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TECHNICAL PROGRAM REVIEW

Project Title' FUNDAMENTALS OF COATING SYSTEMS

Project Code: COATS

Project Number: F003/3674

Division' Engineering and Paper Materials

Project Staff Cyrus Aidun

Project Budget: $46,000

M.S. students' 2

Ph.D. students: 3

OBJECTIVES' (1) To investigate the cause and origin of coat weight nonuniformities
reported in high-speed blade coating of paper and board, (2) to explore novel coating
systems for application of a more uniform coat weight profile at higher machine speeds.

SUMMARY OF RESULTS'

The focus of the project is on examination of new concepts for coating application. The original
vorteX-free coater, exmained and explained in the previous progress reports (PAC report 1994-
95), suffer from large flow rate requirement which has been a deterant in prgress to pilot scale
experiments. This coater has been modified such that an air layer exists between the coating
liquid and the lower solid boundary. The air layer serves as a carrier fluid. This arrangement
will allow the pressure inside the channel to be increased above ambient pressure, if necessary, in
order to prevent air entrainment. However, the system may also operate at ambient pressure if
air entrainment is not an issue. The revised vortex-free coater and computational simulation of
the flow in the system are presented below. The computational simulations assume ambient
pressure in the air layer and, therefore, consider only the coating layer just upstream of the blade.

A REVISED VORTEX-FREE COATER

The coater consists of two inlet channels and an outlet channel, as shown in the schematic

below. The first inlet channel carries the coating liquid. The second channel can be used
to pump air into the coating head in order to pressurize the chamber and to keep the
contact line at the upstream section attached to the substrate and therefore prevent any
kind of air entrainment into the coating liquid. The air pressure can vary from zero to any
level appropriate for the coating operation. If air entrainment is not a problem, there is no
need to have forced air into the second channel. In this case, the air layer serves as a
carrier fluid.
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By removing the wall shear stress on the coating liquid in the channel, the total coating
flow rate for the operation of this device without flow separation from the wall (i.e., in a
vortex-free mode) becomes very low and appropriate for today's commercial applications.
The excess coating liquid and all of the air leave the coater head at the outlet channel. The
blade is used to meter the excess coating from the substrate. Details of the computational
analysis without including the air layer is presented in the next section.

ANALYSIS OF A MODIFIED VORTEX-FREE COATER

Charlotte Song (Cody) and Cyrus K. Aidun

The present study considers the modified vortex-free coater configurations in an effort to
investigate the hydrodynamic behavior of the current system at very low flow rates. We
show that in all cases, flow separation and recirculation are avoided. The flow field and the
free surface boundary location are solved using a Galerkin finite element approach for web
speeds ranging from 15m/s to 30m/s and flowrates from 4 to 7 liter/sec./mete (1/s/m).

Development of high speed blade coating is of particular interest in the industry to enhance
production and reduce cost. The analysis of this process is very complex since the
governing equations of fluid motion are nonlinear and the free-surface position is part of
the unknown. The nonlinear constitutive behavior of typical coating fluids increases the
complexity. Boundaries are also complicated; flexible, permeable, and unknown in
different regions.

Several mechanisms of instability are present due to the complexity of the domain. The
flow is nearly parallel throughout the majority of the domain, with the important exception
of the region in which the web and the blade converge forcing some ofthe liquid under the
blade tip and the rest to curve and flow down the blade. In the gap region, between the
substrate and the blade tip, the flow is nearly parallel and experiences high shear rates.
Squires theorem requires that the first instability in parallel shear flows occur due to a two-
dimensional instability. In the tuming flow, the possibility of centrifugal instabilities to
three-dimensional disturbances exist. Aidun (1991) gives a detailed description of the
mechanisms of instability in coating flows.

Pranckh &Scriven (1988) have provided a detailed analysis of blade coating using a finite
element approximation method including the complex interactions of the boundary in
addition to the solution of the flow field and free surface location. The blade was modeled
as a thin, inextensible, elastic solid and the substrate deformed due to normal stresses.

Aidun & Kovacs (1995) have worked towards alleviating recirculations in a fixed domain
pressurized pond coating system. The combination of a moving applicator wall and a
sufficient flowrate have allowed the design of a vortex-free coater configuration.

The present study seeks to examine the flow field of a blade coater with a lower free
surface. The flow is assumed to be incompressible, two-dimensional and steady. The
effects of flowrate and web speed variation on the design will provide insight into the
optimal operating conditions. A further analysis of the stability of the resulting solutions to
2-D and 3-D disturbances will provide additional information.

The present study seeks to determine the velocity field, pressure field, and location of the
two free surfaces of the blade coater depicted in Figure 1 with parameters detailed in Tables
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1 and 2. The region of particular interest is shown in Figure 2, here the blade (F4) and the
web (I' 2 ), converge to form a gap with a vertical cross-section length (blade gap) of 50
microns. A portion of the fired pumped in at the inlet (F_) proceeds through the gap and
coats the substrate, while the excess is scraped off and flows nearly parallel to the blade.

Table 1: Fluid Parameters

p density 1200 kg/m 3

ILo zero shear rate viscosity 1.0 kg/(m-s)

g_ infinite shear rate viscosity 0.05 kg/(m-s)

y surface tension 0.05 kg/s 2

c Carreauexponent 0.65

K timeconstant 0.01s

Uw_b web velocity varies from 15-30 m/s

Uinlet centerline velocity on inlet varies from 2-5 m/s

· inlet flowrate varies from 4-7 1/s/m
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Table 2: Geometry Parameters

L_n_¢t inletlength 0.0025m

Lgap gaplength 50E-6m

Lace applicatorchannelexit 0.5mm

Lth_ok bladethickness 1.25mm

Lblad e blade length (modeled) 60.104 mm

Lw_ weblength(modeled) 59.551mm

<Uad_ angleofblade 45°

C t coating thickness O(10 [tm)

Wt verticaldistancefromwebto O(100gm)
free surface at C-C

The problem can be defined in a dimensionless manner. The inlet cross-section length and
web velocity are used as the length and velocity scales. Table 3 relatesthe dimensionless
quantities to the parameters given in Tables 1 and 2.

Table 3: Dimensionless Quantities

Re ReynoldsNumber PUwebLinRe =
g

Ca CapillaryNumber Ca- _[Uweb

),

We WeberNumber 1 TWe=_=
ReCa 2PUwebLin

The equations governing the flow in the coater are continuity and momentum

V.V-ui, j --0 (1)



ProjectF003 164 StatusReport

F3ui ]pL'-_--4- UjUi, j -- (5'ij,j 4-Pfi (2)

Here oij denotes the stress tensor, is assumed to be of the fon_

G_j - -pSij + 'lJij

Where 'lJij denotes the deviatoric stress tensor with the constitutive relation

'l_ij -- 2g£ij

Where £ij is the rate of strain tensor, given by

1

l_ij-'_(ui,jq-uj,i)

The fluid for the current application is assumed to be shear thinning, the dynamic viscosity
is approximated by the Carreau constitutive model

[.i -- [loo + ([to --[-1o0)[1 + K2gijgij] (n-1),2 (3)

where kto and goo denote the zero and inf'mite shear rate viscosities. The parameters in the
Carreau model are determined based on the behavior of typical coating colors.

The above equations are non-dimensionalized using the velocity of the web and the width
of the inlet channel as the velocity and length scales respectively

U_ - Uw_b, L_ -- Linle t

The velocity and pressure are scaled using the velocity and dynamic pressure scales

· Ui · p
Ui -- --, p --Us

The superscript * denotes dimensionless variable. The independent variables, position and
time, are scaled using the velocity and length scales

* Xi t* U_Xi -- , --t
L$ L

The body force fi is non-dimensionalized

fi - fi L_u:
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The continuity, momentum, and constitutive relations can respectively be expressed in
dimensionless form as

' (4)u... =0,
l,]

au; . . ] · ·3t' + uj Ui, j. -- (Jll,l.... 4- fi ' (5)

1 1l1 iii=_ + 1+K'2£' ' (6)
and Re Reoo Reo Reoo ijl_iJ:

where

1, ae 1,

IJij =-P _ij 4-'lJij

·_-24 " =2_;1
pU_Ls Re

._l(. .)l_ij -_ Ui, j -4- Uj, i

K' -K U_,,
L s

The Dirichlet boundary conditions for this coating system are specified as

*[ = _---'--,Uinlet r i => inlet
UiF1 Us

Uw_b = 1 I' 2 => web
U[Ir== U,

u:lr, - U:lr, - 0 F3 => applicator channel, F4=> blade

Neumann conditions are applied at the outflow boundaries

I '1C_n'r_ - c_ r_ - 0 F5 => exit, I" 6=> gap exit

On the free surfaces (Fy and F 8) the kinematic condition is given by

'_ ' all' ·
drl all -1" Ui

dt'- 3t* _x_
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When the flow is independent of time this condition reduces to

I+

U i n i - 0 (7)

where n_is the unit vector normal to the surface.

The dynamic boundary condition requires the stress to be continuous across the interface,
therefore the normal and tangential stresses are respectively given by

On = 2?H-p_

The fluid surface tension, y, is constant, therefore the tangential component of the traction
vector is zero. The above dynamic boundary condition is non-dimensional/zed by

._ 2H' . _ 2H* .
cn-ReCa Pa Wee Pa

C_t -- 0

The above non-dimensional equations (4) and (5) with the constitutive relation (6) and
appropriate boundary conditions completely describe the flow field. The £mite element
method is employed via FIDAP to solve for the velocity and pressure at discrete points
within the domain. The unknown boundary location is determined in a fully coupled
manner by simultaneously requiring the condition (7) be satisfied on the free surfaces.

The governing equations, constitutive relation, and boundary conditions completely define
the given blade coating problem. The domain is discretized using 9-noded, isoparametric,
quadrilateral elements. The velocity is approximated over the element using biquadtratic
basis functions and the pressure with bilinear basis functions. The free surface boundary is
determined by satisfying the steady state kinematic and dynamic conditions in a fully
coupled manner.

The nonlinearity of the governing equations requires an iterative solution approach. The
stokes flow in the fixed domain provides an initial guess for the Newton-Raphson iteration
procedure. Parameter continuation methods are used to assist in the variation of the
parameters to reach the desired solution for given boundary conditions. Convergence is
achieved when the norm of the solution change in between iterations is less than 10'3.

The resulting coater configurations and streamlines are shown in Figures 3 and 4 for the
cases listed in Table 4. A noticeable change in the free surface location is apparent as the
flowrate is varied. An increase in flowrate results in a larger vertical cross-section under
the web, a decrease in exit cross-section width on Fs, and an increase in the exit velocity
magnitude on the same boundary.

The desire to avoid recirculating flow and minimize surface defects leads us to examine
closely three regions where flow separation and recirculation is possible; the meniscus just
aft of the applicator channel, the comer where the blade and web converge to construct the
gap, and the blade tip where a meniscus forms and the substrate is coated. The mesh,
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streamlines, and pressure contours are plotted for these three regions in Figures 5-14. As
demonstrated in these figures, the results show no flow separation or flow recirculation. A
tree vortex-free coating flow system exists at low flow rates (41/s/m) and high coating
speeds (20 m/s).

The velocity profiles in the gap region provide insight into the coating quality. Figure 15
shows the horizontal, non-dimensional velocity prof'fie at a location A-A on the blade tip
while Figure 16 depicts the prof'fie at location B-B, the endpoint of the blade tip. At the
static contact line it is clear that the formation of the meniscus slightly affects the velocity
profile. The apparently linear pressure distribution along the blade tip, Figure 20, indicates
an almost constant pressure gradient in the gap that increases with the fiowrate. These
velocity profiles and pressure distribution demonstrate a nearly Poiseuille-Couette velocity
distribution, the linear combination of flow between two walls at a relative velocity to one
another and flow between stationary walls with a constant pressure gradient. Thus, the
coating fiowrate and thickness increase slightly with the increase in the inlet fiowrate due to
the larger pressure gradient, see Figures 21 and 22. The portion of the coater where the
blade and web form a converging channel is much more affected by the fiowrate variation.

Examination of the comer region formed byweb and blade, presented in Figure 8, shows
significant free surface shape variation with fiowrate variation. As the fiowrate is
decreased the free surface migrates toward the gap threatening to entirely disappear into the
gap with further reduction of the inlet fiowrate. The corresponding streamlines are shown
in Figure 9.

The pressure along the blade and substrate are shown in Figures 18 and 19, all graphed
quantifies are non-dimensionalized. Table 6 can be used to convert all variables to
dimensional quantifies. Away from the gap the pressure remains fairly constant. Within
the gap region the pressure peaks at the leading edge of the blade, just upstream of the gap.
The maximum pressure increases as fiowrate increases. At higher fiowrates, the pressure
increases in a more gradual manner, exhibiting a more distinct plateau. Following the
peak, the flow field experiences sub-ambient pressures and then adjusts to the ambient exit
pressure. The pressure contours in the gap region, shown in Figure 11, indicate that a
decrease in fiowrate causes a larger pressure gradient but decreases the value of the
maximum pressure.

Table 5 gives results for the variationof the web speed for two fiowrates; 6 and 7 1/s/m.
The resulting domain and streamlines are plotted in Figures 24, 25, 42, & 43. Again we
look at the formation of the meniscus and the turning flow, Figures 26-35 and 44-53 show
the mesh, streamlines, and pressure fields in these regions.

The increase in web speed is effectively an increase in the two non-dimensional parameters
characterizing the flow, the Reynolds Number and the Capillary Number. Let us consider
the pressure distribution along the blade and the web presented in Figures 39, 57, 40, and
58 respectively. Here we find that as the inertial effects are magnified, the pressure
gradient increases while the maximum pressure decreases. Along the web, a gradual
pressure adjustment followed by a sharp pressure peak is observed at lower Reynolds
Numbers. The effects of increase in web speed appear to have a qualitative relation to the
effects of decreasing the flowrate.

A nearly Poiseuine-Couette velocity profile is again present in the gap region. Increasing
web speed forces a greater amount of fluid to exit the gap through viscous shear and the
nearly constant pressure gradient. Coating thickness increase is observed with an increase
of web speed, as shown in Figures 60-62.
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Nomenclature

S_j Kroneckerdelta

Eij rateofstraintensor

7 surfacetension

F_ boundary

ri heightoffreesurface

g dynamicviscosity

go zeroshearrateviscosity

[to_ infiniteshearrateviscosity

p density

cij stresstensor

on normalcomponentof thetractionvector

% tangentialcomponentof the tractionvector

'_ij deviatoric stress tensor

Ca CapillaryNumber

C t coating thickness

c Carreauexponent

fi componentof gravitationalacceleration

H Gaussianmeancurvatureof thefreesurface

K timeconstant

Lace applicator channel exit

Lblacle blade length (modeled)

Lgap gaplength

Linle t inlet length

Ls lengthscale



ProjectF003 173 StatusReport

Lthick blade thickness

Lw_b weblength(modeled)

1/s/m (liter/sec)/meter

m/s meter/sec

n_ unitnormalvector

p pressure

p_ ambientpressure

qexit flowrateexitingalongblade

qram flowrateexitinggap

q_n_¢t inletflowrate

Re ReynoldsNumber

S singularity

t t/me

A

t_ unittangentvector

U inlet centerline velocity on inlet Poiseuille pro£fie

Us lengthscale

Uwe b web velocity

u_ velocity

We WeberNumber

Wt verticaldistancefromwebto free surfaceat C-C

x_ Cartesiancoordinate

<b_d_ angleofblade

* superscriptdenotesdimensionlessvariable
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