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Abstract

Computer simulations of the blade-over-roll coating process so far have been based mostly on Newtonian or general-
ized Newtonian models, which do not take into account the viscoelasticity of coating materials. Strong viscoelastic effects
can influence both the flow characteristics in a blade nip and the coating film thickness. Because of limitations of the con-
stitutive equation which describes coating materials, comparisons of simulation results with experiments had limited suc-
cess. We have simulated the coating process with a fixed blade using the finite element method (FEM). Newtonian data
are well reproduced by using a full two-dimensional model with realistic boundary conditions. For the case of viscoelastic
fluids, i.e., polymer solutions with either a constant viscosity (Boger fluids) or a shear-thinning one, we used an integral
constitutive equation of the K-BKZ type. Key characteristics of the K-BKZ model are that it accounts for a spectrum of
multiple relaxation parameters and a fading memory. Numerical results accurately predict the coating film thicknesses
from experiments reported in the literature. For a given geometry and speed, the film thickness decreases with increasing
viscoelastic behavior. This is particularly evident when comparing the film thicknesses of the Newtonian and Boger flu-
ids. Results show that the K-BKZ viscoelastic model is adequate to capture memory phenomena associated with the strain
history of homogeneous polymeric coating materials, and can have application to simulating paper coating dispersions.
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1. INTRODUCTION

Blade-coating flows are of particular interest in
the application of very small volumes of liquids and
dispersions coated on extremely thin layers over
moving substrates. The blade is used to control the
coating thickness and produce a uniformly smooth
surface. However, due to the non-Newtonian nature
of the applied material, the coating thickness is not
equal to the separation gap between the blade tip and
the substrate. The movement of the material under
the blade is being characterized by a drag, which
retards the flow, and a pressure gradient which
pumps material in the direction of the substrate
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movement. Therefore, the flow is a combination of
Couette (velocity-driven) and Poiseuille (pressure-
driven) flows. The actual coating thickness depends
on blade design geometry, operational conditions,
the rheology of the applied material, and, for the
case of paper coating, the absorptivity and com-
pressibility of the substrate. Here we are focusing on
a metering blade nip having a fixed geometry, fluid
continua with viscoelastic properties, and a non-
absorptive, incompressible substrate.

Analyses of the blade-coating process so far
have been based mostly on Newtonian or general-
ized non-Newtonian models (Kistler & Scriven,
1984; Mitsoulis & Athanasopoulos, 2010), which do

ISSN 1641-8581



INFORMATYKA W TECHNOLOGI MATERIALOW

not take into account the non-Newtonian nature and
viscoelasticity of many coating liquids (Sullivan et
al., 1987). The problem is compounded by the pres-
ence of free surfaces, both upstream of the substrate
and downstream of where the actual coating takes
place (figure 1). Typically, for a Newtonian fluid,
the coating thickness is one half the thickness of the
gap between the blade tip and the substrate. Al-
though analysis of the flow using perturbation theory
to solve the Navier-Stokes equations based on the
lubrication theory gives solutions which agree with
experiments of Newtonian fluids, this is not true for
the case of viscoelastic materials (Hsu et al., 1985).
High elastic stresses, comparable to purely shear
stresses, increase the separating force which tends to
push the bounding surfaces of the flow apart. The
separating force also increases proportionally to
flow velocity. When the material is being described
as a purely viscous fluid, only an order-of-
magnitude agreement has been obtained between
experiment and analysis using perturbation theory
(Hsu, 1986). Accurate description of the rheology of
coating materials is therefore crucial is assessing
their behavior in blade coating.

(inlet)

(inlet)

(b)

free surface
wall

(outlet) plug
A flow.
A ‘\\\\\\\\\\\\\\\ moving boundary B

Fig. 1. (a) Schematic diagram of the fixed blade-over-roll coater
domain with relevant notation; (b) the simulation flow domain
with the addition of a reservoir wall upstream and relevant
boundary conditions.

Rheological effects play a significant role in de-
termining the coating film thickness and its uniform-
ity. Elasticity increases the normal stresses under the
blade and affects blade loading, while shear-thinning
influences the flow and the pressure distributions.
Greener and Middleman (1974) demonstrated with
a theoretical analysis that viscoelastic effects signifi-
cantly reduce blade loading. They found that quanti-

tatively the influence on coating thickness depends
on the selected constitutive equation, which defines
the rheology of non-Newtonian fluids, since elastic
Newtonian fluids (i.e., a “Boger” fluid, such as
a polyacrylamide solution in corn syrup) exhibited
an increase in blade coating relative to a Newtonian
fluid. Therefore, the choice of the constitutive equa-
tion used to describe the coating material is critical
to accurately investigate the influence of viscoelas-
ticity in coating flows.

Detailed computer simulation and experimental
studies by Sullivan et al. (1987), and Sullivan and
Middleman (1986) investigated the influence of non-
Newtonian rheology on the flow patterns and coat-
ing thickness. Shear-thinning and elasticity compete
with respect to their influence on coating thickness.
Purely shear-thinning inelastic materials, such as
a dilute solution of low-molecular weight carboxy-
methyl-cellulose (CMC), increase the film thickness
relative to a Newtonian fluid. Elasticity, induced by
adding high-molecular weight polyacrylamide
(PAA) to the CMC solution, reduces the film thick-
ness. Reduction in film thickness was also observed
with a Boger fluid; a constant-viscosity fluid with
elasticity described in detail below. While for purely
shear-thinning fluid the film thickness was depend-
ent on blade geometry (i.e, blade tip angle and
thickness), there was little dependence on geometry
in the case of a Boger fluid. In addition to their in-
fluence on coating thickness, elastic effects were
also found to shrink the operational window of blade
coating, primarily through the appearance of the
ribbing effect due to the presence of normal forces
(Strenger et al., 1992). Numerical simulations by
Olsson (1994) and Olsson and Isaaksson (1995)
demonstrated that the total force acting on a station-
ary blade is lower for viscoelastic than Newtonian
fluids due to the rapidly reduced normal force with
the distance downstream. There is also a tendency of
viscoelastic fluids to “clog” the flow at the entry to
the blade nip channel, causing formation of counter-
rotating vortices at the boundary layer on the under
face of the blade. The low normal forces observed
by these authors, however, contradict previous re-
sults by Hsu (1986), who found the normal force to
significantly increase with elasticity. Differences in
the assumed constitutive equation describing the
rheology of the coating material can possibly explain
the results of the two studies.

A major issue in reconciling simulation results
with experiments is the accurate representation of
viscoelasticity through utilization of appropriate
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constitutive equations (Mitsoulis, 1990). Sullivan et

(1987) utilized the three-parameter Carreau
model, while Olsson (1994) used the Oldroyd-B and
Giesekus models. However, numerical results only
partly agreed with experiments from these and other
authors. In the mid-1980°s progress was achieved in
the viscoelastic simulation of polymeric materials by
using constitutive equations of the K-BKZ type (Pa-
panastasiou et al., 1983; Luo & Tanner, 1986). This
type of constitutive equation has been named after
Bernstein et al. (1963), who first introduced it for
modeling polymer solutions and melts with a spec-
trum of relaxation times. The K-BKZ model has
been successfully used to describe the melt rheology
of low- and high-density polyethylenes (LDPE,
HDPE), polystyrene (PS), polypropylene (PP), and
the solution rheology of polyacrylamide (PAA) and
polyisobutylene (PIB) (Kajiwara et al., 1995). Nu-
merical techniques based on FEM using the K-BKZ
model have been developed to handle particle track-
ing in the general case of flows with open and closed
streamlines (Dupont & Crochet, 1988; Luo &
Mitsoulis, 1990a). Test cases for commercial poly-
ethylene melts in relatively simple geometries, such
as abrupt contractions (Dupont & Crochet, 1988;
Luo & Mitsoulis, 1990a; 1990b) and extrusion
through dies (Luo & Tanner, 1988; Luo & Mitsoulis,
1989) have shown the adequacy of the integral
model to capture memory phenomena and strong
viscoelastic behavior, not seen with the simple mod-
els of the Maxwell or Oldroyd-B type.

This integral model has been used continuously
in the 1990’s and 2000’s in numerical flow simula-
tions for a number of flow problems more or less
successfully (see, e.g. Park & Mitsoulis, 1992; Bara-
kos & Mitsoulis, 1995; Sun et al., 1996a; Mitsoulis
& Hatzikiriakos, 2003; Mitsoulis, 2010; Ansari et
al., 2010). A review (Keunings, 2003) on the subject
gives a list of problems solved with this model
through numerical simulation, including many flows
from polymer-processing operations. However, for
viscoelastic fluids, coating flows have not been ana-
lyzed with the K-BKZ model so far.

In the present work we used the K-BKZ integral
constitutive equation to study the flow behavior of
the viscoelastic polymer solutions used in the ex-
perimental investigation by Sullivan et al. (1987),
and Sullivan and Middleman (1986). The emphasis
is on the viscoelastic nature of polymeric solutions
and how it affects the blade-coating process. In most
operations of practical interest, these effects are
dramatic and cannot be captured by Newtonian fluid

dynamics or simplified models, such as the power-
law model for shear-thinning behavior.

2. MATHEMATICAL MODELLING OF
COATING FLOWS

2.1. Conservation and constitutive equations
The coating flow between a moving substrate

and a stationary doctor blade for incompressible
fluids (such as polymer solutions) under isothermal
and steady-state conditions is governed by the usual
conservation equations of mass and momentum
(Sullivan et al., 1987), i.e.,

Vv=0 (D
pv-Vv=-Vp+V.r 2)

where v is the velocity vector, p is the scalar pres-
sure, 7is the extra stress tensor, and p is the density.

The constitutive equation that relates the stresses
7 to the deformation history is the K-BKZ model.
This phenomenological model draws from the theory
of rubber elasticity and it accounts for nonlinear ef-
fects arising from the interactions of polymer chains.
Most importantly, it includes a spectrum of material
relaxation times, in contrast to purely viscous models
of the power-law or the Carreau type, which are only
sufficient for representing the steady shear viscosity
of the material (Mitsoulis & Athanasopoulos, 2010).
In contrast to implicit differential models, the K-BKZ
model involves an integral equation which reduces to
the linear Maxwell and Oldroyd-B models by choos-
ing a single relaxation time and a constant viscosity. It
gives similar predictions to the Phan-Thien/Tanner
(PTT) and Giesekus models, provided that the latter
are being written for multiple modes having a spec-
trum of relaxation times.

The form of the K-BKZ model we used is based
on the equation proposed by Papanastasiou et al.
(1983), and further modified by Luo and Tanner
(1988):

t

_IJ'
1-6J

N

a '
Z kkexp[ 7»t ]
k=1""k k

o L ,
(a_3)+Bk1c—1 +(1_Bk)lc (Cl‘ (t)+ect(t)jdt
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In the above, N is the number of relaxation
modes, 4, and q, are the relaxation times and relaxa-

tion modulus coefficients at a reference temperature,
a, fand @ are material constants, and /- and 1" are
the first invariants of the Cauchy-Green tensor Cy

and its inverse C[l, the Finger strain tensor. The

material constant 8 is given by

N0 W
N, 1-6

where N, and N, are the first and second normal
stress differences, respectively. It is noted that 6 is
not zero for polymer solutions, such as the solutions
of PAA and the Boger fluid discussed here, which
possess a non-zero second normal stress difference.
Typical values for @ are in the range between —0.1
and —0.2 in accordance with experimental findings
(Dealy & Wissbrun, 1990). For the present work,
a value of 8= —1/9 (N,/N,=0.1) has been used.

2.2. Boundary conditions

The flow boundary conditions (see figure 1b)
have been fully described in our previous paper
(Mitsoulis & Athanasopoulos, 2010) and are not
repeated here. Note that at point A there is a singu-
larity, because mathematically the same node has
a zero velocity if it belongs to the reservoir wall GA
and a finite V; velocity if it belongs to the moving
roll surface AB. Practically, there is a very small gap
between the reservoir wall and the roll to allow for
the roll motion. Numerically, we set very small ele-
ments around the corner node and set the corner
node (point A) as a wall node (zero velocity) and the
next node on the roll we set equal to the roll speed.
This has been found to be the best way to handle the
singularity (Mitsoulis et al., 1988; Loest et al.,
1994), which otherwise may affect grossly the re-
sults (loss of mass flow rate).

In general, there are three singularities in this
flow field: (a) at blade corner of point E, where the
velocity is zero but the derivatives are discontinuous
(zero-order singularity, flow around a corner wall);
(b) at blade corner of point D, where the velocity is
discontinuous changing smoothly from zero to
a non-zero value due to the free surface (first-order
singularity, flow at a solid/gas interface); and (c) at
point A, where the wall meets a solid moving
boundary and the velocity is discontinuous changing
abruptly from zero to a distinct non-zero value (sec-
ond-order singularity, flow from a non-moving to

a moving boundary). This last one is the most severe
and causes the most trouble numerically if not ade-
quately handled.

For the simulations, all lengths have been made
dimensionless by the minimum gap H,, all velocities
by the roll speed V%, and all stresses and pressures
by 770VR/H().

3. RHEOLOGICAL CHARACTERIZATION

The materials used to validate the simulation re-
sults with experiments in blade-coating flow were
dilute polymer solutions, as described by Sullivan et
al. (1987). The solutions were prepared by first dis-
solving CMC (1.25% wt) in distilled water. Because
of their low polymer concentration, the solutions are
considered inelastic, shear-thinning fluids (figure 2).
They become viscoelastic by adding small amounts
of polyacrylamide (PAA). For the CMC solutions
containing PAA (i.e., CMC fluids 1 through 3), the
flow behavior is being determined by the interaction
between shear-rate dependent viscosity, fluid inertia,
and fluid elasticity. In addition to the CMC fluids 1
through 3, we also considered an aqueous solution
(96.3% wt) of corn syrup with 500 ppm PAA. This
is a constant-viscosity (Newtonian) but highly elas-
tic fluid, the so-called Boger fluid (Boger,
1977/1978; Mitsoulis, 2010). This model fluid is
typically being produced by dissolving a high mo-
lecular weight polymer (i.e., PAA) at low concentra-
tion in a highly viscous Newtonian fluid (i.e., corn
syrup), thereby masking the shear-rate dependent
viscosity contribution of the polymer (Boger,
1977/1978). Although the solution in fact displays
shear-thinning, the reduction in viscosity is very
small compared to the zero-shear viscosity value,
and, for all practical purposes, the viscosity remains
constant. A Boger fluid allows assessing the influ-
ence of elasticity without the “interference” of non-
Newtonian (shear-thinning) viscous effects.

Detailed rheological data are given for the shear
viscosity and the first normal stress difference, and
are shown in figure 2. First, we note that the shear
viscosity is not affected very much, and for compari-
son purposes it can be also represented by the Car-
reau model (Mitsoulis & Athanasopoulos, 2010).
Using the viscoelastic model of equation 3, a nonlin-
ear regression analysis was performed according to
the method described by Kajiwara et al. (1995) for
the determination of the relaxation spectrum con-
stants and the other material parameters. Solid lines
in figure 2 represent the best-fit curves to the data.
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Due to lack of elongational viscosity data for the
polymer solutions, we have used a constant 3-value
for the elongational parameter of the model. In the
simulations we have used a second normal stress
difference term involving a constant 6-value. The
values of the parameters are given in tables 1-4.
Four characteristic relaxation times are used for the
shear-thinning viscoelastic polymer solutions, while
two relaxation times are adequate to describe the
behavior of the constant-viscosity Boger fluid
(Mitsoulis, 2010). As pointed out by Kajiwara et al.
(1995), it is possible with these parameters to predict
rheology and fluid behavior in many simple flows,
such as small-amplitude oscillatory flows, start-up
shear, strain-rate flows, and all types of extensional
flows (uniaxial, biaxial, planar extensions). Pre-
dicted rheological parameters include the relaxation
modulus, G, the storage modulus, G’, the loss
modulus, G", the steady shear viscosity, 7, the
elongational viscosity, 77z, and the steady and time-
dependent normal stress differences, N; and N,, as
measured in shear flow (Papanastasiou et al., 1983;
Kajiwara et al., 1995).
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Fig. 2. The shear viscosity ns and normal stresses N; as a func-
tion of shear rate of the viscoelastic fluids considered in the
simulations. The symbols correspond to the experimental viscos-
ity data from Sullivan et al. (1987). Solid lines represent the K-
BKZ model predictions with material parameters given in tables
1-4.

Table 1. Material parameter values used in equation 3 for fitting
data of fluid CMCI1 made up of 1.25% CMC in DI water (o =
2.593, p=10.018, 8= —1/9).

Table 2. Material parameter values used in equation 3 for fitting
data of fluid CMC2 made up of 1.25% CMC and 0.005% PAA in
DI water (o= 6.2562, f=0.018, 0= —-1/9).

k 1 2 3 4
M (s) | 1.486:10% | 2.067-10° | 2.107-10 | 2.603-10™
a (Pa) | 3.000-10* | 9.096:10' | 2.257-10" | 3.449:10°

Table 3. Material parameter values used in equation 3 for fitting
data of fluid CMC2 made up of 1.25% CMC and 0.020% PAA in
DI water (o = 23.4493, f=0.018, 6= —1/9).

k 1 2 3 4
A (s) | 1.747-10* | 6.385-10° | 7.325-10% | 1.081-10°
a; (Pa) | 2.800-10° | 4.966:10" | 8.013-10° | 6.865-10°"

k 1 2 3 4
Mc(s) | 5.903:10° | 1.630-10° | 3.269-10% | 3.429-107!
a (Pa) | 5.000-107 1.491-10 2.697-10' | 1.516:10°

Table 4. Material parameter values used in equation 3 for fitting
data of a Boger fluid Bl (a = 8000.0, f=0.01, 6 = —1/9).

k 1 2
A (5) 2.895-10 2.013-10°
ay. (Pa) 1.051-10? 1.680-10!

=

\}\l\l\l\l\\ll\\

®
\
N
L
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|

Fig. 3. The variation of the dimensionless stress ratio (Sg) as a

function of shear rate for the viscoelastic fluids considered in

the simulations. The symbols correspond to the experimental
data obtained by Sullivan et al. (1987). Solid lines represent the
K-BKZ model predictions with material parameters given in
tables 1-4.

A measure of nonlinear viscoelasticity is the di-
mensionless stress ratio, Sk, defined as:

N N
S P - 1 _ 1 5

w
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where y is the shear rate and 7, is the wall shear
stress evaluated at y. For Newtonian fluids, Sz=0,

while the value of Sg=1 for non-Newtonian viscoe-
lastic fluids corresponds to flow conditions where
elastic forces are of the same order of magnitude as
viscous forces. Higher values correspond to domi-
nance of elastic forces over viscous forces. The pre-
dictions for Sg are plotted in figure 3. As illustrated,
Sk increases monotonically with 7, particularly with

the more nonlinear viscoelastic fluids. Its values
reach over 2 for the highly viscoelastic CMC3 fluid
at the highest shear rate value of 1000 s during the
viscometric measurement. The other two fluids
(CMC1 and CMC2) have lower values, while the
Boger fluid has a maximum Sy value close to 3 (the
most elastic).

4. METHOD OF SOLUTION

The K-BKZ integral constitutive equation (equa-
tion 3) is solved together with the conservation
equations and boundary conditions using the FEM.
A special numerical scheme is used to calculate the
viscoelastic stresses, which are split into a viscous
component with a reference viscosity to derive
a diffusive term in the momentum equation and into
an elastic term, which enters the calculations as a
pseudo-body force, as explained in detail by Luo and
Tanner (1986). This scheme was developed further
by Luo and Mitsoulis (1990a) to be valid for the
general case of flows with and without recirculation.
All numerical details are given in that work and are
not repeated here. Galerkin discretization is main-
tained and the numerical algorithm for convergence
is Picard iteration. Convergent solutions have been
obtained independent of mesh size, provided enough
elements are used and the solution procedure ad-
vances slowly from low — representing Newtonian
behavior — to higher flow rates by using a flow rate
increment scheme (Barakos & Mitsoulis, 1995). For
flows with free surfaces, such as the blade coating
flow considered here, and due to the viscoelastic
nature of the polymer solutions, it was found neces-
sary to proceed carefully and use under-relaxation
for the free-surface movement. To obtain a con-
verged solution at high roll speeds, the Adaptive
Viscoelastic Stress Splitting (AVSS) scheme was
implemented (Sun et al., 1996b). The computations
started from the Newtonian solution at low roll
speed and continued by increasing the apparent
shear rate Vz/H, (or roll speed V) to reach higher
values. More details for free surface flows involving

Boger fluids are given in the most recent work by
Mitsoulis (2010).

5. RESULTS AND DISCUSSION

The numerical simulations have been carried out
for a standard geometry used by Sullivan (1986) in
his experimental design apparatus (see, e.g., figure 6
of Sullivan et al., 1987). It comprises the liquid res-
ervoir with vertical walls, the channel between the
blade and the roll, and the exit region, in an effort to
compare the results with the experimental findings.
The domain exit has been set to around 20H, to
30H, from the channel exit, which was found suffi-
cient to achieve a flat velocity profile with no further
changes occurring. Details regarding grid informa-
tion and code names for the designs have been given
in our previous paper (Mitsoulis and Athanasopou-
los, 2010) and are not repeated here.

5.1. Flow field

We shall present results for the flow field in
terms of the kinematics (streamlines) and dynamics
(pressures and stresses). Viscoelastic effects modify
the flow field of the fluid approaching the blade nip.
Figure 4 shows that viscoelastic behavior is in sharp
contrast to Newtonian behavior (figure 4a), produc-
ing different flow patterns in the blade nip region.
The big Newtonian vortex of figure 4a is reduced as
the elasticity increases. For the geometry considered
in the simulation (L1010), the deflection point of the
recirculation upstream of the blade nip is being lo-
cated closer to the nip entrance for the viscoelastic
fluids than for the Newtonian case. The stream func-
tion has been made dimensionless and normalized as
in our previous work (Mitsoulis & Athanasopoulos,
2010) by using the maximum value on the roll wall
(solid circle) and the minimum value in the eye of
the vortex (open circle). Viscoelasticity serves to
reduce the size and intensity of recirculation.

That the deflection point of the recirculation up-
stream of the blade nip is being located closer to the
nip entrance for the viscoelastic fluids than for the
Newtonian case is further demonstrated when com-
paring the lines with a constant pressure (i.e., iso-
bars) for the Newtonian fluid and the highly viscoe-
lastic CMC3 polymer solution (figure 5). Again the
maximum is shown as a solid circle and the mini-
mum as an open circle. There is less pressure-driven
flow going through the nip in the case of the CMC3
solution.
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Fig. 4. Simulation results for the flow field in design L1010 of
blade coating: (a) streamlines pattern for the Newtonian fluid;
(b) streamline pattern for the CMCI viscoelastic fluid; (c)
streamline pattern for the CMC2 viscoelastic fluid.
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Fig. 5. Isobars of (a) the Newtonian fluid, and (b) the highly
viscoelastic polymer solution CMC3.

The axial pressure distributions for the different
fluids are shown in figure 6 in the exit from the nip
region. The pressure has been made dimensionless

by dividing by the reference stress 7Vz/H,. For
comparison purposes the results from the inelastic
Carreau model (same shear viscosity) are also given.
We observe that as the viscoelastic character of the
fluid increases, the pressures are higher under the
nip, and then at the exit (singularity) the pressures
show their singular behavior with very high positive
and negative values, after which on the free surface
go back to zero. The latter takes a longer distance to
occur the more viscoelastic the fluid is. We also
observe that under the blade and due its tapered an-
gle, a pressure increase occurs, which helps push the
fluid out. This situation is reminiscent of the journal
bearing flow in mechanical engineering applications.

T —
— Carreau | |
— CMCH1 1
skl N\ | CMC 2 ]
A —- CMC3 ]
g
g |
2 |
o
£ ! |
@ 000
o I
[=4
S L
2
e L
£ |
O o2s5f
_0'50-..|..1...|..|..|..-
-9 6 -3 0 3 6 9 12

Distance Along The Blade, x/H,

Fig. 6. Axial pressure distributions under the blade and in the
exit region for different viscoelastic polymer solutions CMCI to
CMC3 and compared with the inelastic Carreau predictions.

5.2. Stress field

Another important aspect of viscoelasticity in
blade coating is the influence of rheology on the
normal (7, and 7,,) and shear () stresses inside the
blade nip. The stresses have been made dimen-
sionless by dividing by the reference stress 70V z/Ho.
The normal stresses give rise to the first normal-
stress difference N,=7,-17,, which for viscoelastic
fluids can be very high (see figure 2). Normal forces
increase the blade lift, or the compressive forces
acting on to the substrate at the blade nip region.
When the elastic character of the material increases,
the normal stresses also become larger (figure 7).
The increase of the stresses for the highly elastic
CMC3 solution, compared to the less viscoelastic
CMCI solution, is approximately proportional to the
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increase of the dimensionless stress ratio (Sz) at
1000 s”. This suggests that material elasticity con-
tributes substantial normal forces during blade coat-
ings, the magnitude of the forces being proportional
to the elasticity at relatively high rates of shear.

1.5 LA DL NN NOLAL B DAL M R AN S S B
l\ Carreau
I q — CMC1
- e L B EEES CMC2 | 1
z 10r \ —-CcMC3 |
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Fig. 7. Axial first normal-stress difference N; distributions
under the blade and in the exit region for different viscoelastic
polymer solutions CMCI to CMC3 and compared with the
inelastic Carreau predictions.

Detailed distributions of the normal stresses z;,
and 7, are given in figures 8a and 8b, respectively.
We observe that the dominant normal stress is the
T, and is primarily responsible for the behavior of
N,, while 7, is an order of magnitude smaller due to
the small value of 6, the second normal stress differ-
ence ratio (equation 4). The viscoelastic nature of
the CMC solutions makes the stresses higher. They
also need a longer distance to relax down to O after
the exit from the blade nip than their inelastic Car-
reau counterparts.

The corresponding results for the shear stresses
7, are given in figure 9. Again, viscoelasticity
serves to increase these values, especially towards
the blade exit, due to the tapered geometry. Also
after the exit the shear stresses take a longer time to
relax.

5.3. Coating thickness

For a given coater geometry and operating con-
ditions, the coating thickness depends strongly on
the rheological behavior of the coating material.
Compared to the Newtonian case, the coating film
thickness reduces when viscoelastic effects are being

introduced. The measured, from Sullivan et al.
(1987), and the predicted film thicknesses appear in
table 5. The predictive capability of the K-BKZ
rheological model is excellent for the CMC1 and
CMC2 fluids. For the CMC3 solution, simulation
results overestimate the thickness by less than 10
percent, while for the Boger fluid, the simulated film
thickness is 10% greater than its experimental value.
The coating thickness decreases as the viscoelastic
character of the coating liquid becomes stronger.
The thickness also depends on roll speed, in agree-
ment with the experimental results of Sullivan et al.
(1987).
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Fig. 8. Axial normal stress (a) t. and (b) t,, distributions under
the blade and in the exit region for different viscoelastic poly-
mer solutions CMCI1 to CMC3 and compared with the inelastic
Carreau predictions.
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Table 5. Comparison between experimental coating thickness
and model predictions for different coating materials.

Material h,/ Ho . h/HO.
(Experimental)* | (Simulation)

Newtonian, flat blade 0.60 0.60
Newtonian, 10°-blade 0.76 0.76
CMC]1, 10%blade 0.79 0.79
CMC2, 10°-blade 0.71 0.70
CMC3, 10%-blade 0.62 0.67
Boger Fluid, 10°-blade 0.56 0.62

* Sullivan et al. (1987)

The blade nip geometry has a significant influ-
ence on the film thickness of the Newtonian fluid.
When the blade tip is parallel to the tangent at the
roll surface, the film is thinner than when there is
a 10° angle. A convergent channel underneath the
blade tip increases the pressure-driven flow through
the nip and, consequently, increases the hydrody-
namic lift and film thickness. The influence of ge-
ometry was not studied for non-Newtonian fluids;
hence the angle remained constant at 10°.

When the elastic character of the CMC/PAA flu-
ids increases (i.e., CMC solutions from 1 to 3), the
film thickness decreases monotonically. For CMCI1,
the film thickness is slightly (by 10.5%) greater than
that of the Newtonian fluid. This is consistent to the
observation by Sullivan et al. (1987) who found that
shear-thinning increases the film thickness. For the

CMCI1 fluid elasticity was relatively small, so that
viscous effects dominate the film thickness. How-
ever, as the elasticity of the fluid increased from
CMCI1 to CMC3, the film thickness decreased. This
elastic effect is reinforced by comparing the Boger
and Newtonian fluids under the same blade geome-
try. The Boger fluid provides significantly lower
film thickness, by about 26%, when compared to the
purely Newtonian fluid. Since the blade is fixed and
the fluid viscosity remains constant with the shear
rate, the reduced film thickness is solely attributed to
the elastic character of the fluid.

The results of this work demonstrate that
rheological models with multiple relaxation times
need to be considered in order to simulate the com-
plex flow of non-Newtonian fluids in blade coating.
The K-BKZ model represents accurately the viscoe-
lastic theology of the polymeric solutions of CMC
with PAA. Consideration of the wide spectrum of
relaxation parameters and the fading memory are
therefore essential in the constitutive equation which
describes the blade coating flow of these and other
coating materials of practical interest.

6. SUMMARY

The blade coating process of a fixed blade over
arotating roll has been simulated numerically for
viscoelastic fluids. The viscoelastic constitutive
equation used was based on the K-BKZ model,
which incorporates a spectrum of relaxation parame-
ters and fading memory effects. Numerical results
compare well with previous experimental data from
Sullivan et al. (1987), and Sullivan and Middleman
(1986). The coating film thicknesses of viscoelastic
CMC/PAA fluids observed in experiments was ac-
curately predicted by the FEM model using the K-
BKZ constitutive equation. The coating film thick-
ness for viscoelastic materials decreases as the vis-
coelastic character increases. This is specifically
illustrated by comparing the film thicknesses of the
Newtonian and the Newtonian-elastic (Boger) fluids.
The latter has substantially lower film thickness than
the Newtonian fluid.

The present simulations demonstrate that it is
now possible to study coating flows of viscoelastic
materials of practical interest. In order to apply the
modeling in coating flows the key issues are: (a)
proper characterization of the rheological properties
of the material, and (b) incorporation of a sophisti-
cated K-BKZ constitutive equation to describe coat-
ing rheology. Multiple relaxation parameters and
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fading memory are inherent characteristics to multi-
component colloidal dispersions in non-Newtonian
media, such as paper coatings. It would be of interest
in the future to use the K-BKZ model for simulating
the flow of pigmented paper coatings in blade coat-
ing. Further modeling work is also needed to include
and study the influence of slip, especially for fast
moving rolls and highly concentrated dispersions.
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NUMERYCZNA SYMULACJA FORMOWANIA
POKRYCIA PRZEZ OSTRZE PRZEMIESZCZAJACE
SIE NAD WALCEM

Streszczenie

W pracy przeprowadzono numeryczne symulacje metoda
elementow skonczonych (MES) dla ptynigcia w czasie formo-
wania pokrycia, stosujac ostrze przemieszczajace si¢ nad wal-
cem. 2-wymiarowa domena rozwigzania obejmuje zardéwno
pojemnik z ciecza formujaca pokrycie jak i obszar wokot ostrza
z powierzchnia swobodna. Materialem jest traktowany jako
ciecz Niutonowska polimer, charakteryzujacy si¢ migknigciem
przy $cinaniu, ktory wczesniej byt wykorzystany w badaniach
doswiadczalnych 1 teoretycznych. Pseudoplastyczno$é cieczy
polimerowych jest opisana przez model Carreau, ktory dobrze
oddaje dane do$wiadczalne dla lepkos$ci zaleznych od $cinania.
Plynigcie polimeru jest analizowane dla réznych predkosci
walca i okreslany jest rozmiar i ksztalt strefy recyrkulacji.
W zbiorniku pojawiaja si¢ duze wiry, a ich intensywno$¢ jest
obliczana dla roéznych warunkow procesu i ksztaltow ostrza.
Obliczone ksztattny swobodnych powierzchni oraz grubosci sa
zgodne z danymi doswiadczalnymi. W wyniku $cinania zmniej-
sza si¢ lepko$¢ i wzrasta grubos¢ pokrycia dla danej geometrii
narzg¢dzi, co zaobserwowano rowniez w doswiadczeniu. Ten
wzrost wystepuje dla wyktadnika w prawie potegowym n > 0.3,
podczas gdy intensywne migknigcie przez Scinanie (n < 0.3)
zmniejsza ta grubo$é. Te obserwacje rowniez zgadzaja sig
z wynikami wcze$niejszych badan dla innych ksztaltow i dla
pltynéw charakteryzujacych si¢ znacznym migknigciem przez
$cinanie. Wraz ze wzrostem n w zakresie 1 = n > 0 zmniejsza
si¢ wir zarowno pod wzglgdem wymiaru jak i intensywnosci.
Symulacje dostarczyly takze szeregu informacji odno$nie napreg-
zen 1 ci$nien. Zaobserwowano, ze niektore ksztalty narzedzi w
operacji powlekania pokryciami sa lepsze od innych. Ze wzglg-
du na potaczenie mechaniki plynow z migknigciem w wyniku
$cinania, ktora pojawia si¢ w polu przeptywu, geometria prze-
plywu jest interesujacym przyktadem dla symulacji i projekto-
wania. Ksztalt przeptywu jest interesujacym przyktadem dla
symulacji i projektowania.
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