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Rigorous mathematical analysis of viscous free surface flows and comprehensive experi-
mental analysis have been used to develop coating technology in the last 30 years. Theoreti-
cal analysis usually require advanced numerical methods to solve the mass and momentum-
conservation equations coupled with the appropriate boundary conditions for flows with liq-
uid-gas interfaces. Experimental analysis usually requires pilot plant trials and bench-top
flow visualization experiments to reveal details of the flow inside the coating bead. The first
attempts to visualize a coating flow were limited to displaying the free-surface configuration
as a function of the operating parameters. Later, careful experiments were used to visualize
streamlines with vortices inside a coating bead for different coating processes. Streamline
visualization were crucial on enhancing the fundamental understanding of different coating
flows. However, the application of quantitative methods capable of providing instantaneous
measurements of the velocity field inside a coating bead is still rare. Velocity measurements
in coating flows are extremely challenging because of the small scale, and the presence of
liquid-air interfaces. In this work, the particle-image velocimetry (PIV) technique was used
to study the flow between a rotating roll and a stationary plate, a prototype forward roll
coating flow. Theoretical predictions of the same flow were obtained by solving the Navier-
Stokes equations with the appropriate boundary conditions for free-surface flows. The veloc-
ity and the rate of deformation at each point were measured at different operating parame-
ters. Some of the results were compared with the theoretical predictions. � 2006 American
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Introduction

Many different products are manufactured by depositing a
thin liquid layer onto a moving substrate and, subsequently,
solidifying it. Examples of products include premium papers,
magnetic tapes and disks, printing materials, photosensitive
coatings, membranes, films used in different types of displays,

microelectronics circuits and many others.

The region where the liquid first comes into contact with the

substrate is called the coating bead. It is usually bounded by

two gas-liquid interfaces, or menisci, the solid walls of the

coating applicator and the moving substrate. The competition

among viscous, capillary and pressure forces, and in some

cases inertial and elastic forces, sets the range of operating pa-

rameters at which the viscous free surface flow can be two-

dimensional (2-D), and steady — the conditions prerequisite

for uniform coating.
Coating technology remained an art until the 1940’s. Since

then, rigorous mathematical analysis of viscous free surface
flows started to be used to gain basic understanding of coating
flows. Today, both industrial and academic coating flow
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research are based on comprehensive theoretical and experi-
mental analysis.

Theoretical analysis usually require advanced numerical
methods to solve the mass and momentum conservation equa-
tions coupled with the appropriate boundary conditions for
flows with gas-liquid interfaces. Christodoulou et al.1 review
the different methods used to analyze free surface flows, and
their application to coating technology development. Most of
the theoretical analysis can provide details and insights into the
physics that control the two-dimensional (2-D) flow in success-
ful coating operations, stability limits of the flow states and,
ultimately, stability limit maps of the process. However, the
available theoretical models for coating flow analysis are not
able to precisely describe some essential physical mechanisms,
such as dynamic wetting and non-Newtonian behavior. Spe-
cially in these cases, it is essential to be able to compare the
predicted flow states with experimental measurements of the
flow-field in order to validate the simplifying assumptions, and
to test the constitutive equations used to describe the mechani-
cal behavior of the flowing liquid.

The first attempts to visualize a coating flow were limited to
displaying the free surfaces or meniscii position and configura-
tions, and were not able to resolve details of the flow inside the
coating bead. Schweizer2 was the first to present streamlines
with vortices in a coating flow. The pictures showed the flow
pattern of two liquids merging on an incline plane and in the
region between a slide coating applicator and the moving web.
Optical access into the flow was gained through a side transpar-
ent window mounted such that it coincided with the side con-
finement of the flowing liquid. The plane of observation, at
which the tracer particles were introduced, was sufficiently far
from the side window to avoid edge effects and to guarantee a
truly 2-D flow. This technique was improved and applied to
many other coating methods, such as slot coating,3 multilayer
slide coating4 and roll coating.5

Flow visualization techniques had a strong contribution on
enhancing the fundamental understanding of different coating
methods, and have provided many new insights into the pro-
cess. However, in order to understand the flow in more detail, a
quantitative method capable of providing instantaneous meas-
urements of the velocity field inside the coating bead is
required. For example, if the instantaneous velocity at each
point of the flow is known, the deformation rates to which the
liquid is subjected inside the coating bead can be calculated.
This information is vital to understand the role of liquid rheol-
ogy on the process. Velocity measurement in coating flows is a
challenging task. The main reasons are the small scales of the
flow — the coating bead is usually in the order of 100 mm —
the presence of the free surfaces, and the relatively high-speed
in some cases. Reports of velocity field measurements of coat-
ing flows are rare in the literature. Hens6 used laser-doppler
anemometry (LDA) to measure the liquid velocity in the vicin-
ity of the dynamic contact line in a slide coating process. The
spacial resolution was claimed to be less than 40 mm. However,
in that work, the velocity information was associated with
high-levels of uncertainty related to the spatial positioning of
the measuring volume, since one of the laser beams was
deflected by the meniscus, whose position and shape depend
on operating conditions that were not known a priori. Clarke7

used particle tracking velocimetry (PTV) to obtain the velocity
field in a curtain coating flow. The liquid velocity was mea-

sured by obtaining the velocity of small bubbles as they trav-
elled along streamlines within the curtain. PTV technique
tracks individual particle images in consecutive image frames,
and the velocity field is obtained, based on the displacement
vector for each matched particle pair. This technique yields
low-resolution velocity measurements, and the measured ve-
locity vectors are unevenly distributed throughout the flow.

Another widely used nonintrusive flow measuring technique
is particle-image velocimetry (PIV). As in PTV, the flow is
seeded with small tracer particles externally illuminated by a
planar sheet of pulsating laser light, and the scattered light
from the tracer particles is recorded. However, in PIV the ve-
locity vectors are not obtained from the displacement vectors
for each individual particle. Rather, the image is divided into
small interrogation windows, and an area-averaged displace-
ment vector over each interrogation window is obtained by sta-
tistical evaluation of two consecutive images. The spatial reso-
lution of the measured velocity field is a function of the size of
the interrogation window and can be quite high. Moreover, the
measured velocity vectors are evenly distributed over the flow
domain, being obtained at predefined positions. Adrian8 pre-
sents an extensive discussion of several aspects of this tech-
nique. Although PIV has been widely used in several applica-
tions, to our knowledge, this method has not been applied to
coating flows.

In this work, we apply the PIV technique and the numerical
solution of the Navier-Stokes equation with the appropriate
boundary conditions to describe the free surface to determine,
experimentally and theoretically, the velocity field near the
downstream free surface of a prototype forward roll coating
flow. Roll coating is distinguished by the use of one or more
gaps between rotating cylinders to meter and apply a liquid
layer to a substrate. The position of the free surface is a strong
function of the operating conditions, and a recirculation,
attached to the meniscus, is present at low-roll speeds. Above a
critical roll speed, the 2-D film splitting flow that occurs in for-
ward roll coating becomes unstable; a 3-D steady flow sets in,
resulting in more or less regular stripes in the machine direc-
tion, as shown in Figure 1. The stability of the 2-D flow is
determined by the competition of the different forces acting on
the free surface — capillary, viscous and elastic, in the case
of polymeric solutions. For Newtonian liquids, the onset of
meniscus nonuniformity is marked by a critical value of the
capillary number. Therefore, in order to fully understand this
flow stability limit, it is very important to accurately measure
the velocity field near the free surface to be able to estimate the

Figure 1. 3-D periodic flow in a forward roll coating film
splitting flow.

[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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different forces acting in that region of the flow. In the case of
viscoelastic liquids, measuring the instantaneous velocity field
near the free surface is even more important, since it will reveal
the role of the liquid rheology on the flow pattern, what can be
used to validate the different constitutive models used to
describe viscoelastic behavior of polymer solutions.

The velocity field near the meniscus is measured at different
flow conditions. The results are used to evaluate the deforma-
tion rates at each point of the flow. The experimental results
were compared to the theoretical predictions obtained by solv-
ing the governing equations using Galerkin’s/finite-element
method.

Experimental Analysis

Description of the test section

The experiments were conducted in the test section shown in
Figure 2. It consisted of a stationary glass plate and a rotating
roll. Liquid was picked out of a pan and a liquid bead was
formed in the small space between the plate and the roll. A me-
niscus was formed in the region where the liquid detached
from the plate, forming a film of liquid on the roll surface.

The test section was specially designed to allow visualiza-
tion of the coating bead from two different angles: a frontal
view, through the glass plate, and a lateral view through a side
glass plate mounted to give optical access to the flow. The front
view was used to determine the configuration of the static con-
tact line across the width of the plate and, consequently, the
onset of the 3-D configuration of the meniscus. The lateral
view was used to visualize the flow pattern and the meniscus
configuration, and also to allow the measurement of the veloc-
ity field near the free surface by means of the particle-image
velocimetry (PIV) technique.

The main component of the test section was the rotating roll.
It was a chromed-plated, solid steel cylinder with dimensions
of 200 mm � 400 mm (dia. � length). The cylinder had one
supporting shaft on each side. The shafts were supported by
ball bearings attached to a solid steel table. The maximum ec-
centricity obtained with this assembly while the roll was
rotated was of the order of 20 mm. An electrical motor
requipped with a programmable speed control was used to

rotate the roll. Two pulleys connected with a synchronized rub-
ber belt were used to drive the steel shaft, providing a transmis-
sion ratio of 10:1. The motor speed control and the low-trans-
mission ratio, allowed for a smooth control of the roll angular
speed. An encoder was installed at the tip of the steel shaft to
measure its angular speed. The stationary plate was formed by
a 200 mm � 400 mm � 6 mm (height � width � thickness),
optical quality glass, supported in the vertical position by a
Plexiglas frame mounted on precision linear stages. The roll-
to-plate gap was established by sliding the glass plate horizon-
tally. Pieces of stainless steel shim stock of known thickness
were introduced between the roll surface and the glass plate to
set the desired gap for a particular experiment. A side glass
plate was glued to one of the lateral edges of the glass plate, as
shown in Figure 2. This plate was used to facilitate the obser-
vation of tracer particles in the coating film by the digital cam-
era during the velocity measurements, as will be explained
shortly. The operating parameters that were controlled during
the experiments were the gap between the roll and the station-
ary plate H0, the tangential roll speed V, and the viscosity of
the Newtonian liquid m. The relevant dimensionless parameters
that govern the problem are:

� Gap-to-roll radius ratio G � H0

R ,� Capillary number: Ca � mV
s , s is the surface tension of the

liquid.
In the experiments presented in this work, the gap was kept

approximately constant at H0 ¼ 900 mm (measured roll run-out
of 20 mm), that is H0

R ¼ 9� 10�3 6 0:5� 10�3.

Velocity Measurements

The velocity field between the moving roll and the stationary
plate in the neighborhood of the free surface was measured for
different flow conditions using the particle-image velocimetry
technique. In this technique a pulsed laser sheet illuminates
small tracer particles previously distributed in the fluid. A digi-
tal camera mounted orthogonally to the laser sheet records the
position of the tracer particles at two close instants. A synchro-
nization circuit coordinates the laser pulse with the image cap-
turing system, so that the two images are registered in consecu-
tive frames. The particle displacements are determined by ana-
lyzing small subregions of the image (the interrogation
windows), and cross-correlating the image intensity distribu-
tion of the two frames. This process yields the mean-particle
displacement for each interrogation window. The instantaneous
velocity field is obtained by dividing the instantaneous dis-
placement field by the time interval between laser pulses, and
by the magnification factor of the optical setup.

In this experiments, a PIV system manufactured by TSI, Inc.
was utilized. This system employed a pair of integrated New
Wave, frequency-doubled, Nd-YAG lasers capable of deliver-
ing up to 120 mJ of energy per pulse, at 15 Hz. The digital
camera employed was a PIVCAM model 10-30 with a resolu-
tion of 1,000 pixels � 1,000 pixels using a lens that yielded a
magnification of 2.4 X.

This camera was mounted on a x-y-z coordinate table. The
field of view was a square with sides of approximately 6 mm.
Synchronization between the laser and the camera was con-
trolled by a TSI model 60006 unit. The particle images were
captured and processed by the Insight software (cross-correla-
tion-based algorithm) developed by TSI, Inc.

Figure 2. Main features of the experimental roll plate
apparatus.

A lateral view of the meniscus is also shown in the top right
corner of the figure.
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The major difficulty in applying the PIV technique to mea-
sure free surface flows in the vicinity of the free surface, arises
from the light reflections originated at the gas-liquid interface.
The light reflected at the gas-liquid interface is normally much
more intense than the light scattered by the tracer particles,
what precludes the registration of their images on the recording
media. The proposed solution for this problem was to use a
combination of fluorescent tracer particles and optical filters to
avoid the undesired reflections. The tracer particles chosen
were polymer microspheres with a mean diameter of 3 mm, and
impregnated with rodhamine dye. These particles scatter red
light at a wavelength of approximately 590 nm when illumi-
nated by the green laser light coming from the YAG laser
(;532 nm). An optical filter with a cutoff wavelength of 570
nm was placed in front of the camera lens blocking most of the
green light reflect by the free surface, thereby making the tracer
particles clearly visible. Figure 3 presents an example of the
improvement in particle image obtained with the technique
described. For reference purposes, Figure 3a presents an image
of the flow region obtained with room illumination and no
tracer particles present. The image shows the vertical station-
ary glass plate, the rotating roll and the curved free surface. In
Figure 3b the image was obtained with regular (not fluorescent)
tracer particles, and with the YAG laser sheet illumination. It
can be seen in the figure that reflection from the free surface
masks all tracer particles. No meaningful velocity data can be
obtained from a picture like this. In Figure 3c the fluorescent
tracer particles are clearly visible after the light reflected by the
free surface was blocked by the optical filter. In this figure, the
shape of the free surface becomes evident by the position of
the tracer particles. The particle image pairs were processed to
determine the velocity field using an interrogation window
with 32 pixels � 32 pixels, which corresponds to 190 mm �
190 mm in the actual flow. Calibrating experiments previously
conducted with a solid-body rotation apparatus, indicated that
the experimental accuracy of the PIV system used here is of
the order of61% (see9).

Although the process conditions (gap and roll speed) were
held constant during each measurement procedure, the flow
oscillated periodically due to the small variations of the actual
radius along the circumference of the roll about its specified
value of R ¼ 100 mm. We estimated this variation, generally

referred to as roll run-out, as being approximately 20 mm.
Because of the small clearance between the rotating roll and
the plate, any small variation of the roll radius caused an appre-
ciable variation of the gap. Consequently, the flow is unsteady,
and the meniscus position oscillates periodically. Figure 4
shows the instantaneous velocity fields measured at H0/R ¼ 9
� 10�3 and Ca ¼ 0.17 at the position of minimum and maxi-
mum roll-to-plate gap. The motion of the meniscus is clear, the
position of the free surface varies from Ymen ¼ 24.6 mm to
Ymen ¼ 25.6 mm— oscillation of approximately 1 mm.

In order to report average values for the velocity field, a
time-average of the velocity at each measured position was cal-
culated. The sampling time was always larger than six revolu-
tions of the roll, what corresponded to 200 velocity fields form-
ing a typical sample. The averaged velocity field at the process
conditions shown in Figure 4 is presented in Figure 5. It is im-
portant to notice that the time-average introduces uncertainty
on the location of the meniscus. Because the flow domain is
defined by the presence of tracer particles, the meniscus posi-
tion associated with the time-averaged velocity field is the
same as the position associated with the flow of maximum gap,
approximately Ymen ¼ 25.6 mm, not the average of all the
measured meniscus configurations. Away from the free sur-
face, at which individual interrogation volumes contain tracer
particles at all times, the time-average process represents better
the flow. The vortex center position during one revolution of
the roll varies from Yvc & 22 mm to Yvc & 23 mm, whereas it
is located at Yvc & 22.4 mm on the time-averaged velocity
field.

Liquid Properties

The transparent liquid used in the experiments was a Newto-
nian solution of low-molecular-weight polymer (PEG, poly-
ethylene glycol, molecular weight 6,000 g/mol) in water. The
concentration of the PEG was fixed at 30% by weight, which
yielded a constant viscosity of approximately 30 cP, measured
using a rotational rheometer (ACER, Rheometrics, Inc.), with a
cone-and-plane fixture. The density of the solution was r ¼
1047 kg/m3, and the surface tension was s ¼ 52 �10�3 N/m.

Figure 3. Example of images obtained through the side
view (a) without tracer particle, (b) with tracer
particles (reflection comes from the free sur-
face), and (c) with fluorescent tracer particles
and optical filter undesired reflections are
eliminated.

[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

Figure 4. Velocity vectors at two extreme positions at
mean gap of H0 /R 5 9 3 10—3 and Ca 5 0.17
showing the meniscus oscillation as the gap
varies due to the roll runout.
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Theoretical Analysis

Although the flow in the experiments was transient (peri-
odic) due to the roll run-out, the theoretical description of the
flow in the coating bead was done using the complete 2-D,
steady-state mass and momentum conservation equations for a
Newtonian liquid. Modeling the transient flow would require
information on the hysteresis behavior of the contact angle
between the liquid-air interface and the glass plate. The goal of
the theoretical analysis was to determine the effect of the dif-
ferent operating parameters, for example, gap, roll speed and
contact angle, on the steady flow near the meniscus. The pre-
dicted velocity field at different flow conditions was compared
to the time-average values of the measured velocity at each
point in the flow. At low-Reynolds number flows, as the ones
analyzed here, time-average velocity fields should approach
the corresponding steady-state values.

The flow domain where the governing equations are solved
was restricted to the cross-section plane close to the down-
stream free surface, as sketched in Figure 6. The gap between
the rotating roll and the fixed plate was set to H0 ¼ 900 mm;
also, the roll radius was the same as that used in the experi-
ments, that is, R ¼ 100 mm. The synthetic inflow boundary was
placed at 25H0 upstream of the plane of minimum distance
between the roll and the plate. The outflow plane was placed
50H0 downstream of the same plane.

Governing Equations and Boundary
Conditions

The velocity v and pressure p fields for 2-D Navier-Stokes
flows are governed by the continuity- and momentum-conser-
vation equations

r � v ¼ 0; rðv � rvÞ ¼ r � ½�pIþ mðrvþrvTÞ� (1)

where m is the liquid viscosity.

The boundaries of the flow domain are labeled in Figure 6,
and the corresponding boundary conditions are the following:
1. Inflow: Imposed pressure as a traction condition

p ¼ P0 (2)

2. Plate: No-slip, no-penetration

v ¼ 0 (3)

3. Static contact line: The contact line is free to move with a
prescribed contact angle

nw � nfs ¼ cosðyÞ (4)

y is the angle between the free surface unit normal vector nfs
and the plate surface unit normal vector nw. A range of contact
angles of 308 < y < 908 was explored in the numerical solu-
tions
4. Free surface: Force balance and kinematic condition

nfs � T ¼ s
dtfs
ds

� nfs pamb (5)

nfs � v ¼ 0 (6)

tfs and nfs are the local unit tangent and unit normal to the free
surface, T is the liquid stress tensor, s is the liquid surface ten-
sion and pamb is the ambient pressure
5. Outflow: Fully developed flow

n � rv ¼ 0 (7)

n � ! is the directional derivative perpendicular to the outflow
plane.
6. Moving roll: No-slip, no-penetration

v ¼ V (8)

Solution Method

Because of the free surface, the flow domain at each set of
parameter values is unknown a priori. To solve the free bound-
ary problem by standard techniques for boundary value prob-
lems, the set of differential equations and boundary conditions
posed in the unknown domain O (with boundaries G) has to be
transformed to an equivalent set defined in a known reference
domain O0 (with boundaries G0). This can be done with a map-

Figure 6. Flow domain with boundary conditions used
for the theoretical analysis.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5. Average velocity field at Ca5 0.17.

This was obtained postprocessing 200 images similar to the ones
presented in Figure 4. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

AIChE Journal February 2007 Vol. 53, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 285



ping x ¼ x(x) that connects the two domains.10 The unknown
physical domain is parameterized by the position vector x, and
the reference domain by x. The inverse of the mapping, x ¼
x(x), that minimizes the functional is governed by a pair of
elliptic-differential equations.

r � ðDxrxÞ ¼ 0; r � ðDZrZÞ ¼ 0 (9)

Here, Dx and DZ are diffusion-like coefficients used to control
gradients in coordinate potentials, and thereby the spacing
between curves of constant x on the one hand and of constant Z
on the other that make up the sides of the elements that were
employed; they were quadrilateral elements. Boundary condi-
tions were needed in order to solve the second-order partial dif-
ferential equations, given by Eq. 9. The solid walls and syn-
thetic inlet and outlet planes were described by functions of the
coordinates, and along them stretching functions were used to
distribute the terminii of the coordinate curves selected to serve
as element sides. The free boundary (gas-liquid interface)
required imposing the kinematic condition, viz. Eq. 6.

The set of differential equations that describe the conserva-
tion of mass and momentum in Eq. 1, and define the mapping
between the physical and reference domain, Eq. 9, together
with the appropriate boundary conditions, were all solved on
the reference domain by the Galerkin/finite element method.

The position of the flow domain x and velocity v fields are
represented by Lagrangian biquadratic basis functions, while
the pressure field p, by linear discontinuous basis functions.
The mesh generation equations and the momentum equation
are weighted with Lagrangian biquadratic basis functions, and
the continuity equation with linear-discontinuous basis functions.

The set of nonlinear algebraic equations that arises from
applying the method of weighted residuals and the variables
representation in terms of basis functions is solved by New-
ton’s method with analytical Jacobian, and first-order arclength
continuation,11 and a bordering algorithm12 or block elimina-
tion. The tolerance of the L2-norm of the residual vector and
the last Newton update for each solution was set to 10�6.

The domain was divided into 1,100 graded quadrilateral ele-
ments with 21,544 unknowns. Test showed that using more
elements produced changes in the values of the coefficients no
greater than 1%. Figure 7 shows the tessellation of the full do-

main and the detail near the free surface of the mesh used in
this work.

Results

The presentation of the results starts with the observations of
the contact line made through the stationary glass plate. The
goal of the observations was to detect the onset ribbing for a
fixed gap, as the roll speed (that is, the capillary number) was
raised. A sequence of images of the contact line for increasing
values of the capillary number is presented in Figure 8. At low-
capillary numbers, represented in Figure 8a and b, the flow is
2-D, and the position of the contact line does not vary along
the transverse direction. The contact line appears as a straight
line in the figures. At a capillary number of approximately Ca
& 0.54, the contact line becomes wavy as an indication of a
periodic and 3-D meniscus. Figure 8c was taken at a slightly
higher value of the capillary number, namely Ca & 0.57. The
image in Figure 8d, taken at Ca & 0.83, shows that the ampli-
tude of the variation of the position of the contact line increases
as the capillary number is raised above the critical value.

The effect of the capillary number on the time-average ve-
locity field is shown in Figure 9. The average velocity field,
measured in a vertical plane, is shown in Figures 9a and b, for
values of the capillary number below the critical value for
onset of ribbing, a condition at which the flow is 2-D. As the
capillary number is increased beyond the critical value of
Ca & 0.54, the flow is 3-D. The flow fields measured above
the critical condition are shown in Figures 9c and d. For these
cases, the laser light sheet was positioned at a meniscus valley.
The flow fields shown represent, therefore, the components of
the flow in the vertical plane. A general observation of Figures
9a–d reveals that at low-values of the capillary number the
flow displays a large zone of recirculating flow, extending
between the two solid walls and up to the free surface. A nar-
row region of up-moving flow is located at the roll surface. As
expected, the highest speeds are found near the roll surface. As
the capillary number is raised by increasing the roll speed, the
recirculating zone decreases in size, being pushed toward the
fixed vertical plate. The zone of recirculating flow almost van-
ishes at the highest value of the capillary number investigated
and shown in Figure 9d.

The variation of the position of the meniscus Ymen, and the
vortex center Yvc with the roll speed, represented in terms of
the capillary number, of the time-averaged flows is shown in

Figure 7. Typical mesh in the full domain and detail close
the downstreammeniscus.

Figure 8. Frontal view of the contact line through the
glass plate as a function of the capillary num-
ber at H0 /R5 93 10—3.

The meniscus becomes unstable at Ca& 0.54.
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Figure 10. The coordinates are measured from the position of
the plane of minimum distance between the roll and the plate.
Above the critical capillary number at the onset of the three-
dimensional meniscus configuration, the meniscus position is
represented by the coordinate of the lower portion (valleys) of
the 3-D contact line. The contact line and the vortex center
move toward the plane of minimum distance between the roll
and plate as the capillary number is raised.

The deformation rate field can be evaluated based on the
measured time-average velocity field as

ġ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1

2
tr ċ2

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

qu
qx

� �2

þ2
qv
qy

� �2

þ qv
qx

þ qu
qy

� �2
s

(10)

where ċ � rvþrvT is the rate of deformation tensor.
The computed deformation rate, in units of roll speed over

gap V/H0, at H0/R ¼ 9 � 10�3 and Ca ¼ 0.17, is shown in
Figure 11. The deformation rate could not be evaluated too
close to the roll surface due to experimental difficulties associ-
ated with measuring velocity vector close to a moving solid
surface. As expected, the deformation rate inside the recircula-

Figure 10. Meniscus and vortex center position as a
function of the Capillary measured at H0 /R5
93 10—3.

In this configuration Ca* 5 0.54, is the critical capillary
number at the onset of the 3-D flow. [Color figure can be
viewed in the online issue, which is available at www.inter-
science.wiley.com.]

Figure 11. Deformation rate ċ defined by Eq.10, based on
the velocity-field measurements at capillary
number Ca5 0.17.

This condition corresponds to the velocity field presented in
Figure 9b.

Figure 12. Theoretical predictions of the vortex center
position as a function of the contact angle at
capillary number Ca 5 0.17, and three differ-
ent gap-to-roll ratio H0/R.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9. Lateral view of the flow showing the average
velocity fields at different capillary numbers:
(a) Ca 5 0.1, (b) Ca 5 0.17, (c) Ca 5 0.57, (d)
Ca5 0.83 and H0 /R5 93 10—3.

Horizontal and vertical axes values are in mm. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

AIChE Journal February 2007 Vol. 53, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 287



tion region is very small. The region of the highest deformation
rates is located near the roll surface and under the meniscus,
and it is approximately ġ ¼ 0:6 V=H0. This information is cru-
cial for determining the actual viscosity of shear sensitive
liquids near the free surface.

The comparison of the measured time-average velocity
fields with the theoretical predictions of steady flows is pre-
sented next. As mentioned before, the comparison was done
based on the assumption that at low-Reynolds numbers, the
time-average velocity should approach the corresponding
steady state value. However, the situation analyzed in this
work is even more complex because of the contact angle hys-
teresis. As the meniscus oscillates due to the roll run-out, the
contact angle at each instant also oscillates between the reced-
ing and advancing contact angle values. The relation between
equilibrium static contact angles (used in the theoretical pre-
dictions), and time-average dynamic contact angles at the con-
tact line is unknown a priori.

The predicted vortex center position is a function of the
imposed contact angle and roll-plate distance, as shown in Figure
12. The figure shows the position of the center of the recirculation
Yvc as a function of the imposed contact angle at H0/R ¼ 9 �
10�3 and H0/R ¼ 9.5 � 10�3, H0/R ¼ 8.5 � 10�3; and Ca ¼
0.17. At a fixed gap, as the contact angle rises, the meniscus cur-
vature and the pressure jump across the interface falls and, conse-
quently, the meniscus and the recirculation center move upstream.
The same effect is observed as the gap between the roll and the
plate falls. The streamlines of the steady flows at an imposed con-
tact angle of y ¼ 548 as a function of the gap is presented in Fig-
ure 13. The effect of the imposed contact angle on the streamlines

at H0/R ¼ 9 � 10�3 are shown in Figure 14. At y ¼ 308, the vor-
tex center is located at y & 23.1 mm, where as at y ¼ 608, it is
located at y & 22 mm. The comparison of the steady-state solu-
tion with the measured time-averaged velocity field was done at
an imposed contact angle that yielded the same vortex center posi-
tion measured in the experiments, that is, y ¼ 508.

The predicted and measured streamlines at H0/R ¼ 9 � 10�3

and Ca ¼ 0.17 are shown in Figure 15. Except for the meniscus
configuration, the agreement on the flow pattern is good. As
explained before, the time average used to represent the transient
flow fields introduces uncertainties on the location of the free sur-
face. The measured and predicted vertical-velocity profiles are
compared at three different vertical positions: y ¼ 21.4 mm
(upstream of the vortex center), y¼ 22.4mm (at the vortex center),
and y ¼ 23.4 mm (downstream of the vortexcenter) — see Figure
16. As can be seen in the figure, the agreement is very good. The
largest discrepancies are observed near the roll surface.

The predicted deformation rate field is presented in Fig-
ure 17. The measured deformation rate evaluated from the
measured velocity field is also show for comparison purposes.
Inside the recirculation region, the flow is weak and the defor-
mation rate is small. The maximum deformation rate region is
located near the roll surface, under the free surface, as in the
experimental measurements. The qualitative values of the
measured deformation rate agree well with the theoretical pre-
diction.

Summary

Particle-image velocimetry technique was applied to mea-
sure the velocity field near the free surface in a film splitting
flow of Newtonian Liquid. The major challenge in measuring
the velocity field near the free surface is the light reflection ori-
ginated at the curved gas-liquid interface, which is normally
much more intense than the light scattered by the tracer par-
ticles dispersed in the flowing liquid.

The combination of fluorescent particles and an optical filter
placed in front of the camera to block most of the light
reflected by the free surface was used to eliminate the unde-
sired reflections. The roll run-out caused an oscillation of the
position of the free surface, and the static contact angle

Figure 14. Predicted streamlines at three different static
contact angles and gap-to-roll ratio.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 15. Predicted and measured flow field at Ca 5
0.17 and H0 /R5 93 10—3.

Both results show a large recirculation attached to the free
surface. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 13. Predicted streamlines at three different gap-to-
roll ratioH0/R and static contact angle h5 548.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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between the meniscus and the stationary plate. In order to com-
pare the measurements with steady state numerical solution of
the Navier-Stokes equation, with the appropriate boundary
conditions to describe the free surface, time-average of the ve-
locity at each measured position was calculated. The sampling
time was always larger than six revolutions of the roll, what
corresponded to 200 fields forming a typical sample. The eval-
uation of the time-average introduces uncertainty on the loca-
tion of the meniscus, but the agreement of the predicted and
measured velocity profiles at different positions along the
plate, far enough from the free surface, was very good.

The method proposed here to eliminate reflection from the
free surface in combination with the PIV technique may be
used to measure the velocity field in other coating methods.
The quantitative knowledge of the velocity field inside the

coating bead would certainly contribute to enhance the funda-
mental understanding of the process.
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Figure 17. Comparisons of deformation rate ċ obtained
by experiments and theory at capillary num-
ber Ca5 0.17 and H0 /R5 9 � 10—3.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 16. Comparisons of the vertical velocity across
the gap at y 5 y3 5 23.4mm, y 5 y2 5 22.4mm
and y 5 y1 5 21.4mm, obtained by experi-
ments and theory at capillary number Ca 5
0.17and H0 /R5 93 10—3.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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