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Abstract

In gravure roll coating, the cells do not completely fill with coating liquid bencath the
doctor blade nor does all of the fluid within the cell withdraw onto the transfer roll. In
this paper, we present a fully three-dimensional transient model based on the Navier-
Stokes system of equations for pyramidal gravure cell filling and emptying. Results are
presented of the tume evolution of fluid entering and emptying the cell, as well as liquid
fill and withdrawal fractions for differing speeds and static contact angles. The effect of
air, which may become trapped between the fluid and the gravure cell surface, is included
in the model.

1. Introduction

Gravure roll coating 18 commonly used where low coat weights are to be applicd at high
speed. In such situations, roll coating can be preblematic becausce the coat weight is
sensitive to the intricate balance of viscous, capiliary and inertial forces within the roll
gap. Slight changes in speed or roll gap can drastically affect the final coating thickness
when the desired coat weight is small. With gravure rolls, much of the coating fluid is
contained within the gravure cells, which is a fixed volume for each roll. Therefore, the
tinal coat wcight is less a function of less-controlled parameters ([luid viscosily, surface
tension and roli speed) and more a function of the cell geometry, which can be finely
controlled for each application.

In gravure roll coating, the key to understanding how the cells fill and empty 1s to study
the processes occurring within individual cells. This is very difficult to do
experimentally because of the minute size of the gravure cells: they are typically less than
100usm across. Also, the speed at which a gravure roll retates (typically several metres
per second) makes visualisation virtually impossible. Therefore, little study has been
done of the cell Mlling and emptying of individual gravure cells, Schwartz [1] presented
a numerical model of the gravure cell withdrawal process; this work did not include
effects of entrapped air within the cell or the effects of inertia.

In this paper the numerical fluid flow model is based on a finite-control-volume
technigque. This method does not impose specific flow values at any point (such as along
contact lines and no-slip boundarics), but rather keeps track of the mass and momentum
in each control volume element. The locations of fluid interfaces are tracked by a
volume-of-fluid {VOF) method in which the fluid fraction within each mesh cell is
tracked and stored. Using the fluid fractions of neighbouring cells, free surfaces can be
located, and surface slopes und curvatures can be computed [2]. Newtonian fluid
properties were used for all simulations presented in this paper.
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At contact lines, an additional force describing the adhesion between the solid and the
liquid is added along with the dynamic processes of mass and momentum conservation.
This adhesion force is assumed 1o anse from molccular interactions between the solid and
liquid. The interactlion i1s characterised by the stalic conilact angle because the molecular
processes that cause the adhesion force act at a space and time scale far smaller and faster
than thosc of the flow process. Therefore, the wall adhesion force is computed from the
cosine of the static contact angle and the interfacial tension between the air and the liquid

[3].

In the gravure coating process, air can become trapped. In this model, the trapped air
behaves isentropically with PV'* held constant to control the pressure-volume relation
for regions with trupped gas. There is no transfer of energy or mass between the fluid
and the gus bubble. In open gas regions, the gas pressure is fixed Lo be atmospheric.

All of the simulations presented here were computed using this combined control-
volume-VOF method as it has been implemented in the comrnercial software package
FLOW-3D® developed by Flow Science, Inc., Santa Fe, New Mexico, USA [4].

2. Filling of a Gravuore Cell

Within the grid of finile control volume elements, one gravure cell was created by
biocking off to flow elements located within solid regions, and those elements partly
blocked by the solid are partially blocked to tlow by manipulating the area fractions epen
to flow in each of the three Cartesian dircctions adjacent to each element. The gravure
ccll for all simulations is pyramidul in shape, with width and length each 80um, and a
maximum depth of 40um. Also created within the mesh is a rigid solid blade, which
translates downward in the model. The minimum gap between the blade and the gravure
roll surface is 3.5zm. The fluid's viscosity is |Ocpoise, its density is Lg/cm3 and the air-
liquid surface tension is 60mN/n. The static contact angle between the liquid and the
blade is 30° for all cascs. The static contact angle belween the liquid and the gravure roll
and the roll speed vary for each case,

own the centreline of a three-dimensional simwlation of

gravure cell filling at 2 m/s. The static contact of the fluid on the gravure roll is 30°. The
elapsed time hete is 170us.
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Figure 2: Similar casc as in figure 1 but static contact angle to gravure roll is now 60°.
The elapsed time is 190us.

Figure 1 shows the time evolution of the cell filling precess of 4 two-dimensional slice
down the centre of the gravure cell; the static contact angie with the gravure roll is 30°
and the web speed 1s 2m/s. The advancing contact line at the front edge of the liquid
bead moves into the gravure cell, but before the contact line is able to advance up the
opposing side of the cell the liquid bead makes contact with the downstream lip of the
cell, irapping an air bubble inside the cell. After the blade has passed over the ccll, the
liquid overlying the bubble thins due to the superambient pressure within the bubble and
the bulge it causes on the outer liquid interface. The bubble ruptures, leaving a smaller
bubble behind, and the resulting final fluid interface has a dimple over the gravure cell,
This is similar to what was postulated by Schwartz [1]. Figure 2 shows the same case but
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Figure 4: Plot of fraction of cell volume filled as a function of gravuare roll speed for
various static contact angles.
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Figure 5: Emptying of gravure cell (same cell dimensions as filling case); a two-
dimensional slice down the centreline of the cell is shown. The transfer roll surface (block
at left) is moving away from the gravure roll at 0.5ne/s. The static contact of the fluid with
all surfaces 1s 30°.
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Figure 6: Same casc as figure 4 but the static contact angle to the gravure roll surface is
60°.

with the static contact angle 1o the gravure roll raised to 60°. In this case, the volume of
air trapped in the gravure cell is larger because the advancing contact line moves more
slowly than the 30° casc. The result is a deeper dimple in the final profile. Figure 3is a
plot of the volume fraction filled as a function of gravure roll speed for various static
contact angles. Greatest fill fractions are obtained with low roll speed and low static
contact angles. Low roll speeds allow the advancing contact to enter farther into the cell
before the air is trapped by the liquid bead being pushed by the blade. Low contact
angles result in faster advance of the contact line,

3. Emptying of a Gravure Cell

Again, a gravure cell of the same dimensions was created within the grid of tinite control
volumes, but instead of a translating blade, the pulling away of the substrate from the
surface of the gravure roll was modelled by creating u solid block that translates linearly
away from the roll. This motion is adequate to describe the separation because at such
small scales the transfer roll would appear to move linearly away from the gravure roll.
Also, the fluid imitially in the cell was presumed from observing the results of the gravure

Figure 7: Three-dimensional image of gravure cell withdrawal process. The case shown
here 15 Lhe same as in figure 4. The transfer roll surface is removed from this picture for
clarity.



[illing simulations. A bubble was placed in the bottom of the cell and the dimple at the
cell’s free surface becomes a bubble adjacent to the transfer roll. Figure 4 shows the case
where the transfer roll 1s pulling away at 0.5m/s and the static contact angle with all
surfaces 18 30°. Figure 5 shows the same case except that the static contact angle of the
liquid to the gravure cell is 60°. Figure 6 shows the three-dimensional image of the
withdrawal process 75us after the transfer roll first pulls away.

These results show the necking of the liquid as it pulls away from the gravure cells; liquid
adheres to the transfer roll and the entrapped bubble that was caused by the dimple in the
fluid surface over the gravure cell ruptures through, leaving behind a dot on the transter
roll. In the sample results presented here, the volume transferred is far smaller than the
volume initially preseat in the gravure cell. Also, higher speeds and/or higher contact
angles cause the volume of fluid adhering to the transfer roll to fall.

4. Summary

A numerical simuolation method of the filling and emptying of individual gravure cells
has been performed for a variety of sample cases showing the effect of the stalic contact
angle {with the gravure roll surface) and the speed of roll rotation. The advantage of this
method 1s the ability to study the movement of free surfaces into the cell on any desired
time scale with any desired cell geometry with any desired fluid. This 1s not possible
with existing fluid visualisation techniques.

The results demonstrate how roll speed and the static contact angle affect the movement
of fluid into the gravure cell. Lower static contact angies and low speeds are most
conducive to ensuring maximum fill or emptying of the cells because the advancing
contact line is able to move into the cell before the liquid bead traps air inside. Because
the model approach described in this paper exists in a commercial software package [4],
it 18 available for immediate application to the investigation of quality issues associated
wilh many types of coating applications.
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