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A predictive model for discrete cell gravure roll coating
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(Received 26 October 2016; accepted 12 May 2017; published online 1 June 2017)

A heterogeneous multiscale model for discrete cell gravure roll coating is presented along with
experimental results for the purpose of model validation. The cell volume, generalized cell shape, and
the gravure patterning are considered in the model which is based on a multiscale description of the
flow in the coating bead. The inclusion of a web-to-roll contact term accounts for the special gravure
case when the web-roll separation tends to zero. The results show how the coating bead responds
to changes in operating conditions. These are presented as profile plots of the fluid properties and
coating bead shape. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4984127]

. INTRODUCTION

Thin film fluid coating and printing describe the process
of replacing an initial fluid phase (typically a gas) in con-
tact with the web (also commonly called a substrate) with
another fluid phase (typically aliquid) to alter the web’s surface
properties. Both coating and printing processes are of major
industrial interest, being frequently encountered in the produc-
tion of paper products, polymer sheets, and a wide range of
printed electronics. It is the latter which has attracted increas-
ing attention in recent years, as printing of electronic circuitry
and wide area coating, for example, lighting or photovoltaic
applications (Krebs, 2009) places new requirements on coat-
ing and printing process technologies [(Michels et al., 2014),
(Pudas et al., 2005), (Mikeli et al., 2007), (Jin et al., 2010),
(Jalkanen et al., 2012), (Kumar, 2015)]. Many of the funda-
mental fluid transfer mechanisms are common to both coating
and printing processes with the difference being that coat-
ing processes deposit a continuous fluid film onto the web
(typically as uniformly, thinly, and quickly as possible) and
printing deposits discrete patterns which in printed electron-
ics may form parts of the printed circuitry (Pudas et al., 2004),
potentially comprising multiple fluids, for example, transistors
(Tobjork et al., 2008).

A diverse range of coating techniques are used in indus-
try, reel-to-reel (R2R) configurations are frequently used to
deliver high process efficiency. In such R2R processes, the
continuous web traverses the coating bead (the fluid region
between the web and the roll, Fig. 1) where the fluid trans-
fer process occurs, some additional processing then typi-
cally occurs, such as drying, curing, stretching of the web,
and/or additional coating processes, before the web is rewound
onto another roll. The fluid transfer mechanisms used in
R2R coating include slot coating (Romero et al., 2006), cur-
tain coating (Becerra and Carvalho, 2011), and roll coating
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(Gaskell et al., 1998). A variety of continuous coating pro-
cesses exist, with gravure roll coating being a frequently
encountered subset of the R2R set. The gravure roll coating
process is one where one of the fluid transfer roll has a topo-
graphical pattern on the surface (typically etched, knurled, or
engraved). The gravure roll can operate in either the direct
(Kapur, 2003) or the offset mode (Kapur et al., 2001), where
the gravure is in direct contact with the passing web, or a sec-
ond roll is used to transfer the fluid from the gravure roll to the
web. The patterned surface topography comprises continuous
channels (trihelical rolls), periodically spaced cells (discrete
cells), or linked cells (Poole, 1981). The gravure roll coating
process is typically referred to as a metered coating process as
the volume of the fluid entering the coating bead is controlled
by the volume of the topographical features, with excess fluid
removed (also known as doctoring or metering) from the roll
surface by means of a doctor blade. The process of doctoring
the patterned roll is itself of interest as the volume of the fluid
entering the bead is of major importance to the coating pro-
cess (Hanumanthu, 1999). The roll turns in an open-air tray or
anilox chamber where the cells are filled. As the excess fluid
is removed, the fluid is controlled solely by the topographic
volume and roll peripheral velocity. The gravure coating pro-
cess typically results in coated fluid film thicknesses on the
order of 10 um which can be deposited at speeds up to 15 m/s
(Booth, 1970).

Experimentalists have identified the web-to-roll speed
ratio, viscosity, surface tension, wrap angle, and web ten-
sion as the operating parameters that affect the film thickness,
the most significant of these being the speed ratio. Numer-
ous authors have used numerical techniques to investigate the
fluid evacuation of one or a small grid of cells, a process that
is a computationally complex for both the case of gravure
printing, where the focus is on the migration of a discrete
volume of fluid [(Huang et al., 2008), (Dodds et al., 2009),
(Dodds et al., 2011)], and coating, where the focus is on
the continuous transfer of the fluid [(Schwartz et al., 1998),
(Powell et al., 2000), (Hoda and Kumar, 2008)].

Modelling the gravure roll coating process has presented
a number of challenges, not least computational resolution

Published by AIP Publishing.
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FIG. 1. Gravure roll operating in reverse mode. The coating bead is high-
lighted as the fluid transfer region that forms between the web and the
roll.

required to model the flow in individual cells as well as the fluid
transfer bead, this presents a significant increase in complex-
ity when compared to the smooth roll coating problem, which
has generally been modelled using the lubrication approxi-
mation [(Greener and Middleman, 1979), (Benkreira et al.,
1982), (Coyle et al., 1990), (Carvalho and Scriven, 1997),
(Gaskell et al., 1998)]. The results of such analysis generally
compare well with the experimental results. Similar approx-
imations (i.e., neglecting inertial effects in the Navier-Stokes
equation) have been used to model rolls with trihelical topog-
raphy (Hewson et al., 2006) (note that the film thicknesses
reported in Figs. 8 and 10 are incorrectly an order of magnitude
too small).

In the case of roll coating where the web is unsupported,
there is a force balance that arises between the hydrostatic
fluid pressure (acting normal to the roll surface) and the force
derived from the web tension and curvature. This leads to a
fluid filled gap which has been analyzed by considering a flex-
ible web where the lubrication equations are coupled to those
governing the web curvature [(Rees, 1995), (Gaskell er al.,
1998), (Yin and Kumar, 2005), (Yin and Kumar, 2006)]. A
particular challenge of the flexible web case is when the gap
is reduced to zero, and the web and roll are in contact. For
a smooth roll under such conditions, fluid transport through
the coating bead is not possible and therefore all the fluid is
transferred to the web or drains down the coating roll. In the
gravure case, however, the fluid may pass beneath the web in a
cell and, therefore, a continuous flux between the upstream
and downstream menisci is maintained. The presence of a
continuous coating bead separates the reverse gravure coat-
ing case from forward gravure printing cases which instead
form a discrete liquid bridge between the web and some sur-
face feature on the coating roll [(Dodds et al., 2009), (Dodds
et al., 2011)]. Experimental authors have reported scratches
on the web indicating contact between the web and roll
(Kapur, 1999).

The analysis of thin film type flows with periodic topo-
graphical features, as is the case for gravure coating, has
been considered by researchers investigating the lubrica-
tion of bearings with surface topography. Many of these
models are based on a method of flow factors derived
using homogenization techniques [(Patir and Cheng, 1978),
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(de Kraker et al., 2007), (de Kraker et al., 2010), (Sahlin
et al., 2007)] which are well suited to problems where the
governing phenomena operate on two (or more) disperate
scales. Also applicable to this separation of scales are the
Heterogenous Multiscale Methods (HMMs) (Kapur, 2003),
(Weinan, 2003), and these have been applied to similar bearing
lubrication problems [(Gao and Hewson, 2012), (de Boer
et al., 2014), (Gao et al., 2015), (Gao et al., 2016), and
(Pérez-rafols et al., 2016)]. Recently, de Boer et al. (2016)
derived a model for incorporating the HMM which is directly
comparable to the flow factor methods. Hewson et al. (2011)
was the first to adopt the HMM for the analysis of gravure
coating; however, their model was restricted to a two dimen-
sional topography. The present study expands this model to
investigate three-dimensional topography, industrially repre-
sentative web tensions, and web-to-roll contact. The study
has been conducted in two parts: (i) Experimental measure-
ments are made of the fluid transfer process for two gravure
rolls with known topography and (ii) a multiscale model is
derived to represent the two rolls in operation, where the
dimensions and operating parameters are varied in order to
better understand how they affect the coating process. Sec-
tion IV then presents the experimental and computational
results together from which discussions and conclusions are
made.

Il. EXPERIMENTAL METHODS

The experimental procedure presented here is similar to
that found in Kapur (2003). The primary purpose is to provide
data on which the computational model derived in Sec. III is
validated.

The laboratory scale coating apparatus shown in Fig. 2
has been designed to reproduce the typical coating process
encountered in industry. The scaled down test rolls were
10 cm in diameter by 20 cm long across which a 23 um
thick and 10 cm wide web was passed. The coating appara-
tus was setup to operate in reverse mode (i.e., the web and
roll pass through the coating bead in opposite directions).
The web was subjected to a tension of 1000 N/m load and
a wrap angle of 2.5° on the upstream side of the coating bead
(upstream and downstream are defined with respect to the
web). The roll speed (U,)1) was fixed at 0.5 m/s while the web

Re-wind Roll

| |

L Scrapper
Gravure
Y N
Doctor Blade  Collection Tray

N Coating Fluid

Tachometer

Un-wind Roll

O

FIG. 2. Tllustration of coating rig web handling, gravure location, and posi-
tion of fluid removal via the scrapper and gathered in the collection tray for
measurement.
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TABLE 1. Test roll characteristics.

Average cell values Roll A Roll B
Characteristic length (L) (mm) 0.250 0.450
Cell diameter (2R() (mm) 0.150 0.300
Max cell depth (D) (mm) 0.080 0.175
Cell volume (m?) 8.9x 10713 7.5 x 10712
Volume per unit area (m3/m?) 1.4 %107 3.7 %107

speed (Uyep) was varied to achieve the desired test range of
S = |Uweb/Uson| = 0.5 to 1.25.

The test fluid was contained in an open-air tray, the com-
position of which was 20% (by weight) glycerol, 79% water
mixture with a 1% surfactant, Tween20 (polyoxyethylenesor-
bitan monolaurate) to ensure the web was completely wet-
ted. The viscosity and surface tension of the resulting test
solution were measured to be 0.00163 Pa s and 0.04 N/m,
respectively.

The test consisted of scraping the fluid off the coated
web into a beaker for mass measurement over a time period
of 120 s. Determination of the cell size on each roll was
found using a white light interferometer with a resolution
of 3 nm. The characteristics for each roll is shown in
Table I.

lll. COMPUTATIONAL METHODS

The method here builds on the multiscale approach for
analyzing gravure rolls by Hewson et al. (2011), extending it
beyond the two-dimensional test case to real roll geometries
and operating configurations. It exploits the periodicity of the
gravure topography, allowing a homogeneous representation
of the governing fluid flow equations to be derived for the flow
in the coating bead. The method captures the effect of the com-
plex three-dimensional flow inside a gravure cell. The length
scale of the coating bead is at least one order of magnitude
larger than that of the cell (however, on a typical roll this sep-
aration of scales can be two or more orders of magnitude).
This paper refers to the large scale and the small scale with
the former being the coating bead length scale (Fig. 3) and the
latter being the cell length scale (Fig. 4).

Uweb

=S, (D
Uroll
R,Ro,D,G,H, X, Y,Z
R.Ro ) rrghxyn @)
L
PL
= 3)
NUron
Uweb
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The non-dimensional parameters in Eqgs. (1)—(6) have been
adopted for the computational formulation.

The dimensional quantities are denoted by the capital let-
ters and their dimensionless counterparts are denoted by lower
case. S is the web-to-roll speed ratio, X and Y are the axis
coordinates in the tangential and radial roll directions, respec-
tively, L is the characteristic length of the cell (Fig. 4). The
fluid properties have also been made non-dimensional where
P is the pressure, T is the web tension, Q is a volumetric flow
rate, and 1) is the fluid viscosity. The non-dimensional capillary
number (Ca) is used to relate the fluid viscosity and surface
tension ().

A. Governing equations

dp
A =ag +bS+c.

)

From a consideration of the cell length scale, the coating bead
is assumed to behave as a Stokes fluid. The fluid transfer pro-
cess is given by a summation of the shear components (from
the relative motion of the web and roll) and the pressure driven
components (due to the shape of the roll). These components
describe the volumetric flow rate through the coating bead
via Eq. (7). The linearity of Stokes flow is exploited at the
small scale only. It was shown in Hewson et al. (2009) that
at the cell length scale deformation of the web is negligi-
ble, for this reason it is only considered at the large, non-
linear scale. This is the case for the treatment of the free
surfaces which are assumed to occur at only the upstream
and downstream locations as is consistent with experimental
observations.

The large and small scales are coupled by the constants
a, b, and ¢ which are functions of the gap and homogenized
small scale data and were calculated numerically. The Het-
erogeneous Multiscale Method (HMM) used in this paper is
described by first presenting the large scale (coating bead) for-
mulation in terms of the coupling constants. These constants
are calculated in the small scale, which follows the large scale
description.

B. Large scale

®)

FIG. 3. Cross section of the coating bead highlighted in
Fig. 1. This forms the large scale domain and neglects the
explicit definition of the gravure cells.

qtotal

Xds
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NS

The large scale (Fig. 3) was described as a one-dimensional
boundary value problem where the menisci define the limits.
The large scale gravure surface (smooth equivalent) is approx-
imated as a parabola based on the roll radius. The web-to-roll
gap is then related to the gravure surface via Eq. (8) where h
is the vertical distance from the web to the roll surface and h
= 0 was chosen arbitrarily to be at the top dead center of the
roll.

Ap = —xt. C)
The web is assumed to be an inextensible membrane under
tension, t. Any deformation of the web arises as a reaction to
the pressure terms in the coating bead. Equation (9) relates the

difference in pressure on either side of the web to its curvature,
K, (Storey, 1996).

d2y

-3
k= —dxt (10)

[ (2))

In the Cartesian coordinate frame shown in Fig. 3, the curvature
of a one-dimensional curve is described by Eq. (10).

dp _ g —Sb(g) —c(g)

= 11
- o : (1)
di
d—j =0, (12)
3
d®h  p+p dh\?\?
w o &) ) 13)

The fluid in the coating bead can now be described by the three
differential Eqs. (11)—(13). Equation (11) is a re-arrangement
of Eq. (7) and is used to solve the pressure gradient along
the coating bead. Equation (12) defines the conservation of
volume and in practice indicates that the coating operation is
occurring at a steady state. Equation (13) defines the curvature
of the web relative to the roll as a function of the pressure
forces in the bead. »

p. = al07 . (14)
The normal force acting on the web is equal to the sum-
mation of the hydrostatic pressure in the fluid (pf) and the
contact pressure (p.) which arises from the solid interaction
between the web and roll. The contact pressure can physi-
cally be described as a reaction force acting on the web. It
is numerically described by the function in Eq. (14), where
pc is zero when there is clearance between the web and roll
(i.e., the gap is greater than zero) and exponentially rises as
the clearance approaches the asymptote at g = 0, Fig. 5. This
enforces the web-to-roll interface and prevents numerical over-
closure effects (i.e., the overlapping of numerically defined
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FIG. 4. Cross section of an idealized gravure cell form-
ing the small scale domain. The length L is the char-
acteristic length used to make the physical parameters
non-dimensional.

boundaries), where the gap becomes negative. The constant,
a, scales the magnitude of p. and can be approximated as equal
to the web tension value, 3 determines the growth rate of p.
and should be small (=1075) to minimise the numeric error
introduced at gaps near zero.

% -0, (15)
3—2 =, (16)
j_? = \yg, (17)
j—g - ‘P%, (18)
% = ‘I‘%, (19)
d(q;_;%) = lpr":p°<1 ¥ (\y-l%)z)é. (20)

The location of the bounding menisci is not known a priori,
therefore requiring an iterative approach. The coating bead
was discretized into a 5000 node mesh. A moving mesh tech-
nique was adopted where the nodal spacing was adjusted
between iterations to account for changes in the total length
of the coating bead. This was implemented by re-writing the
x-axis in terms of an auxiliary variable, C, and simultaneously
solving for the length of the coating bead as defined by the
meniscus derived boundary conditions, described later, and
the governing equations. These have been re-written in terms
of the auxiliary axis defined by Eqgs. (15) and (16). The sys-
tem of equations was solved using MATLAB’s bvp4c first
order solver. This results in the coating bead being numerically
described by a system of six Egs. (15)—(20).

dh
— = -0 at X = Xy, 1)
dx
Pc
Clearance g=0 Overclosure

FIG. 5. The function p. grows exponentially as the gap approaches zero. This
prevents numeric overclosure effects.
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TABLE II. The three boundary conditions used to determine the small scale coupling coefficients.

Condition 1

Condition 2

Condition 3

* —_—
Uweb = 0

L L L L L L L L L L L LL

* —
Uyeb = 1
e

*

Uweb = —
— »

1

-1

Ap*
7W

* —
Uroll = 0

0

dh
— =0 at x = xgs.
dx at X Xds

To close the problem, six boundary conditions are required.
Each boundary condition is implemented at the upstream (us)
and downstream (ds) menisci. Equations (21) and (22) are used
to define the wrap angle, (3, of the web entering and leaving
the coating bead.

(22)

t

r= —, (23)
1.34Ca3
_ 4 _

X = —J 212(—2 - h) at X = Xus, (24)

1.34(Ca)3

2

x:JZR(#Z—h) at X = Xgs. (25)

1.34(SCa)3S

The length of the coating bead is defined by the distance
between the upstream and downstream menisci. In order to

determine the menisci locations, the equation developed by
Bretherton (1961) is used to relate the radius of meniscus cur-
vature to an asymptotic film thickness [Eq. (23)]. This requires
the simplifying assumptions that (1) the bounding menisci
have a constant radius of curvature which is related to the
web-to-roll gap and (2) that the asymptotic film thickness can
be reasonably approximated by q; and q,/S. There is an addi-
tional simplification at the downstream where it is assumed
that r, = r3 (Fig. 3). By substituting the meniscus radius for
the gap in Eq. (8), the location on the x axis is given by Eqgs.
(24) and (25).

p= 6§ at X = Xys, (26)
12
p= aé at X = Xqs. (27)

The final two boundary conditions are the non-dimensional
form of the Young-Laplace equation (Landau, 1942) which

j - ! TN
05F — 1x— —————— )Fz 1 05 | ): ~ \\\\2— l.'/ A\
! T — A N
N D Y
0 / [ I Hf (. 07/'\\\ : /I: ,_\\_. f
|
N AN h\\—-/ \ ( } N ! (
05 A e e < i 05f R NES il ]
N TN ™~ SN\ [/ /7 N s
} \ A | — ) I
a \ ~ ~ - Periodic Boundary ||| 7 7~ Periodic Boundary N FIG. 6. The periodic boundaries are
/ N — Cellsato N Colls at 30 \\, S drawn for cell offset angles of 0°,
1.5 = o o s .
1.5 s ; o5 o 08 ] 15 15 1 05 o 05 1 15 30°, apd 45°. The pomts. indicated in
each diagram represent points where the
1i1 pressure and velocity components are
1517 ] T T J constant. The direction of the roll in
these diagrams is left to right.
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specifies the pressure at the menisci [Eqs. (26) and (27)]. The
assumption is made that the meniscus radius of curvature is
related to the gap, g (Hewson et al., 2011).

C. Small scale

The small scale is defined by the characteristic cell length,
given here as the distance from the center of one cell to the
next. The fluid on this scale is governed by Stokes flow and
therefore can be described as a linear function of S and dp/dx.
It is coupled to the large scale via Eq. (7). The coefficients
a, b, and c are solved simultaneously by calculating for the
volumetric flow rate through the cell domain at the condi-
tions specified in Table II. Conditions 1 and 2 simulate a

__RollA

Phys. Fluids 29, 062101 (2017)

pressure driven flow and a shear driven flow, respectively,
and require a change in the reference frame to the one in
which the roll is stationary relative to the web. The third con-
dition is tractable analytically as there is no relative motion
between the web and roll. The coefficients are implemented
in the large scale via a lookup table as a function of the
gap.

The homogenization of the small scale takes advantage of
the cell distribution by locating the domain boundaries peri-
odically. This was done such that the offset from one row of
cells to the next can be accounted for by skewing the periodic
boundaries as shown in Fig. 6. The net flow field is mapped to
its opposing boundary such that uy, =}, . p; =p, +Ap"

Roll B

7%

3

FIG. 7. Shown top are the interferometer images of the respective roll surface. The computational representation on the small scale is shown on the bottom. The

flow direction on all diagrams is left to right.
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FIG. 8. Lookup table results for roll A being compared
to an analytic smooth roll solution (i) and the percentage
difference (ii).
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and vy, = Vi Pup = Py, Where u”, v are the velocity com-
ponents in the roll and axial directions, respectively, and Ap”
is the pressure gradient in the roll direction. The subscripts
refer to the left hand (lhs), right hand (rhs), upper (up), and
lower (low) boundaries used in Fig. 6, and the superscript, *,
signifies that the term is only used in the small scale. The
points 1-4 in Fig. 6 are geometrically the same. Finally, a
no-slip boundary is applied to the surface of the roll and the
web.

The implementation of the small scale surface topography
is shownin Fig. 7, where interferometer images of each gravure
surface are shown. The computational representation neglects
any non-periodic features, including surface roughness, but the
average cell volume was conserved.

_ g
a=-3, (28)
b = % (29)

g 0
. |
-0.02 A =,

-0.04 NS . T 50
006} (—2 N

-0.08 L N
-100
0 0.5 0.5 1

FIG. 9. Lookup table results for roll B being compared
to an analytic smooth roll solution (i) and the percentage
difference (ii).
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oL = -%. (30)

The data calculated for each lookup table are presented
in Figs. 8 and 9. These results are presented along with an
analytic smooth roll solution derived from the lubrication the-
ory (signified throughout by the subscript, L), Eqs. (28)—(30)
(Cameron, 1981). This highlights the additional information
captured by accounting for the cell. When the gap is small,
the cell represents a substantial portion of the overall volume
and therefore in these regions, the smooth roll approximation
becomes less applicable.

D. Summary

The multiscale problem was setup by first creating the
small scale data which were stored in a lookup table as a func-
tion of the web-to-roll gap. The large scale problem [described
by Egs. (15)-(20) and boundary conditions (21)-(27)] was
solved using MATLAB’s bvp4c function. The solution was
then iterated on until the error criteria were met (here ~107°).
The gravure operating parameters can be varied in the large
scale with the same small scale data set representing the
roll.

IV. RESULTS AND DISCUSSION

The transfer of fluid from a reverse mode, smooth roll
coater to a tensioned flexible web has already been described
using lubrication theory [(Gaskell ef al., 1998), (Carvalho,
2003)], which indicates that at a speed ratio of one, the fluid
is completely transferred to the web. This does not reflect
the gravure coating scenario, where, at a speed ratio of one,
the fraction of fluid transfer is approximately one third of the
total cell volume. This is shown by the experimental results in
Fig. 10 and in the previous work of Benkreira and Patel (1993)
and Kapur (2003). The results obtained using the HMM, in
this paper, capture this effect. The pickout ratio (i.e., the vol-
umetric ratio of the fluid transferred to the web from the cell,
q2/qeotal in Fig. 3) at a speed ratio of one was calculated to
be 0.39 and 0.31 for rolls A and B, respectively. Both are
within a few percent of the experimental value. The range of
experimental data presented in Fig. 10 depicts a linear rela-
tion between speed ratio and pickout. This relationship exists
when the operating conditions are such that no starvation or
flooding occurs at either meniscus and leads to a near constant
film thickness. Because of this, gravure coating scales well in
industrial operations. The linear trend is also shown using the
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FIG. 11. A comparison of the calculated pickout between rolls A and B over
an extended range of speed ratios.

HMM description. Figure 11 uses numeric data to extend the
speed ratio range, approaching a pickout of one where this lin-
ear region has clearly ended in roll A and has begun to bend
in roll B.

Although this is the first ab initio model to capture the
pickout effects there are some differences between it and the
experimental results which need further discussion. The small
scale model used here assumes a smooth surface in the cell and
on the land. In reality, the surface is rough, containing pits and
sharp fractured edges that form as a result of the laser etch-
ing used to manufacture the rolls. This affects the flow field
by interrupting the path of the fluid near the wall, undermin-
ing the no-slip condition by physically displacing the fluid.
These effects are not considered in the small scale analysis
but become increasing important when the gap is small. The
speed ratio changes the shape of the coating bead, and therefore
the distribution of small and large gaps (Fig. 12). The pressure
gradient term has a cubic relation with the gap making it partic-
ularly sensitive to these changes. Authors investigating lubri-
cating flows in bearings have adopted a stochastic approach to
create a homogeneous representation for a flow over a rough
surface (Patir and Cheng, 1978), to consider roughness effects
which are present at a scale smaller than that of the gravure
cell.

There are a number of products that require scratch-free
coatings. Currently, to accomplish this at an industrial scale,
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FIG. 10. Comparison of computational
and experimental results.
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FIG. 12. Web position at a range of
speed ratios.
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the gravure is placed in an off-set configuration where the fluid
is first transferred to an applicator roll with a rubber layer and
then to the web. The rubber is elastic and of a similar hard-
ness to the web. It is commercially more efficient to use direct
coating, but the direct process cannot be used for scratch-
free applications. These scratches occur because the web is
briefly in contact with some asperity on the surface of the roll.
Figure 13 displays the two pressure components in the coating
bead. The fluid component becomes a constant sub-ambient
pressure at the menisci while there is a compression-expansion
effect around x = 0. The second component is the contact pres-
sure, a measure of the reaction force between the web and
roll. Contact occurs in a narrow region immediately down-
stream of top-dead-center. The location is influenced by the
fluid pressure, which is becoming sub-ambient at x = 0, as
well as the gap, which increases as the gravure surface curves
away from the web as x — xqs. Therefore, in the contact region,
there are geometric constraints due to the web being drawn
over the apex of the roll and a sub-ambient fluid pressure
pulling the web and gravure together. This is the region that
leads to web scratches. The elastic layer of an off-set appli-
cator roll prevents this effect by deforming to maintain a thin
fluid layer, where the hydrostatic fluid pressure is sufficient to
hold the separation. Under typical operating conditions, direct
gravure roll coating will always be more likely to have some
contact component than a smooth roll. This is because the
fluid can be transported in cells when the web-to-roll gap is
zero preventing the high fluid pressures needed to support the
web, unlike a smooth roll coater, of any sort, where a gap
is either maintained or completely removed as the upstream

Bead Length (x)

meniscus collapses into the nip, yielding complete fluid
transfer.

The magnitude and length over which the contact pressure
acts result from the downward load of the web on the roll. This
is related to the web tension and the wrap angle.

First considering the web tension, at typical operating
conditions, the pickout ratio is insensitive to web tension.
This is because the tension has little effect on the minimum
gap, which is being supported by contact with the roll, and
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FIG. 14. The change in pickout ratio as the non-dimensional web tension
is varied. A2 and B2 indicate minimum pickout ratio values. A3 and B3
correspond to the typical industry value 1000 N/m.
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therefore minimal effect on the flowrate through the bead,
which is instead only dictated by the peripheral velocity of
the roll and the volume of the cells. This is indicated by
the region of nearly constant pickout in Fig. 14, where there
is a contact pressure component in the coating bead, Figs.
15(b)-15(d), while the corresponding effect on the hydrostatic
pressure is minimal, Figs. 16(b)—16(d). The minimum gap in
this region is zero. At web tensions less than points A2 and
B2 in Fig. 14 there is no contact pressure component [Fig.
15(a)], and a positive non-zero minimum gap is maintained
throughout the coating bead, creating a region of constant pres-
sure [Fig. 14(a)]. This is a similar pressure profile found by
Hewson et al. (2011) who modelled low tension gravure coat-
ing. The pickout ratio is only sensitive to changes in web

A1 & B1: t=10000

Bead Length (x)

tension below this point because it leads to changes in mini-
mum gap, thereby adjusting the flow rate through the coating
bead. It is, however, generally not possible to operate at very
low web tensions because it is dictated by other stages in the
production line.

The wrap angle is set by adjusting the inclination of
the incoming web. The angle alters the normal load on the
gravure surface subject to Tsin® and for typical operating
conditions there is a change in the pickout ratio of 0.029
and 0.025 for rolls A and B, respectively, over a 5° change
in the wrap angle (Fig. 17). This is because there is a neg-
ligible effect on the minimum gap due to contact, similar to
the web tension case described previously. However, the wrap
angle does change the shape of the coating bead, which is
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FIG. 17. Effect on pickout ratio of parametrically varying the wrap angle.

depicted by plotting the web profile in Fig. 18. This serves to
increase the length of the contact region as shown in Fig. 19,
suggesting a larger maximum scratch length and an increased
scratch probability because of increased exposure to the roll.
The total contact load increases as the web is pulled around
the roll, creating a larger normal load. The pressure profiles
in Fig. 19 also show a growth in magnitude along the length
of contact. This occurs because the total pressure is a summa-
tion of the hydrostatic and contact components, and near the
roll nip, the hydrostatic pressure is transitioning from high
to low, leading to a corresponding increase in the contact
component.

Parametrically varying the capillary number shows an ini-
tial increase in the pickout ratio that gives way to a region of

Roll A Wrap Angles
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FIG. 20. Effect on pickout ratio of parametrically varying the capillary
number.

insensitivity, Fig. 20. The trend is visible in the earlier compu-
tational work of Hewson and the experimental work of Kapur;
however, here the magnitude is smaller than Hewson or Kapur.
Industrially, the capillary number is altered by changing the
concentration of solid particles in the solution, which changes
the thickness of the dry coating while maintaining a constant
wet coating. Operating in an insensitive capillary region allows
the dry coating to be scaled while maintaining production rates.
An analysis of the pressures in the coating bead at the points
indicated in Fig. 20 suggests that there is a reduction in length
and contact pressure in the bead (Fig. 21). The reduction in
bead length corresponds with an increase in the surface tension
and a decrease in the fluid viscosity.
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V. CONCLUSION

This work presents experimental results which have been
used as a means of qualitatively validating a two-scale numer-
ical model for the discrete cell gravure coating process.
These experimental results agree with those already published
[(Benkreira and Patel, 1993) (Kapur, 2003)]. The cell geome-
tries have been presented in detail and were used to inform the
numeric model which preserved cell volume, cell patterning,
and approximated a generic cell shape.

Using a HMM model for the gravure fluid transfer prob-
lem allows measurable effects (such as pickout ratio) to be
compared with trends that are occurring within the coat-
ing bead. Such analysis is experimentally unmanageable due
to the size and speed of the cells in operation. Therefore,
the work here offers further understanding of how the coat-
ing bead behaves in the context of large scale observable
trends.

The model has furthered the work published in (Hewson
et al., 2011) where the representation of the small scale has
been extended to three-dimensions as well as the inclusion of a
contact pressure term in the large scale. This work also moves
the web tension into a realistic parameter space. Previously,
tension had been underestimated and hence prior to this work
no contact model was required. The degree of contact is closely
tied to the operating parameters, in particular web tension,
where at very low tensions a no contact region exists. The
inclusion of contact poses an interesting direction for further
study of scratches formed on the web due to contact with the
roll.
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