions at the low-flow limit were deter-
mined by two different approaches. In the first, the coated-
layer thickness was fixed and the web speed increased until a
turning point on the solution path was encountered. The crit-
ical Capillary number at the chosen gap-to-thickness ratio was
calculated from the value of the web velocity at the turning
point. The second approach consisted of following the solu-
tion path at a fixed web speed. The flow rate, and therefore
the film thickness, was decreased until a turning point was
encountered. The critical gap-to-thickness ratio was calcu-
lated from the value of the flow rate at the turning point.
The theoretical predictions show that the two approaches are
equivalent and lead to the same critical pair of Capillary
number and gap-to-thickness ratio.

Figure 7 shows a path of solutions computed at H rH ss 0
Ž .1.75, H rts12.24, P s0 no inertia , and Vacsy5.08. The0 p

flow states are characterized by the position of the dynamic
contact line. It is pulled closer to the feeding slot as the web
speed rises. A turning point occurs at Cas0.0589. Above that
speed, a two-dimensional, steady-state solution could not be
found. In practice this would signal the low-flow limit. Be-
cause of the high gap-to-thickness ratio, a large recirculation
is present at all Capillary numbers. As the Capillary number
increases, the downstream meniscus becomes more curved
Ž .smaller radius of curvature in order to increase the adverse
pressure gradient under the free surface. Figure 8 details the

Figure 7. Path of flow states at fixed film thickness.
The states are characterized by the position of the dynamic
contact line. Inserts represent streamlines of selected flow
states.

shape of the downstream free surface. At the turning point,
that is, Cas0.0589, the angle between the gas]liquid inter-
face and the die face is very close to zero. The hypothesis
that the static contact line is pinned at the sharp edge of the
die is probably not valid at such conditions. In practice, if the
web speed is raised above the critical value, the meniscus
would recede and the coating bead would break.

Figure 9 shows the solution path obtained at a Capillary
number of Cas0.33, H rH s1.75, P s0, and Vacsy13.5.s 0 p
The plot shows how the position of the dynamic contact line
varies with the flow rate fed into the die, that is, the film
thickness deposited on the substrate. As the coated film be-

Figure 8. Downstream free surface shape as a function
of Capillary number.
H rt s12.24 and P s 0.0 p
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Figure 9. Path of flow states Ca=0.33.
The states are characterized by the position of the dynamic
contact line.

comes thinner, the dynamic contact line is pulled toward the
die feeding slot. A two-dimensional, steady-state solution
could not be found at a gap-to-thickness ratio above H rts0
5.33. Again, the turning point marked the low-flow limit at
this particular Capillary number. The shapes of the down-
stream free surfaces at a gap-to-thickness ratio equal to 4.06,
5.03, and 5.33 are shown in Figure 10. The behavior is the
same one observed as the Capillary number was increased.
As the gap-to-thickness ratio rises, that is, smaller film thick-
ness, the meniscus becomes more curved. At the turning
point, the angle between the free surface and the die face is
almost zero.

Solution paths similar to those presented in Figures 7 and
9 were constructed at different ratios between gap and film
thickness and Capillary numbers. The slot height was kept
constant and equal to H rH s1.75. The parameters at whichs 0
the turning point occurs in each solution path are mapped in
Figure 11. They correspond to the low-flow limit at P s0.p
The plot also shows the critical conditions predicted by the

Figure 10. Downstream free surface shape at different
gap-to-thickness ratio: Ca=0.33.

Figure 11. Low-flow-limit predictions by: viscocapillary
model, FPE, and Navier-Stokes equations.
Inertial effects were neglected, that is, P s 0.p

viscocapillary model and FPE. As expected, both the FPE
and viscocapillary model are very accurate at low Capillary

Ž .numbers Ca-0.01 . At these conditions, the predictions of
the full Navier-Stokes equation, FPE, and viscocapillary
model are virtually the same. At higher Capillary numbers,
the viscocapillary model underpredicts the critical gap to film

Ž .thickness overpredicts the critical film thickness when com-
pared with the other two approaches. The discrepancy in-
creases with Capillary number. The relative difference is
around 10% at Caf0.1 and as high as 30% at Caf1. The
FPE results are close to the Navier-Stokes predictions over
the entire range of Capillary number; the largest relative dif-
ference was below 10%.

The low-flow limit predictions presented up to this point
were obtained by neglecting inertial effects, that is, P s0p
Ž .ResCa? P . The critical parameters at which the turningp
points occur on the solution path, when inertial effects are
considered, are illustrated in Figure 12. Again, the solid line

Figure 12. Inertial effects on the low-flow limit.
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represents the viscocapillary model predictions. At low Capil-
lary numbers, the low-flow limit is virtually insensitive to the
Property number, that is, inertial effects are not important in
the parameter range explored in this analysis. At larger Cap-

Ž .illary numbers Ca)0.3 for the cases analyzed here , the
critical gap-to-thickness ratio is strongly dependent on the
Property number. Inertial effects delay the onset of the low-
flow limit to thinner film thickness. The results are different
from those predicted by the FPE. Although the simplified
model is accurate when inertial effects are neglected, it can-
not describe well the flow at finite Reynolds number. An in-
teresting phenomenon occurs when inertial effects become

Žsignificant. Above a certain coating speed that is, Capillary
.number at a fixed Property number , the relationship be-

tween the critical Capillary number and critical gap-to-thick-
ness ratio changes. At low Capillary numbers, the minimum
possible film thickness that can be coated increases with web
speed. At high Capillary numbers, the critical ratio of gap to
film thickness that sets the low-flow limit increases with Cap-
illary number; the minimum possible film thickness that can
be coated decreases as web speed rises. The actual coating
window for slot coating is larger than the one presented in
the literature.

The practical consequence of this behavior is very impor-
tant: thinner films can be achieved by raising the coating line
speed. At a fixed coating gap and film thickness, there are
two ranges of Capillary number at which the coating bead
exists, Ca-CaU and Ca)CaU. The first limit CaU is the one1 2 1
presented before in the literature and that can be fairly well
predicted by the simple viscocapillary model. This limit is the
low Capillary number limit. The second limit CaU is the limit2
found when inertial effects were incorporated into the theo-
retical model. This limit is the high Capillary number limit.
As is clear from Figure 12, the transition from one regime to
the other is a function of Property and Capillary numbers. At
P s381, the transition occurs at Ca+0.7, while at P sp p
952.5, it happens at Ca+0.3. Actually, the two different
regimes are defined by the intensity of inertial forces, and
they could be referred to as the low inertia regime and the
high inertia regime.

The importance of this extended coating window is better
quantified by the example discussed before: Suppose a solu-
tion of ms20 cP, s s25 dynrcm is to be coated at a thick-

Ž .ness of ts0.6 mil f15 mm with a coating gap of H s40
Ž .mil H rts6.67 . The maximum possible line speed pre-0

dicted by the viscocapillary model or by the low Capillary
number limit of the Navier-Stokes solution is approximately

Ž .equal to V s30 ftrmin f0.15 mrs . Using the high Capil-max
lary number limit, the process could be carried out with a

Ž .web speed of V )250 ftrmin f1.25 mrs .
The extended coating window is bounded by another coat-

ing defect at even higher Capillary numbers. Above a certain
value, instabilities at the dynamic contact line lead to a non-
perfect wetting of the liquid onto the substrate. The defect is
generally referred to as air entrainment. This limit was not
analyzed in this work. When coating very thin films, the coat-
ing becomes unstable at Capillary numbers lower than the
critical values associated with air entrainment.

As discussed before, the low-flow limit occurs when the
downstream meniscus recedes into the coating bead in order
to decrease the radius of curvature of the free surface. When

Figure 13. Downstream free surface shape at different
Capillary numbers: P =762.p

inertia becomes significant, the momentum of the liquid tends
to counteract this receding action. Figure 13 illustrates this
behavior by showing how the free-surface shape changes as
the line speed is raised, at Property number P s762 andp
gap-to-thickness ratio H rts5.08. At these conditions, the0
coating bead exists at all Capillary numbers explored, and a
turning point on the solution path was not found up to Cas
1.006. The length necessary for the coated film to achieve its
final thickness is much longer than that obtained when iner-

Žtial effects are not taken into account compare Figures 8
.and 10 . First, as the web speed is raised, and consequently

as the Capillary number increases, the radius of curvature of
the downstream free surface decreases and so does the angle
between the meniscus and the die face at the static contact
line. At higher Capillary numbers, an opposite effect occurs:
as the web speed increases, inertial forces push the meniscus
away from the coating bead, increasing the radius of curva-
ture of the downstream meniscus and the angle between the
free surface and the die face. The free surface becomes more

Žstable further away from the low-flow limit in the parameter
.space as the line speed is raised.

The FPE model could not capture this behavior because it
only describes the flow close to the downstream meniscus,
not taking into account the effect of the flow in the coating
bead. Figure 14 compares the downstream free surface pre-
dicted by the Navier-Stokes and the FPE. The FPE results
were accurate far away from the slot die for all values of Pp
and Ca. Close to the die, the results deteriorate as the Prop-
erty number increases.

Because vacuum pressure is always used in slot coating op-
eration, its effect on the onset of the low-flow limit was also
analyzed. Figure 15 shows two sets of solutions at H rts0
10.16, P s952.5, and vacuum pressures of P H rs sp VAC 0
y4.23 and y8.46. The higher vacuum pulls the upstream free
surface away from the feeding slot, making the bead longer.
However, the turning point on both sets of solutions that
characterizes the low-flow limit occurs at the same Capillary

Ž .number Cas0.081 . It is important to notice that this condi-
tion corresponds to the low inertiarcapillary regime. At the
high inertiarcapillary regime, the behavior is completely dif-
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Figure 14. Comparison of downstream free surface pre-
dicted by FPE and Navier-Stokes equation.

ferent. Figure 16 illustrates two solution paths at Cas1, Pp
s762, and P H rs sy6.77 and y13.55. The turningVAC 0
point that characterizes the low-flow limit occurs at different

Žconditions. As the coating bead got longer higher vacuum
.pressure , the onset of the low-flow limit occurred at smaller

gap-to-film thickness ratio. The explanation for this depen-
dence is discussed next.

It is clear from the analysis presented in this section that
there are two distinct mechanisms for the onset of the low-
flow limit: a low inertiarCapillary and a high inertiarCapillary
regime.

The first regime has been extensively discussed in the liter-
ature and is well described by a simple viscocapillary model.
The onset of the low-flow limit is dictated by the balance of
viscous and surface-tension forces, and the critical pair of

Ž .Capillary number web speed and gap-to-film-thickness ratio
can be estimated by Eq. 1, or obtained with a higher degree
of accuracy with the FPE model. When inertial forces be-

Figure 15. Solution path at H ///// t=10.16 and P =952.50 p
and different vacuum pressures.
Flow states are characterized by the position of the dy-
namic contact line.

Figure 16. Solution path at Ca=1 and P =762 and dif-p
ferent vacuum pressures.
Flow states are characterized by the position of the dy-
namic contact line.

come important, the shape of the downstream free surface is
strongly affected by the momentum of the liquid in the coat-
ing bead. The onset of the low-flow limit is not governed by
the balance between viscous and surface-tension forces alone.
The relationship between the critical gap-to-film thickness
and the web speed at the onset of the low flow limit can be
explained by boundary-layer theory. At high Reynolds num-
ber, the thickness of the film that the web can accelerate
depends on the growth of a viscous boundary layer. When
the web speed is high, the viscous boundary layer grows slowly,
and the length necessary for it to grow to the final film thick-
ness t is large, as shown in Figure 17. This can be illustrated
by the shape of the downstream free surfaces shown in Fig-
ure 13. As the web speed falls, the growth length L de-b
creases according to

rVt2

L s k . 14Ž .b m

From Figure 17, it is clear that there is a critical growth
length below which a two-dimensional coating bead cannot
exist. This critical growth length LU, which is directly relatedb
to the length of the coating bead, defines the critical web

Figure 17. Boundary layer mechanism responsible for
the high-inertia, low-flow limit.
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speed below which the bead breaks. Equation 14 can be rear-
ranged to give an approximate stability criterion at the high
inertia regime:

1r2krH H0 0'V ) . 15Ž .UmL tb

This square-root dependence of the critical gap-to-thickness
ratio at the onset of the low-flow limit on web speed repre-
sents well the predicted critical conditions at the high iner-
tiarCapillary low-flow limit, as illustrated in Figure 12. This
simple boundary-layer argument can also explain the depen-
dence of the critical condition on vacuum pressure. The length
of the coating bead, and therefore the critical growth length
LU, increases as more and more vacuum is pulled in the up-b
stream meniscus, leading to a smaller gap-to-film-thickness
ratio.

Experimental Analysis
In order to validate the theoretical predictions presented

in the previous section, experiments were conducted to ob-
tain the critical ratio of gap to film thickness, above which
the coating bead could not be sustained. In order to investi-
gate the extended coating window predicted by the Navier-
Stokes equations, the experiments were performed in a Cap-
illary number range from 0.1 to 3.

Experimental procedure
The experimental setup is sketched in Figure 18. The coat-

ing liquid, composed of solid particles dissolved in an organic
Ž .solvent M.E.K. , was fed to the coating die using a gear

pump. The flow rate was controlled by the pump speed. The
Ž .die was 4 in. 10.16 cm wide and had a slot height of 7 mil

Ž .177.8 mm . A polyester film was used as the substrate. The
web speed varied from V s30 ftrmin up to V s350 ftrmin.
Most of the deposited solvent evaporated before winding the
substrate into a roll, leaving a solid coating over the sub-
strate. However, at high speeds, some of the solvent was still
present on the web. A scraper blade was used to remove the
remaining solvent. In order to cover a wide range of Capil-
lary numbers, solutions with different viscosity were used. The
viscosity of the coating liquid was easily controlled by chang-
ing the concentration of solid particles on the solution. The
viscosity range explored in this work extended from ms13

Figure 18. Experimental setup.

cP to ms75 cP. The liquid properties were measured with a
shear rheometer and a cone and plate configuration. The vis-
cosity was virtually independent of shear rate and there was
no measurable normal stress difference, that is, the liquids
were Newtonian in the range of shear rate where measure-
ments were possible. The surface tension of the liquid was
s s25 dynrcm. The gap between the coating die and the
substrate was fixed during the experiments at H s4 mil0
Ž .101.6 mm , that is, the dimensionless slot height in the ex-
periments was equal to the one used in the theoretical calcu-
lations.

The critical gap-to-film thickness ratio at different line
speeds was obtained using the following procedure:

1. The pump speed was set such that the thickness of the
coated film was large, typically H rtf3. A vacuum pressure0
was applied at the upstream free surface in order to establish
the bead.

2. At constant web speed and vacuum, the rotation of the
pump was decreased in small steps, until a uniform and con-
tinuous coating could not be formed. Typically one or two
small stripes of uncoated substrate would appear. This point
was considered to be the onset of the low-flow limit. The
minimum film thickness was calculated from the flow rate
and web speed. If the flow rate was diminished even more,
alternating stripes of coated and uncoated substrate would
form across the entire width of the wb, a coating defect known
as a rivulet.

Results
The results of the experiments are summarized in Figure

19, which shows the critical gap-to-thickness ratio at different
Capillary numbers obtained with four different coating solu-
tions.

The scatter of the data can be attributed to the fact that
the stability of the coating bead depends on the intensity of
the disturbance that it is subjected to, and that these distur-
bances were not well controlled during the experiments. It is
very hard to control and quantify the fluctuations on the line
speed, vacuum pressure, pump speed and the localized im-
perfections of the substrate, and eventual bubbles in the so-
lution fed into the die.

Figure 19. Measurements of critical gap-to-thickness
ratio as a function of Capillary number.
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The experimental results follow the same trend as the the-
oretical predictions. There are two distinct regimes. A low
Capillary number regime, at which the minimum film thick-
ness increases with line speed; and a high Capillary number
regime, at which the minimum film thickness decreases with
line speed. The data points obtained with the liquid of viscos-
ity ms22 cP extend from one regime to the other. The onset
of the low-flow limit in the high inertia limit follows the
square-root dependence on web speed as predicted by the
boundary-layer theory; see Eq. 15.

The experiments indicate that the transition from the low
Capillary number regime to the high Capillary number regime
occurs at much smaller Property number P . With the coat-p
ing gap used during the experiments, the Property number
associated with the solution of viscosity ms22 cP is P s5.2.p
This value is two orders of magnitude smaller than the values

Ž .used in the theoretical predictions P f500 . A possible ex-p
planation for this discrepancy is that the coating die used in
the experiments was much shorter than the one used in the
theoretical analysis, leading to a much smaller critical bound-
ary-layer growth length LU.b

Figure 19 also illustrates the coating window for slot coat-
ing predicted by the viscocapillary model and the extended
region of stable coating at high Capillary number presented
in this work. The single full circle on the graph represents an
operating condition used to coat a liquid of viscosity ms22
cP at a wet layer of thickness of ts0.5 mil and line speed of
V s230 ftrmin. These operating conditions are completely
out of the coating window published in the literature, but
inside the one reported here.

Final Remarks
Slot coating is one of the preferred methods for high preci-

sion coating. An important limitation of this method is when
thin film are coated at relatively high speeds. This low-flow
limit is caused by the receding action of the downstream free
surface as the flow rate is reduced or the line speed raised.
The operating parameters at which the coating bead breaks
had been determined by previous researchers. However, the
results were limited to low Capillary number flows.

In this work, the existence of a two-dimensional coating
bead that leads to a continuous deposited liquid layer was

Ž .studied by applying the film-profile equation FPE to de-
scribe the shape of the downstream free surface of the coat-
ing bead and also by solving the complete Navier-Stokes
equations with free surfaces. This approach is not limited to
low Capillary numbers and the Stokes approximation, that is,
no inertial effects. The theoretical predictions were validated
by experimental measurements.

At vanishing Reynolds number, the FPE model reproduces
the Navier-Stokes predictions of the low-flow limit over the
entire range of Capillary number explored. When inertia is
negligible, even the simple viscocapillary model is very accu-
rate at low Capillary number, as expected. The predicted

low-flow limit is virtually the same for the three different
models up to a Capillary number of 0.02. The relative differ-
ence between the viscocapillary model and the other two ap-
proaches is still below 10% up to Capillary number approxi-
mately equal to 0.1. When inertia is significant, a very inter-
esting phenomenon is observed experimentally and predicted
by the complete solution of the Navier-Stokes system: above
a certain Capillary number, the minimum film thickness falls
with increasing Capillary number, that is, thinner films can
be obtained at faster web speeds. A detailed analysis of the
flow indicates that, in the range of parameters explored, this
behavior is apparently the effect of a viscous boundary layer.
Formation of the boundary layer begins at the dynamic con-
tact line, and grows over the length of the coating bead until
it reaches the thickness of the liquid film. In this flow regime,
the low-flow limit is affected by the length of the coating bead,
which depends on the geometry of the coating device and the
vacuum pressure applied. Neither the viscocapillary model
nor the FPE include effects upstream of the downstream
meniscus, and neither simulate this phenomenon.

The main conclusion of this work is that the operating pa-
rameter range at which slot coating can be used, that is, the
coating window of the process, is larger than the one re-
ported in the literature, broadening the applicability of this
coating method.
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