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In this study, the film thickness around the roller is numerically estimated using the volume of fluid
(VOF) method to clarify the film-formation process around the rotating roller. Parametric studies were
performed to compare the effects of ink properties (viscosity, surface tension) and operational conditions
(roller rotation speed, initial immersed angle) on film thickness. The viscosity of the ink and the speed of
rotation of the roller were found to be the dominant factors that determine the ink film thickness. In addi-
tion, a correlation equation is proposed to predict the thickness of the ink film around a printing roller
rotating at a speed of 20-30 rad/s, as a function of angular position, angular velocity, and viscosity.

Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.

1. Introduction

Recently, the liquid coating is widely used in many industrial
applications. For example, gravure printing is adopted to coat pa-
per, fabric or metal sheets with decorative or protective materials.
A schematic of gravure printing is depicted in Fig. 1. The printing
process is as follows. Ink is supplied into the engraved cell, and
the doctor blade removes the excess ink. Subsequently, the force
acting on the cell transfers the ink onto the substrate, which is
fed between the impression roller and printing roller. To achieve
a high-quality print with accurate dimensions, the amount of ink
supplied to the cell must be precisely controlled. When the excess
ink is doctored, an important factor is the ink film thickness around
the rotating printing roller. If the ink film is too thick, the excess
ink outside the engraved cell will not be perfectly doctored, result-
ing in poor quality printing. However, to remove it completely,
excessive doctoring will reduce the useful life of the printing ma-
chine due to wear of the doctor blade and the printing roller sur-
face. If the ink film is too thin, obtaining uniform prints becomes
difficult. Therefore, controlling the ink film thickness before doc-
toring the excess ink is extremely important in ensuring both uni-
form print quality and the durability of the printing machine.

Numerous studies have analyzed the liquid film thickness
around a rotating roller for a Newtonian fluid. Spiers et al. (1974)
divided the film on a vertically moving plate partially immersed
in a liquid into three regions, the static meniscus, dynamic menis-
cus, and constant-film-thickness regions, and proposed theoretical
models to predict film thickness. Tharmalingam and Wilkinson
(1978) suggested models to predict film thickness around a rotat-
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ing roller based on the model of Spiers et al. (1974) by considering
the effects of the immersion and inspection angles and compared
predictions with experimental data. Campanella and Cerro (1984)
showed the effects of immersion angle, roller radius and speed of
rotation on film thickness using the rapid-flow approximation de-
rived by Cerro and Scriven (1980).

These studies dealt with the film flow around a rotating roller
with an angular speed lower than 10 rad/s. When the linear speed
of the roller surface is above 50 cm/s, measuring film thickness
experimentally becomes difficult due to instability of the flow
(Campanella and Cerro, 1984). A theoretical prediction of film
thickness is also hard due to the disappearance of the static menis-
cus region. Furthermore, as the viscosity of ink changes with dilu-
tion by the solvent, the effect on film thickness of a change in
viscosity must be considered.

In this study, the film flow around a rotating roller partially im-
mersed in ink was numerically analyzed at relatively high speeds
of rotation. The parameters that affect film thickness were first cat-
egorized into two groups. The “property parameters” were the vis-
cosity and surface tension, which were dependent on the solvent
dilution of the ink. The “operation parameters” were the angular
velocity and the initial immersion angle of the printing roller. Para-
metric studies were then performed to compare the effects of these
four parameters on film thickness. Based on the results, we pro-
pose a correlation equation that can predict film thickness on a
roller rotating at high speed.

2. Numerical model

Fig. 2 shows a schematic of the computational domain for this
study. The pan was 0.6 m wide and 0.6 m high while the diameter
of the roller was 0.15 m. The initial thickness of the ink was
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Nomenclature
Ca capillary number (“FU) Greek symbols
F force (N) o volume fraction
G gravitational force (N/m?-s) K curvature (m™!)
h film thickness (cm) u viscosity (N/m?-s)
N normal vector 0 angular position (°)
P pressure (N/m?) 0 density (kg/m?)
R radius of a roller (m) o surface tension coefficient (N/m)
T film thickness number (h(pg sin6;/ uU)"/?) 10} angular velocity (rad/s)
U roller surface velocity (rw)
Vv velocity (m/s) Subscripts
% tangential vector i Immersion
We Webber number # k kth phase
X film position (cm) r Reference .
SF surface tension source term
w wall adhesion
Impression roll the actual gravure printing apparatus was not considered in the
numerical calculation because it forcibly reduces the film thickness
and the characteristics of film flow cannot be observed. For the
numerical analysis, the following assumptions were made.
Substrate
(1) The flow is unsteady, laminar, incompressible and two-
/—> dimensional.
Printing roll with (2) The properties of the fluids are independent of temperature.
Doctor Blade (3) The two fluids (air and ink) are immiscible, and therefore a

engraved patterns

Fig. 1. Schematic of gravure printing.

air
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“

Fig. 2. The computational domain used for gravure printing.

assumed to be half of the pan height as shown in Fig. 2. This corre-
sponds to 90° for the immersion angle (0;). The doctor blade used in

free surface exists.

(4) The contact angle between the ink and the roller is 90°. (The
contact angle is usually smaller than 90°. However, the effect
of contact angle is negligible because the film flow entirely
covers the roller surface. Therefore, the contact angle of
90° is assumed for the VOF modeling.)

(5) Air entrainment into the ink at the right-hand side of the
roller, caused by the rotation, was prevented by the air-
blade. Without an air-blade, air entrainment into the ink at
the right-hand side of the roller, caused by the high speed
rotation, will happen. Then, air bubbles can move along
the roller surface and make the film flows unstable (Bolton
and Middleman, 1980). In order to forcibly remove the air
entrainment, the air-blade was installed at the right side of
roller as shown in Fig. 2.

2.1. Governing equations

The volume of fluid (VOF) method (Hirt and Nichols, 1981) was
adopted in the present study. The VOF method was used by many
researchers to simulate the flow of two immiscible fluids (Cook
and Behnia, 2001; Nikolopoulos et al., 2005; Lan et al., 2008). To
calculate the interface between the two fluid phases, the piecewise
linear interface calculations (PLIC) method (Rider and Kothe, 1998)
was used. It assumes that the interface between two fluids has a
linear slope in each cell, and uses this linear shape to calculate
the advection of fluid through the cell faces. The first step in this
reconstruction scheme is to calculate the position of the linear
interface relative to the center of each partially-filled cell, based
on the information about volume fraction and its derivatives in
the cell. The second step is to calculate the advecting amount of
fluid through each face using the computed linear interface repre-
sentation and information about the normal and tangential veloc-
ity distribution on the face. The third step is to calculate the
volume fraction in each cell using the balance of fluxes calculated
during the previous step.
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In each phase, the mass conservation equation is given by

o(p) = _
otV (pU)=0 (1)

and the momentum conservation equation is
0 — — — — =
5PV +V (pUV) = =VP+ UV V +pg + Fsr, (2)

where Fsg is the continuum surface force vector. The density of the
mixture is calculated as

p =01 py + 02p,, 3)

where o (0 < o, < 1) is the volume fraction of the kth fluid, k=1
represents air, and k = 2 represents ink. When o is 0, the kth fluid
does not exist in the computational domain, and when o is 1, only
the kth fluid exists in the computational domain. The fluid viscosity,
U, was calculated as

:O(1p1/11+0(2p2ﬂ2. (4)

M= ap, + ap,

The correlation between the air (2;) and ink (o), was obtained from
the following equations:

Iy —
2t TV -Vo, and (5)
o +0op=1. (6)

The surface tension force was calculated with the continuum sur-
face force model (Brackbill et al., 1992):

_ 1P +0p
Fo = oxn| Fig ], 7
n=Va,, and (8)
==V = o | (1 il = (9 om). )

where n is the surface normal vector, #1 is the unit normal vector,
and x is the curvature. Fsg represents the source term in the
momentum equation. The wall adhesion modifies the surface nor-
mal vector as

N = Ay, €OS Oy, + Dy, SiN Oy, (10)

Fig. 3. Schematic of the utilized grid distribution.

where 0, f1,, and 2, are the contact angle at wall and the unit vec-
tors normal and tangent to the wall, respectively.

2.2. Boundary and initial conditions

The boundary conditions are prescribed as follows.
(1) At the contact region around the rotating roller,
Vroller,outer = Vﬂuid,contact =Tw. (11)

(2) At the contact region between the fluids and the wall,

Table 1

Properties of each phase.

Phase p (kg/m?) 1 (N/m?s) o (N/m)

Air 1.225 1.789 x 107> -

Ink 1560 0.136 0.035
0.4

m  Experimental result
in Tharmalingam and Wilkinson
------ Analytic result

in Tharmalingam and Wilkinson
Present study

0.0 L

Ca
(a) =30

0.4

®  Experimental result
in Tharmalingam and Wilkinson
~~~~~~ Analytic result

in Tharmalingam and Wilkinson
Present study

0.0 1 1 1
2 4 6 8

Ca
(b) 8=140°

Fig. 4. Comparison of film thicknesses with the results in in Tharmalingam and
Wilkinson (1978).
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Vinkwan = 0. (12)
The initial conditions for the volume fractions are
o = 1 for the cell filled with air, (13)
o = 1 for the cell filled with ink, and (14)

a1 = o = 0.5 for the cell representing the interface
between the air and the ink. (15)

2.3. Force calculation

The viscous force, inertia, gravitational force, and surface ten-
sion force acting on the film flow around the rotating roller were
calculated as (Rebouillat et al., 2002)

Fuscosiy = (5 )7, (16)
Fineria = (p(reo)? ) 1, (17)
Furface tension = 0h, and (18)
Faravity = —(pg cos O)h”. (19)

2.4. Numerical method

Numerical simulation was conducted using Fluent V6.2, a com-
mercially available CFD code based on a finite volume method. The
fractional step algorithm was employed to couple velocity and
pressure. Mass and momentum equations were solved using a sec-
ond-order upwind scheme for space, while a first-order implicit
method was used for the time discretization. Pressure interpola-
tion was performed using a body-force-weighted scheme that per-
forms better for VOF simulations of fluids having a substantial
density difference. Grid-independence tests were performed by
varying grid number (2520-28,800) and time step (0.01s-
0.00001 s) to determine an optimum test condition. The grid num-
ber and time step were chosen to be 45 x 120 and 10~ s, respec-
tively, such that the change in film thickness was within 0.5%. Fig. 3
shows a schematic of the utilized grid distribution. The conver-
gence criterion was 107> for both the continuity and momentum
equations at each time step. The properties used for both air and
ink are listed in Table 1.

2.0

Total film thickness
- - - - Reverse flow
film thickness

Double Layer

Region

L5g o

\g 1.0 |-
= Single Layer Region
0.5 F
0.0 . - . . .
0° 45° 90° 135° 180°

Fig. 5. Profiles of film thicknesses (w =20 rad/s, ;= 90°).

3. Results and discussion

The numerical model proposed in the previous section was val-
idated by applying the conditions in Tharmalingam and Wilkinson
(1978) and comparing numerical results with their experimental
data. Fig. 4 shows a comparison of the film thickness at 0 = 30°
and 140°, when p =902.0 kg/m?, 1 =0.691kg/ms? & =0.035N/
m, and 60; = 90°. The x-axis is the capillary number, Ca(=uU/c) and
the y-axis is the film thickness. The previous theoretical prediction
of Tharmalingam and Wilkinson (1978) deviated from their exper-
imental data at higher Ca, which means higher rotating speed, be-
cause the static meniscus region used for the initial conditions in
Tharmalingam and Wilkinson (1978) disappeared and the inertial
force became relatively larger. However, our numerical results
show better agreement with the experimental data than the theo-
retical prediction, which implies that the numerical model of the
present study can be extended to analysis of film flows around roll-
ers rotating at relatively high speeds.

1.2

1.0

0.8

Viro

0.6

0.4

0.2 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 6. Film velocity as a function of non-dimensional radial position (w = 20 rad/s,
0; = 90°).
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Fig. 7. Profiles of relative forces. Note that the absolute values were considered for
comparison. (w =20 rad/s, 0; = 90°).
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3.1. Film thickness according to angular position

Fig. 5 shows the film thickness as a function of angular position
when the film flow was fully developed, keeping = 20 rad/s and
0;=90° The film flow was divided into a double-layer region
(0° < 0 <39°) and a single-layer region (39° < # < 180°). Within the
double-layer region, two flows occurred, i.e. forward and reverse
flow relative to the direction of roller rotation (see Fig. 8c). In the
single-layer region, only forward flow existed. The thickness of
the reverse flow was greatest at 0 = 0°, when the effect of gravity
was greatest. The tangential magnitude of the effect of gravity de-
creased with increasing value of the angular position, 6, until
0 >39°, when no reverse flow was seen.

static
meniscus
region

-

(c)r=0.6s

Fig. 6 shows the velocity distribution according to the angular
position, 0, to investigate changes in film thickness in the single-
layer region. The x-axis is the height within the film in the normal
direction to the roller surface normalized by the film thickness, and
the y-axis is the ratio of the film velocity to the speed of the rotat-
ing roller. When 0 < 90°, the tangential magnitude of gravity, which
acted in the opposite direction to roller rotation, became smaller as
0 increased, and thus the film velocity increased. When 0 > 90°, the
tangential magnitude of gravity accelerated the film flow. As a re-
sult, for 6> 120°, the film velocity was larger than the velocity of
the rotating roller surface, and the film flow became almost fully
developed. Accordingly, the resultant film thickness decreased
exponentially and reached a constant value as the angular position
increased, as shown in Fig. 5.

(d)r=038s

Fig. 8. Variation in the contours of phases around the rotating roller with time (w = 20 rad/s, 0; = 90°).
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3.2. Analysis of different forces on film flow

Fig. 7 shows the various forces calculated with Egs. (16)-(19)
acting on the film flow according to the angular position under
the conditions of w =20 rad/s and 60; = 90°. The absolute values of
the forces were compared; as the roller was rotating at a relatively
high speed, the inertial force was the highest in all regions, fol-
lowed by the force of gravity in the double-layer region or the vis-
cous force in the single-layer region. The surface tension force was
negligible in all regions. From these results, the angular velocity of
the roller, initial immersion angle, and ink viscosity clearly affect
film thickness. For 6 > 100°, the changes in the magnitude of forces
were small because the film flow became almost fully developed
and film thickness approached a constant value.

3.3. Film formation process and air-blade position

Fig. 8 shows the contour of phases and velocity vectors around
the rotating roller under the conditions of @ = 20 rad/s and 0; = 90°.
Both the range of the double-layer region and film thickness in-
creased with elapsing time. At t = 0.2 s, the static meniscus region,
where the surface tension is dominant, appeared and the reverse
flow was very weak in comparison. Subsequently, the reverse flow
increased greatly due to the effect of gravity, and the static menis-
cus region disappeared. At t = 0.8 s, the film flow was almost fully
developed, approaching the quasi-steady state.

Fig. 9 indicates the effect of air-blade position (195° < 6 < 270°)
on the film thickness. As the angular position of air-blade in-
creased, the film thickness slightly decreased because the time
during which the ink flow was influenced by the rotating roller
was shortened after the interruption by the air-blade. Therefore,
we selected the air-blade position of 6 = 195° to minimize decrease
of film thickness by the air-blade.

3.4. Effects of ink properties and operational conditions on film
thickness

Parametric studies were carried out to compare the effects of
ink viscosity, surface tension, angular velocity, and initial immer-
sion angle on film thickness. The reference values of these param-
eters were 0.136 N/m? s, 0.035 o/m, 20 rad/s, and 90°, respectively.
As shown in Fig. 10, film thickness increased with increasing ink

0.6

0.4} BRI

h (cm)

0.0 ' - ' -
180° 225° 270°

air-blade position

Fig. 9. The effect of air-blade position on film thickness.

viscosity because the momentum transfer of the film flow from
the surface of the rotating roller increases at higher viscosity. In
addition, the rate of change of the film thickness in the double-
layer region was larger due to the force of gravity. In Fig. 11, the
effect of surface tension is shown to be negligible, due to the ab-
sence of a meniscus region at 0 =0°. Furthermore, the capillary
number, the ratio of the viscous force to the surface tension force,
ranged from 2.3 to 11.6, and the Webber number, the ratio of iner-
tial force to surface tension force, varied from 2817 to 16,900.
Accordingly, it is clear that the effect of surface tension force was
much smaller than the viscous or inertial forces.

Fig. 12 shows the effect of angular velocity on film thickness. As
the angular velocity of the roller increased, both film thickness and
the width of the double-layer region increased because an increase
in the angular velocity resulted in an increase in the inertial force
that was dominant in all regions. The effect of the immersion angle
on film thickness is illustrated in Fig. 13. A larger initial immersion
angle (0;) reduces the duration for gravity to act as a flow resistance
in the double-layer region, thus decreasing the amount of flow

2.0
ink viscous coefficient
— 0.034 kg/m's
---- 0.136 kg/m's
1.5 - e 0,238 kg/ms
N
\
\
\
Siof
<
0.5F
0. 0 n 1 n 1 n 1 n
0’ 45° 90° 135° 180°
[
Fig. 10. The effect of ink viscosity on film thickness.
1.5
surface tension coefficient
— 0.0117 N/m
----0.035N/m
------ 0.0583 N/m
1.0
g
L
~
0.5+
0. 0 n 1 n 1 n 1 n
0° 45° 90° 135° 180°

0

Fig. 11. The effect of surface tension on film thickness.
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1.5
\ angular velocity
\\ p— | i 1)
----20rad/s
——10rad/s
1.0}
Bl
2
<
0.5F
0.0 T o s
0° 45° 90° 1357 150"

Fig. 12. The effect of speed of rotation on film thickness.

2.0
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y — |
LSk B
‘ —80°
\
\
\
\
E/ 1.0 |-
=
0.5 F
0.0 . L . ) ) . .
0° 45° 90° 135° 180°
4
Fig. 13. The effect of initial immersion angle on film thickness.

back to the ink pool. This results in an increase in film thickness.
However, because the magnitude of the effect of gravity on film
flow increases in proportion to increased film thickness for a larger
immersion angle, the rate of decrease of film thickness in the dou-
ble-layer region is greater and the double-layer region itself wid-
ens. In the single-layer region, a negligible increase in film
thickness was seen with an increase in immersion angle.

3.5. Prediction of film thickness

The previous section analyzed the effects of various parameters
on film thickness. The surface tension and initial immersion angle
showed little effect on film thickness in the single-layer region, as
shown in Figs. 11 and 13, while the viscosity of the ink and the
angular velocity of the roller had a great effect on film thickness,
as shown in Figs. 10 and 12. Thus, the viscosity of the ink and
the angular velocity of the roller are considered primary parame-
ters that dominantly affect film thickness. For the initial immersion
angle of 90°, a correlation equation to predict film thickness num-

ber is proposed as follows, when the ranges of viscosity and angu-
lar velocity considered for this correlation were 0.068 kg/
ms < ¢ <0238 kg/m s and 10 rad/s < @ < 30 rad/s, respectively.

T =a+b/(0/6,) +c(u/p,) (20)

where, a=-2.8305(w/w,)*+11.5177(w|w,)? - 16.0412(w[w,)* +
8.6494(w/w,) - 1.1076, b =4.2848(w/w,)* - 18.4430(w/w,)* +
27.4049(w]w,)? - 15.6484(w]w,) +3.1124, c=—0.6878(w/w,)* +
2.9330(w/w,)? - 4.3577(w]w,)* + 2.5674(w]w,) - 0.5188, u,=0.136
kg/m s, @, =20 rad/s, and 0, =90°.

When the speed of rotation of the roller is relatively low, i.e.
w < 10rad/s, film thickness can be predicted by the theory of Thar-
malingam and Wilkinson (1978). At higher rotation speeds, i.e.
10rad/s < w <30rad/s, Eq. (20) can be used to predict film thick-
ness, since their analytical model deviates from the experimental
data with increasing speed of rotation as shown in Fig. 4. Note that
e and w are important parameters to control film thickness as ana-
lyzed in the previous section. Once the film thickness number (T) is
predicted using Eq. (20), the film thickness (h) at relatively high
rotation speed can be obtained from the definition of film thickness
number used by Tharmalingam and Wilkinson (1978), i.e.
T = h(pgsino;/ uU)'"2.

4. Conclusions

A numerical model was developed to analyze the film flow
around a rotating roller partially immersed in ink and rotating at
high speed. The results from this model showed good agreement
with the experimental data of Tharmalingam and Wilkinson
(1978). Parametric studies were performed with the model to com-
pare the effects of ink viscosity, surface tension, angular velocity,
and immersion angle on film thickness. From the results obtained,
a correlation to predict film thickness on a roller rotating at high
speed was proposed. The key results of this study are summarized
as follows.

As the angular position increased, the total film thickness de-
creased exponentially before reaching a constant value. The film
flow showed two distinct regions. In the double-layer region, both
forward and reverse flows occurred. In the single-layer region,
only forward flow was present. The magnitudes of different forces
in the film flow were compared. In order of decreasing magnitude,
the forces present in the double-layer region were the inertial,
gravitational, viscous, and surface tension forces, while in the sin-
gle-layer region the forces present were the inertial, viscous, grav-
itational, and surface tension forces. The film thickness increased
with an increase in ink viscosity, angular velocity, and initial
immersion angle. The viscosity of the ink and the speed of rota-
tion of the roller were the dominant parameters to control film
thickness in all film regions. The film thickness on the roller rotat-
ing at relatively high speed (i.e. 10 rad/s < ® < 30rad/s) can be
predicted by Eq. (20).
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