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Abstract

Slide-coating flav is widely usedfor the manufacturingof
precision film-coating products. Considemabffort is being
devoted toward abette understandingof slide-coating
processes inhopes of increasig coatirg speeds ard
improving thke performanceof coata film. It has been
demonstrated, for exangICher, tha increasig coating
speeds beyondell defined limits canresult n a complete
breakdownof the coatig bead.In this paper we present
simulation result of slide-coatiig flows obtainel from a
computational method capatif describiry arbitrary, three-
dimensiond ard time-dependent deformationsf fluid
surfaces. The methpwvhich is availabk in the commercial
program, uses a fixed grid through which fluisl trackedby
a Volume-of-Fluid (VOF) techniqdé Surfa@ tension wall
adhesion, fluidmomentum ard viscous stresseare fully
accounted for in our analysis.

The basic mett is illustrated through comparisons
with dip-coating dafa Then we present a discussion how
contact lins ard dynamic contactangles are implicitly
treated in our method. Because use a VOF technique we
neal only sum the forces acting o ead control volume
containing fluid. Tle location of contaclines and dynamic
contact angles timearise automaticaly from the computed
balance of forces. Our techniqudliustrated with examples
of startup and bead-breakup phenomena in gpéitimvs. As
will be shown, for rapd processes oumpproach offers
efficieny ard robustness fo the simulation ¢ coating
process desigard optimization that g difficult to achieve
with conventional analysis methods.

Introduction

All coating processes involve sometsofr startyp periodin
which the coating materialundergoes lagy deformations
before achievirg steag conditions.A good characterization
of the startyp proces is often importar for reducing waste
ard ensuring thathe process operatewithin the desired
limits.
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A similar understandingof the transieh respons of
coating flows to a variety & perturbations isalso desirable
so that a breakdown of the coating bead and non-uniformities
in coating can be avoided.

Because the dynamics of coating flows is generadin-
linear ard becauset involves the couplal interaction ¢ a
variety d competirg physical processes, is necessanto
resort tospecial computatiomaools b perform theoretical
investigations.

The advantage of the modeling tool we égelectedor
this wok is tha it uses a robug numerical technique, the
Volume-of-Fluid (VOF) method, which kahe power to
track arbitrary fluid deformationthrougha fixed grid. The
manner inwhich this is done along wih othe featuresof
the progran importart for coatirg flow analyss are
described in the next section.

Overview of Numerical Method

The numerich program FLOW-3D®, employed here has
its origin in the Marker-and-Cel(MAC) method developed

at the Le Alamos NationhLaboratoryin the md 1960s.
Many improvements to the original MAC method have been
mace over the years Of most interes for the present
application is the replacement of the discrete marker particles
by a continuows Volume-of-Flud function to locae fluid
regions. h the VOF method afixed grid of rectangular
control volumes is constructed that covers the computational
region of interest. For eacontrd volume a number F, is

kept D denotethe fraction of that volume thais occupied

by liquid.

In addition to use of the Function the VOF method
also uses spedianumericd techniquesto advet the F
function through the fixed gtiof rectangulacells in a way
that retais shap liquid-gas interfaces. Andfinally, the
VOF methal employsa carefully implemente set d free-
surface boundary conditions to satisfg firope normal ard
tangential stress conditions at interfaces.
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Another speciafeatureof our approachis the wag in  film thickness is not very sensitie to this width a result
which we define complex geometric regionsObstaclesae  also found in the experiments.
embeddedn the fixed grid by allowing them ¢ block por-
tions d contrd volumes. Tle fractiond areas andolumes
open for flav in ead control volune are storedas the
geometry representation. Bhimethod, referredto as the
FAVOR method, automatical} incorporats the geometry
into the discretizel equations fo mass, momenta ard
energy.

Using tle VOF ard FAVOR method saves time ard
effort because there is no complicated grid generation process
needed to defmthe geometr andinitial fluid configuration
for a coating problem.

In the next sectio we illustrate the utility of the basic
numerical methodvith an application to dip coating ona
flat sheet.

Figure la: Dip coating (initial condition)

Dip Coating—A Validation Test

Lee ard Tallmadgé® have conductedan extensive investi-
gation inb the process bdip coatirg on flat shee$ with- |
drawn vertically froma liquid bath. Thisprocessis widely

usedin a variety d commercial applicationsTheir study b

focusedon two-dimensional flav (i.e., ro edge effects) ard T —
consisted ofan analyticalsurfa@ profile containig empir-
ical parametes fit to their experimental data. Experimental
dat was collectal for capillary numberdbetwea 0.085 ard
23.9, wih Reynolds numbers ranging from 040t 12.7.
Experimentaldag for film thicknes hadan error estimated
to be less than or about 10%.

The computatioa model for this experiment is Figure 1b: Dip coating (t = 0.4 seconds)
extremely simp@ as it consiss of a rectangula bath with
the left side wal given a vertical (tangential) velogitequal
to that of tle shee to be coated Initially the coating liquid
has a horizontal surfacedthe she¢ is given an impulsive
start, see Figure 1c.

A numbe of differert capillary numbercaseswere
simulated and in all cases the predicted film thickressee —— —
well within the experimental erroAs an example consider
the case correspondintg capillary numberl.17. Tte sheet
was withdrawn from the bath (viscous lubricatingteving
a density of 0.885 gm/cc, surface tensiory 3&nes/cmard
viscosity 1159.4 cp) at 3.31 cm/s.

We used a bath width of 2.5 cm and depth of 2.0 cm (35

by 25 grid cells). A 20 cm region above tle bah was Figure 1c: Dip coating (t=5.0 seconds)
included in the modeto captue the film flow (requiringan ) o N )
additional 25 cells vertically). The right side the bah was Figure Ia shows the initial condition Figure 1b one

an openboundary wherghe fluid height wa maintained shapshot bthe computel transien andFigure T the final

constant, the pressure svaydrostat ard flow was allowed ~ Steady-sta@result. Tie shag of the tip of the liquid being

start from rest. This, so called, "stagnatimounday condi- ~ ange (i.e, adhesion betweeshe¢ ard liquid) and was
tion is a god approximatim to a horizontaly infinite bath ~ arbitrarily taken to be 10 degrees. As tiuid is drawnup,
providedit is sufficiently far to the right of the moving @ depression wavenoves o the righ asa signd to the
sheet. Several computations were done to establish the widgmainder of the bath thatflow mus be started toward the
of the bath that needed be modeled andit was found that ~ Sheet torepla@ the liquid film being withdrawn Steady
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conditiors are reachedin about 50 seconds. Thefilm
thickness wa computedto be 0.145 cm, whib is in
excellent agreement with the measured value of 0.142 cm.

Contact Lines and Dynamic Contact Angles

Dip coating is relatively simplin that once establishedlt
involves no contacline defining a fluid/sold wetting
boundary. Inothersituations sug as slide coating contact
lines existwher fluid leaves tle slide ard whereit makes
contact wih the surfaceof the substra to be coated. A
considerable literature exi&fs°describing experimentaird
theoretical studies of possible dynanhipaocesss occurring
at contact lines.

The Problem

Simply put it's not obvious how a stationarycontact
line can exig and at the same time be attachedto the
moving surface.ln a computationh modé this paradoxis
exposedn the proces of assigningboundaryconditionsto
the coating fluid. For example the finite-elemen method
it is natural to plae a noce line coinciden with the contact
line, since this defines a limit ofétluid surface. However,
this line is also coincidert with the solid and free (air)
surfaces.

On a solid surface ano-slip, viscos type of boundary
condition is natural But under steadyflow conditiors the
contact lire is stationary wih respectto the movirg solid
surface. To overcone this contradictin researchers have
resorted to a variety of solutianAt the sub-microscop to
mircoscopic scalesolutiors range from changing the
governing equatian (e.g, including long-range atomic
forces nearthe contat line) to using modified boundary
conditions (e.g., assuming a liquid film already existthe
boundary).

From a macroscopic point of view the ngpstiondition
is often replacel with an assumption bpartid slip plus a
specification of the dynamic contact angle.

None d thesesolutiors are completely satisfactory,
however, because envould like the dynamic contacangle
to be predicted as part of the solution.

Microscopt details ¢ flow processesn the immediate
vicinity of a conta¢ line are surely importah for an
understandingf the fundamental processes wetting ard
drying. On the otha hand, one home they may be
unnecessary for engineggiapplicatiors where the interest
is primarily in the macroscopic flav structuresassociated
with coatirg devices under differenbperating conditions.
For practical engineering applications itvould be most
useful T a limited sé of parameters weresufficient to
characterize fluid/solid interactions.

Contact Lines and the VOF Method

The ue of slip ard angke parametersn finite-element
models arise becamisof theirr requiremen for explicit
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bounday conditions & all boundary nodesln the VOF
control volune method on the othe hand boundary
conditiors are not requiredat conta¢ lines, bu rather on
control volumes that contain solid and/or fluid surfaces.

Fluid will fill or empty a contrd volume dependingon
the averagecomputedflow velocity (i.e, balanceof forces)
within tha volume. Sine the numerical methd uses
approximations fothe conservatio of mass, momentum
ard energyin ead control volume it is naturd to ask
whether this numerical approach might be able to prelakéc
macroscopic behaviorf dlow in the vicinity of a contact
line with a minimum of additional constraints.

A Test Case

To demonstrate our approach, eansidera specia case
of a plunging-tape test. In particular, we considerdiseof
a vertically aligned tap moving into a fluid surface such
that thke dynamic conteicangk is approximately90° (i.e.,
the fluid surfa@ remairs everywhee nearly horizontal).
Experimental datdindicates that this condition should occur
at a capillary number of about, €&aJ/0=0.044.

Figure 2 shows tle layou of our contrd volume
methal used neathe contatline. A staggered arrangement
of variables is used in whicpressure are locatedat control
volume centersard velocity componentare locatedit face
centersto which theg/ are normal. h the contrd volume
containing the contadine the pressureis denotedby p..
This pressureis computedto include the atmospheric
pressue plus a hydrostatic component reflecting the
gravitational effect of the height of fliabowe or below the
center of the cell.

Figure 2:Control volume layout

Surface tension forseacting at the sidesof the control
volume are also included indlpressureln the presen case
of a flat horizontd surfacethe tensio doesnot have a
vertical componentAt the left sideof the contrd volume
thereis a vertical force contribution fron surfa@ tension
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acting on the solidboundary.This force is computed in boundary conditions were used. Gravity wasdirected
terms of the static contact anglé,, through Young's vertically downwards.
formula, The computationswere checkedfor convergence and
sensitivity in a variety of ways. It should be no surprise that

0Coh, = fy-fis the mostnoticeableeffect onthe dynamic contact angle is
where terms on the right sidepresenthe net verticaforce  the resolution of theyrid at the contactiine. This is the
per unit lengthbetweenthe fluid and solid (Ig on the gas regionwhere therearethe mostrapid changes occurring in
sideand Is onthe liquid side). This force is included as a the flow.
boundary stress. For the results shown in Figure 3 the smallest control

The vertical velocity componentat the bottom of the Volume has aredgelength of 0.002, or 50 timesmaller
control volume containing the contact lineindluenced by than the capillary length L. The computed surfadestned
the pressure gradient betweeg epnd B, by a gravitationa| about 3.8 below the horizontaborresponding to a com-
body forceand awall shearstress R(W-w,)/I with the  puted dynamic contact angle of 93.&hich agrees with the
moving boundary atthe left side. Of course, the full average experimental data value computed from the empirical
momentum equation governing this velocitycomponent fit reported in Ref. 10. Suchood agreemenhay besome-
also contains contributions from momentuadvection and What fortuitous, but itcertainly offers encouragemetitat
viscous stresses from neighboring velocity components. ~ dynamic contactangles can be computedvith a VOF

At steadyflow conditions the amount dfquid in the ~ method.
control volume containing the contact line must cloange, Additional work is currently underway to further explore
which means the volume difjuid flowing out thebottom  to what extentynamic contactinglescan beconsistently
with velocity w, must equalthe amount flowing in at the predicted with the VOF method.
right side with velocity y Even in thisgeometricallysim-
ple case wecannot compute wbecause welon't know the
values of the surrounding pressurasd velocities. All
variables are coupled through mass and momentum
conservation relations for the entire set of control volumes
covering the region beinmodeled. Ifthermal processes are
important then arenergy conservation equatianust be
included as well.

Without going into more detail, it should lok=arthat
in this numerical method the contadine location and
computed dynamic contact angle, at steady conditions, result
om a balance of forcewithin eachcontrol volume. The
only parameter usedhus far to describethe fluid solid
interaction is the static contact angle.

The accuracy othe control volume method, @burse,
requires the size of the control volumes to be smadugh
to captureall the importanthydrodynamicfeatures, such as
surface slope, surface curvatureand velocity gradients I -
adjacent tothe moving boundary. For example, in the L+ 1— 1
plunging tape example the ontjaracteristidength is that [ [
associated witlsurfacetension, L=/a/ g, and so we expect
the control volume size should be much less than this in
order to resolve any macroscopicurvature of the fluid

Figure 3a: Plunging tape test (entire domain)

surface. {1]

Computational Results for Test Case Figure 3b:Plunging tape test (x=0.0, 0.021; y=0.292, 0.322)
To simplify matters wehave usedwhole numbers for

all physical parametersalthough theyare close to CGS Rivulet Formation in Slide Coating

units (e.g., gravity is 1000 instead of 980 cm/s/s). A typical

computation mighthave capillarylength L=0.1, capillary  \when manufacturersry to increasecoating speeds, they
number Ca=0.05 and the Reynolds number Re=0.0125. Thgen encounternstabilities in the coatingorocess that
computational region was assumed to extend 4L to the rigWestroy the uniformity of thecoated product. One such
of the moving wall (plungingape)and 4L below thefluid  jnstapility is the formation of rivulets, whichrestripes of
surface. Atthe bottomand right boundaries free-slip wall \yet and dry regions on the coating substrate. Rivulet
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formation in slide coating is typicallgbserved tostartnear  Initially, liquid is pulled up theendwall by adhesiorbefore
an end wall and then propagate acibgsslide asadditional it reaches across the gapdattaches tahe coatingsurface,
stripes are formed. Figure 4. This causes a non-uniform depositioficpfid on
To investigate the formation of rivulets wbave the movingsurface; a capillary wavaovesawayfrom the
modeled an end-wadlection of a slidecoaterthat is 4000 end wall and travels along the lip of the slide. After about 26
um wide. The gapbetweenthe tip of theslide and the ms liquid has reachedthe coatingsurfacealong theentire
surface to be coated B50 um, andthe surface isinitially length of the slide. Uniform coating conditiomse reached
moving upwards at 20.0 cm/s. Thadwall of the slide is  afterapproximately 40ms, although a smaltapil-lary is
stationary withrespect tathe slide. At the otheend of the evident close to the symmetry end of the slide, dnés not
model symmetry conditionswere assumed sdhat the seem to be affecting the coating uniformity.
effective length of the slide is much longer (at leafictor The speed of the coating surface is impulsively
of two) than what is actually computed. accelerated from 20.6m/s to 30.0 cm/s at the 40 ms time
The coating liquid has a density of 1.0 gm/cc, viscositypoint. After a few more milliseconds dear opens in the
of u=12.4 cp,surfacetensionc=66.0 dyne/cmand astatic  coating bead near the stationary end wall. The tear appears to
contact angle of 30 The capillary number fathis example arise becauséhe increasedcoating speedattempts topull
was 0.248, whiclproduces acoating thickness of 9@im moreliquid awayfrom the tip of the slide, but thslower
under steady conditions. moving liquid near the end wall cannot respond as quickly to
At the beginning of the simulatiothere is coating the thinning actionOncethe tear appearssurfacetension
liquid on the slide, but itdoesnot extend tothe tip. A  forces contracthe liquid surfaces oreitherside of the tear
constant input of liquid onto the slideirface is made at the causing a rivulet withvertical sides to bgenerated on the
upstream boundary of the computation. coating surface (last frame in Figure 4).
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Figure 4: Rivulet Formation (t=0.004, 0.016, 0.026, 0.04, 0.0562, 0.065, and 0.0833 seconds)
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It is likely tha the ultimate rivulet size which
approachethe symmetryerd boundary,is being controlled
by the limited extert of the simulation however, the
transition n flow conditiors from the stationay erd wall
out into the remainderof the slice is adequatelyresolved.
The initiation of the tear in this region occurs becadstb®
strorg three-dimensional curvaturef the surfaceard end-
wall viscous effects.

Summary

We havedescribed avVolume of Flud technique for the
analysis of coatindlows. The techniqe was fird verified
by simulation of a simple dip-coating experimentThen a
plunging tae tes was simulatel to shov tha dynamic
contact anglescould be reasonablyredict&l using the
control volume method. Finallythe method wasappliedto
rivulet formation in a three-dimensidnsimulation of slide-
coating. Tk successfucompletion & thes tests suggests
that the VOF approach as implemehie our progran may

be useful for coating procesdesiqy ard optimization
applications.
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