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Abstract

Numerical simulations have been carried out via the finite element method (FEM) for the forming flow of coating
using a system of blade and roll. The flow domain encompasses both the coating fluid reservoir and the doctor-blade re-
gion with free surface and is fully two-dimensional. The materials of this study are Newtonian and shear-thinning poly-
mer solutions used previously in an experimental and theoretical investigation. The pseudoplasticity of the polymeric lig-
uids is modelled by the Carreau model, which fits well experimental data for the shear viscosities. For different roll
speeds, the entire flow domain is analyzed, and the extent and shape of recirculating zones are found. Large vortices ap-
pear in the reservoir, and their intensity is computed under different operating conditions and blade geometries. The com-
puted free surface profiles and coating thicknesses are in close agreement with the experimental ones. Shear thinning in-
creases the coating thickness for a given geometry, as was also found experimentally, when compared with the Newto-
nian values. This increase is valid up to power-law index n > 0.3, while extreme shear-thinning (power-law index n < 0.3)
reduces the coating thickness. This new finding is in agreement with previous findings in other geometries for highly
shear-thinning fluids. The vortex decreases in size and intensity monotonically and linearly with n, in the range 1 > n > 0.
The simulations also provide a wealth of information regarding stresses and pressures and show that some geometries are
better than others in coating operations. The flow geometry provides an interesting case for simulation and design, due to
a combination of fluid mechanics and shear-thinning phenomena that take place in this flow field.
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1. INTRODUCTION

Coating flows are of particular interest in the
film coating industry, where minute volumes of
liquid are coated on extremely thin layers over
a substrate. The analysis so far has been based
mostly on Newtonian (Kistler & Scriven, 1984) or
generalized Newtonian models (Sullivan et al.,
1987), which do not take into account the viscoelas-
ticity of many coating liquids. The problem is com-
pounded by the presence of free surfaces both up-
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stream of the substrate and downstream, where the
actual coating takes place (see figure la for the
blade-coating process).

Previous experimental work by Sullivan and
Middleman (1986) showed that rheological effects
are important in blade coating, and in particular that
viscoelasticity can have an influence in the flow
patterns and affect the coating thickness of the lig-
uids. The subject of properly modelling viscoelastic-
ity through constitutive equations is a major one
(Sullivan, 1986; Mitsoulis, 1990). Some efforts in
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using realistic viscoelastic models, in particular inte-
gral constitutive equations of the K-BKZ type, have
been made in the numerical simulation of coating
flows (see, e.g., Mitsoulis & Triantafillopoulos,
1997; Mitsoulis & Pham, 1996), but the subject still
needs a lot of additional work due to the inherent
difficulties of coating flows.

(inlet)

S (b)

free surface
wall

(outlet) pjug
\\\\\\\\\\\\\\\\\‘\\ :
\\\\\\‘\\\\ - N\\\N flow-
A ‘\\\\\\\\\\\ moving boundary \ B

Fig. 1. (a) Schematic diagram of the blade-coating domain with
relevant notation; (b) flow domain with the addition of a reser-
voir wall upstream and relevant boundary conditions.

On the other hand, a lot of insight can be had by
using shear-thinning constitutive laws and finding
out the effect that shear thinning has on the upstream
kinematics (vortex formation) and the coating thick-
ness. This comes from the fact that many coating
fluids are shear-thinning polymer solutions (Sullivan
& Middleman, 1986; Sullivan, 1986). The previous
work by Sullivan et al. (1987) showed some interest-
ing features of blade-coating operations, but admit-
tedly the boundary conditions used by the authors in
the upstream reservoir were arbitrary and needed
improvement. In particular, the upstream free sur-
face is substituted by a reservoir wall in the present
study (see figure 1b) in order to have a distinct
boundary for the flow domain.

It is the purpose of this work to re-examine the
geometries used in the experiments by Sullivan
(1986) and give a full account of the upstream kine-
matics and coating thicknesses for shear-thinning
polymer solutions. A parametric study of shear-
thinning will be also carried out to find the effect
that shear-thinning has on the flow behaviour and
coating thickness.

2. MATHEMATICAL MODELLING OF
COATING FLOWS

2.1. Conservation and constitutive equations

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

V.-v=0 (1)

pv-Vv=-Vp+V.1 2)

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

The constitutive equation that relates the stresses

7T to the velocity gradients is the generalized Newto-
nian model (Sullivan, 1986) and is written as:

T=n(7)Y €)

where ¥ = Vv + Vv’ is the rate-of-strain tensor and
n(y)is the apparent viscosity given by the Carreau
model

NG =n, + o1+ (A7) F (4)

In the above, 7, is the zero-shear-rate viscosity,
7N 1s the infinite-shear-rate viscosity, A is a charac-
teristic time and # is the power-law index. The mag-
nitude y of the rate-of-strain tensor is given by

N LY
y—\/zly \/2(7-7) (5)

where [ ; is the second invariant of the rate-of-strain

tensor.

The materials in question are Newtonian fluids
and shear-thinning polymer solutions used in the
previous experimental study by Sullivan and Mid-
dleman (1986). The polymer solutions are carboxy-
methyl-cellulose (CMC) solutions (1.25% wt) in
distilled water. As such they are inelastic, shear-
thinning. The values of the constants are given in
table 1. With these values the predictions for the
shear viscosity 7¢ are plotted in figure 2, together

with the experimental data.
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Table 1. Material parameter values used in eq. (4) for fitting
data of the 1.25% aqueous CMC polymer solution according to
Sullivan (1986) (p = 1.0 g/em’). For the Newtonian fluid (Karo
Syrup), = 1.0 Pa-s and p = 1.3 g/em’.

Mo (Pa-s) Noo (Pars) A (s) n(-)
1.7 0.017 0.22 0.52

10 ———r ——r

Viscosity, n (Pa's)

1 10 100 1000

Shear Rate, y (s™)

Fig. 2. Model predictions (line) of shear viscosity ns for the
shear-thinning 1.25% CMC aqueous polymer solution using eq.
(4) with the material parameters given in Table 1. Symbols are
experimental data reported by Sullivan (1986).

2.2. Boundary conditions

For the flow boundary conditions and with re-
gard to figure 1b, we impose the following: (1)
along the roll surface AB, which is a moving bound-
ary, no-slip velocity, i.e., v,= V¢, v,= 0; (2) along the
outlet exit BC, where a plug flow exists, zero surface
tractions and v, = 0; (3) along the free coating sur-
face CD, a kinematic boundary condition of no-cross
flow, 1.e., n * v = 0, where n is the unit outward nor-
mal vector to the surface; (4) along the blade wall
DE, no slip velocity, i.e., v, = v, = 0; (5) along the
vertical blade wall EF, no slip velocity, i.e., v, = v, =
0; (6) along the reservoir inlet entry FG, zero surface
tractions and v, = 0; the assumption of zero surface
tractions is considered as a good approximation due
to the large flat surface area of the liquid in the res-
ervoir; (7) along the reservoir left wall GA, no slip
velocity, i.e., v, =v, = 0.

Note that at point A there is a singularity, be-
cause mathematically the same node has a zero ve-
locity if it belongs to the reservoir wall GA and
a finite Vy 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
anon-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 Vi, and all stresses and pressures
by 770Vr/Ho.

3. METHOD OF SOLUTION

The above constitutive equation is solved to-
gether with the conservation equations under steady-
state conditions using the Finite Element Method
(FEM) with unknowns the velocities, pressures, and
free surface coordinates (u-v-p-h formulation)
(Mitsoulis et al., 1988). The finite elements used are
9-node Lagrangian quadrilateral isoparametric ele-
ments, with biquadratic interpolation functions for
the velocity (u-v) and the free surface height (h), and
bilinear functions for the pressure (p). Galerkin dis-
cretization is maintained for the integral terms of the
governing equations and Gaussian quadrature is
used for their integration. The numerical algorithm
for convergence of the nonlinear system of the dis-
cretized algebraic equations is Picard iteration (di-
rect substitution or fixed-point algorithm). Conver-
gent solutions have been obtained independent of
mesh size, provided enough elements are used in
both the axial and vertical directions. The solution
procedure for the Newtonian fluids reaches within
10 iterations machine accuracy for the norm-of-the-
error of the updates (~10"%), while the maximum
difference in velocities is in the order of 10™, in
pressures around 107 and in change of free surface
location around 107, For the shear-thinning Carreau
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fluids, 120 iterations were used to reach slightly
higher errors (~10'6, 102, 10", 10 respectively).
Unlike our previous experience with free-surface
viscoelastic flows in extrusion (Barakos &
Mitsoulis, 1995), it was not necessary to use under-
relaxation for the free-surface movement. The drag-
ging action of the moving roll was evidently respon-
sible for bringing the free-surface movement to its
final position without much effect from the stresses.

4. RESULTS AND DISCUSSION

The numerical simulations have been carried out
for all 12 geometries used by Sullivan (1986) in his
experimental design apparatus (see, e.g., figure 6 of
Sullivan et al., 1987). It comprises the liquid reser-
voir 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 20 to 30H,
from the channel exit, which was found sufficient to
achieve a flat velocity profile with no further
changes occurring.

Table 2. Different geometries used in blade-coating experiments

by Sullivan (1986) and in the present simulations (R=6.985 cm,
Vr=35 rpm = 25.6 cm/s).

W (em) | o (deg) | Ho(em) | Grid* (e(liﬁ /ﬁl()fg:s’;zg;n*)
1313 | 0 | 01270 | L050 | 618/2631/4724
1313 | 0 | 00762 | L030 | 570/2439/4388
1313 | 0 | 00254 | LOI0 | 518/2225/4009
1313 | 10 | 0.1270 | L1050 | 792/3341/5977
1313 | 10 | 00762 | L1030 | 592/2523/4532
1313 | 10 | 0.0254 | L1010 | 542/2325/4187
0173 | 0 | 01270 | S050 | 656/2781/4985
0173 | 0 | 00762 | S030 | 568/2421/4349
0173 | 0 | 00254 | S010 | 5722445/4397
0173 | 10 | 0.1270 | SI050 | 656/2781/4985
0173 | 10 | 00762 | SI030 | 560/2385/4283
0173 | 10 | 00254 | SI010 | 572/2445/4397

* The grids are referred as LoH, or SoH,, where L = large
blade, S= small blade, ® = blade angle (deg) and Hy = minimum
height in mils (Sullivan, 1986).

** The degrees of freedom (dof) refer to the number of equa-
tions for velocities and pressures minus the number of known
boundary conditions.

The calculations have been performed with sev-
eral grids to establish results independent of mesh
influence. Typical finite element grids have around
600 elements, 2500 nodes and 4500 degrees of free-
dom. All details regarding grid information and code
names are given in table 2. Two typical grids are
shown in figure 3 for large and small blades. Many

elements are concentrated near the walls and the
singularities (points A, D, and E of figure 1b), where
most of the drastic changes occur.

15 T T T T ]
LT (a ]
L] | 1
10 T N .
i [~ 4
- H T~ B Blade
> HL T~ ]
Y S 1y N N iy ]
£ T ]
i ]
[} ! 4
T of H ]
|~ = ]
4 4
= Roll 1
S e T
-20 -10 0 10 20
Dimensionless Distance , x/H,
s T T ]
1] N (b
o 10 - T % ]
< [T N 5
> T~ 1 om
5 °[ - m ]
] L]
T [T [
0 [ = B
[ = Roll ]
PRI S T N S R | PRI SN SR SR SR SR SN SN S S N O S S S |
-15 -10 -5 0 5 10 15

Dimensionless Distance , x/H,

Fig. 3. Typical finite element grids used in the blade-coating
simulations. (a) L1010 and (b) S050, see Table 2 for details.

4.1. Coating thickness

Regarding coating thicknesses, all results are
given in Table 3. It is seen that the shear-thinning
fluids provide always thicker coatings than their
Newtonian counterparts for the same geometry, by
as little as 2.8% for S010 and as much as 10% for
S1050. This finding is also predicted by the lubrica-
tion approximation theory (Sullivan, 1986). Our
results are also in very good agreement with the
results given by Sullivan et al. (1987) (see figure 4),
although we have used different boundary condi-
tions upstream. This is not surprising, because for
purely viscous fluids as the ones considered here, the
coating thickness depends on local variables and not
on upstream kinematics and memory effects, as is
the case for viscoelastic fluids (Mitsoulis & Trianta-
fillopoulos, 1997; Mitsoulis & Pham, 1996).

In general, by keeping constant the geometric
characteristics (W, w), an increase in the minimum
gap H, causes an increase in the coating thickness 4,
and this conclusion is valid independent of the fluids
used (Newtonian or Carreau). The influence of the
blade angle (w) for constant (W, H) is to increase
the coating thickness as well. Finally, the influence
of the blade width (W) for constant (w, Hp) is to also
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increase the coating thickness. The same conclusions
have been reached by Sullivan et al. (1987).
Table 3. Coating thicknesses for different geometries used in

blade-coating experiments by Sullivan (1986). Results from
present simulations (R=6.985 cm, Vx=35 rpm = 25.6 cm/s).

h’=h/H, h(mm)
Grid % Change

Newtonian | Carreau | Newtonian | Carreau

L010 0.675 0.720 0.171 0.183 7.018

L030 0.641 0.672 0.488 0.512 4918

L050 0.622 0.652 0.790 0.828 4.810

L1010 0.877 0.941 0.223 0.239 7.175

L1030 0.810 0.861 0.617 0.656 6.321

L1050 0.765 0.828 0.972 1.052 8.230

S010 0.566 0.583 0.144 0.148 2.778

S030 0.585 0.632 0.446 0.482 8.072

S050 0.608 0.660 0.772 0.838 8.549

S1010| 0.744 0.789 0.189 0.200 5.820

S1030| 0.697 0.759 0.531 0.578 8.851

S1050| 0.678 0.745 0.861 0.946 9.872

08 A -KsiGW 15RPM Y
O -KS/G/W 35RPM
07k o -KsiGw 55RPM
|l + -KS/IG/W 35RPM
06 L * - GLYCEROL 35RPM i
X -KARO SYRUP  25RPM
| ® -Finite Element Simulations

0.5

0.4

h (mm)

0.3 -
0.2 -
0.1
0.0 — _

. 1 . 1 . 1 . 1 . 1 . 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

H, (mm)

Fig. 4. Coating thickness as a function of minimum gap H, for
Newtonian fluids. Experimental results by Sullivan [2] and
current numerical simulations by the Finite Element Method.
The abbreviations are: KS=Karo Syrup, G=Glycerol, W=water.

Table 4. Coating thicknesses for different roll speeds used in
blade coating. Results from present simulations (R = 6.985 cm,
L010).

Roll Speed h"=h/H, h(mm)

Vg (rpm) | Newtonian | Carreau | Newtonian | Carreau
35 0.675 0.720 0.171 0.183
350 0.675 0.706 0.171 0.179

Changing the roll speed by an order-of-
magnitude (i.e. from 35 rpm to 350 rpm) gives no
changes in the coating thickness for the Newtonian
fluids as expected from dimensionless arguments,
while for the shear-thinning Carreau fluid there is a

slight decrease in the order of 2% for a given ge-
ometry (L010). The results are given in table 4 for
this case and are again in agreement with the ex-
perimental observations by Sullivan (1986).

4.2. Upstream kinematics

A major part of this work is dealing with the
streamline patterns that exist upstream of the blade
in any coating operation, due to the dragging action
of the roll or a moving web (Davard & Dupuis,
2000). We begin with a typical streamline pattern
corresponding to the geometry of L1030 for a New-
tonian and a shear-thinning fluid modelled by the
Carreau equation (4). As shown in figure 5, there are
big vortices in both cases, but in a dimensionless
form the vortex for the shear-thinning fluid is much
less in size and intensity than its Newtonian coun-
terpart.
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Fig. 5. Streamline patterns for (a) Newtonian and (b) Carreau
fluid in the L1030 geometry. The inset shows details near the
blade exit where the free surface starts.

The vortex intensity is determined by the dimen-

. . * .
sionless value of the stream function /. in the
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eye of the vortex. The stream function is made di-
mensionless and normalized according to the follow-
ing formula

+_ YV-Ve
Ve —Vc

Y (6)

where 5 is the value of the stream function on the
roll surface (or point B of figure 1b), and yr is the
value of the stream function on the free surface (or
point C of figure 1b). In such a way, the denomina-
tor yp - wc corresponds to the flow rate that leaves
the flow field, and in normalized form takes the
value of 1. The zero value of the normalized stream
function determines the separating streamline and

sets the vortex envelope. Then, the value of y/:,min

in the eye of the vortex corresponds to the amount of
flow rate that recirculates in the vortex envelope.

a)

Stress , 7, (Pa)

Stress , 7, (Pa)

PN [N ST TN TR N ST SN SO T N T S S PR T T N T S ' i
-20 -15 -10 5 0 5 10
Distance along the Blade , x/H,

200 b 14

Fig. 6. Axial shear stress profiles along the blade wall and the
roll for (a) Newtonian and (b) Carreau fluid in the L1030 ge-
ometry. The dashed lines correspond to the corners of the blade
(singular points D and E of Fig. 1b).

With the above definitions and referring to fig-
ure 5, it is seen that about 150% of the Newtonian
fluid recirculates in the reservoir, while only about
60% of the shear-thinning fluid recirculate. This is in
agreement with the shear-rate dependence of the
viscosity, which makes the fluid more difficult to
move in regions of low shearing, as is the case in the
vortex area.

Another interesting feature is the appearance of
the two stagnation points (denoted as SP in the fig-
ures), where the zero-streamline hits the blade wall.
These are the points where the flow splits into two
and where the shear stress becomes zero. Their exact
location can be found by plotting the shear stress
profile as a function of the dimensionless axial dis-
tance x/H0, as shown in figure 6. The singularities at
the blade corners (points D and E of figure 1b,
shown as dashed lines here) are responsible for cre-
ating the high stress jumps, due to the abrupt
changes in the velocity (point D) and its gradient
(point E).
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Fig. 7. Streamline patterns for (a) Newtonian and (b) Carreau
fluid in the S010 geometry. The inset shows details near the
blade exit where the free surface starts.
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Another interesting case is the geometry S010,
which gives the streamline patterns of figure 7 for
the two fluids. The Newtonian fluid recirculates
300% of the flow rate, while the Carreau fluid recir-
culates 180% of the flow rate in this geometry. The
stagnation points SP in this geometry (and all other
small blade geometries) are on the vertical blade
wall ending at the blade corner, and thus the vortex
does not reach under the blade. The corresponding
stresses show this as well, as evidenced in figure 8.
The values of the shear stresses are also much lower
than the Newtonian ones due to shear thinning.
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Fig. 8. Axial shear stress profiles along the blade wall and the
roll for (a) Newtonian and (b) Carreau fluid in the S010 geome-
try. The dashed lines correspond to the corners of the blade
(singular points D and E of Fig. 1b).

It is instructive to change the geometry of the
upstream reservoir and see what changes are af-
fected in the flow field. We have used as reference
the L1010 geometry and the Carreau model. First,
we have changed the height of the reservoir and
observe no change whatsoever in vortex size and
intensity (see figure 9b). Then, we have changed the
width of the reservoir, and here we observe a change
in the vortex intensity and in the location of the
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Fig. 9. Influence of reservoir geometry on the streamline pat-
terns for a shear-thinning Carreau fluid: (a) original design, (b)
design with higher reservoir walls, (c) design with wider reser-
voir walls. The inset shows details near the blade exit where the
free surface starts.
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stagnation point on the vertical blade wall to ac-
commodate the bigger flow field. However, the loca-
tion of the stagnation point under the blade is not
affected nor was the coating thickness. Therefore,
we conclude that for viscous shear-thinning fluids,
the changes in the reservoir size affect only the
amount of recirculating vortices but not the coating
thickness nor the location of the stagnation point
under the blade.

4.3. Pressure and stresses

The numerical simulation gives also a wealth of
information about the pressure and normal stresses
in the flow field. A typical example of isobars and
pressure distribution under the blade and on the roll
surface is given in figure 10 for the Carreau model
in the L1010 geometry. The isobars have been made
dimensionless and normalized with the maximum
and minimum values of the pressure, according to
the formula

. P-P_
P — min (7)
Pmax _Pmin
a)
so—‘—
80 - 4
;D
3 40 - 4
£t
o 20 - e
T N
o .
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Distance along the Blade , x/H,

Fig. 10. (a) Isobars and (b) pressure distribution in blade coat-
ing of a shear-thinning fluid obeying the Carreau model in the
L1010 geometry. The inset shows details near the blade exit
where the free surface starts.

where P, and P,,;, are the maximum and minimum
pressures in the field, respectively. The value of the
maximum pressure is given in figure 10b together
with the coordinates of its location. We observe that
due to the severe singularities at points A and C of
figure 1b, the isobars are dense there (see inset for
details near the blade exit).
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Fig. 11. (a) Isobars and (b) pressure distribution in blade coat-
ing of a shear-thinning fluid obeying the Carreau model in the
S010 geometry. The inset shows details near the blade exit
where the free surface starts.

The pressure distributions are almost the same
under the blade and on the roll surface, but due to
the small angle they are not identical. This is the
case for the flat blades, where the lubrication ap-
proximation is exactly valid. An example of this is
given in figure 11b for the SO10 geometry. In this
figure, the singularities at the blade corners (points
D and E of figure 1b) cause the sharp spikes for the
pressure, but on the smooth roll surface the pressure
distribution is also smooth. The pressure distribu-
tions for the two surfaces coincide in the middle
region under the blade due to the flat blade used.
The results for the pressure distribution also make
clear that this geometry is not as good as others,
because of the negative pressures generated in the
field under the blade. It is, therefore, necessary to
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have a big enough blade to generate enough pressure
in the flow field for a certain roll speed.
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Fig. 12. Stress contours in blade coating of a shear-thinning
Sfluid obeying the Carreau model in the S010 geometry: (a) t,
(b) ., (c) shear stress t,,.

Finally, a typical example of the stress contours
is given in figure 12, for the three stresses (normal
stresses 7., 7,, and shear stress z,,) in the S010 ge-
ometry. This type of information can be useful in
determining the maximum absolute values of
stresses that the fluid is subjected to and which may
be detrimental to the coating if exceeded.

Viscosity, n (Pa s)

Increasing shear-thinning

1 10 100 1000

Shear Rate, y (s'1)

Fig. 13. Shear viscosity as a function of shear rate predicted by
the Carreau model for different values of the power-law index n.

4.4. Parametric study of power-law index n

In an effort to understand the influence of shear-
thinning behaviour on the coating thickness and
streamline patterns, we have undertaken a paramet-
ric study of the power-law index » in the Carreau
model (eq. 4) between the values of n = 1 (Newto-
nian fluid) and » = 0 (extreme shear thinning). The
viscosity behaviour for select n values is given in
figure 13 for the Carreau model that describes the
shear-thinning behaviour of the CMC aqueous
polymer solution.

The results for the coating thickness are given in
figure 14 for the select geometry LO10. We observe
the very interesting phenomenon of coating thick-
ness increase for n > 0.3, after which there is a de-
crease all the way to n = 0. This behaviour is similar
to results in other geometries, such as extrudate
swell of power-law fluids (Mitsoulis et al., 1984)
and in the calculation of the drag coefficient in flow
of power-law fluids around a sphere (Missirlis et al.,
2001).
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Fig. 14. Coating thickness as a function of the power-law index
n in blade-coating simulations with the Carreau model in the
L010 geometry.
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The corresponding results for the vortex inten-
sity are given in figure 15, where it is seen that
a monotonic linear decrease in the amount of recir-
culation is obtained as the power-law index goes
from a Newtonian behaviour to an extreme shear-
thinning one. This linear decrease is valid for all
geometries, but the amount of recirculation depends
on each geometry considered.
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Fig. 15. Percent recirculation as a function of the power-law
index n in blade-coating simulations with the Carreau model in
the LO10 geometry.

5. SUMMARY

The process of blade-over-roll coating has been
simulated numerically as a fully two-dimensional,
steady-state, isothermal flow using the finite-
element method. Newtonian and shear-thinning flu-
ids are considered, the latter being modeled with the
Carreau constitutive equation. The simulations have
been carried in 12 different geometries, taking into
account the reservoir wall upstream of the blade. Its
presence affects the vortex size and intensity but not
the final coating thickness, which depends for vis-
cous fluids both on the blade geometry and the
rheology (amount of shear thinning) of the coating
fluid.

It was found that opening the minimum gap,
opening the blade angle and making the blade larger
increase the coating thickness, which was also found
previously experimentally. More shear-thinning also
increases the coating thickness for values of the
power-law index n down to 0.3, after which a de-
crease is observed. The amount of recirculation in
the reservoir decreases monotonically with an in-
crease in shear thinning (i.e., a decrease in the
power-law index n).

The present results show that for purely viscous
fluids there is now a good way of obtaining accurate
predictions and details of the flow field, despite the

many difficulties of the coating flows (existence of
stagnation points, free surfaces, and singularities of
varying degree of difficulty). This is a good starting
point for the much more demanding and harder task
of simulating viscoelastic coating flows, where the
problem is compounded by the choice of a proper
constitutive equation and the numerical handling of
singularities and recirculating patterns.
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MODEL CIEPLNY PROCESU LACZENIA
TARCIOWEGO Z MIESZANIEM MATERIALU
ZGRZEINY NA PRZYKLADZIE STOPU Al-Zn-Mg-Cu
MODYFIKOWANEGO SKANDEM

Streszczenie

Niewielki dodatek skandu do stopu Al-Zn-Mg-Cu z serii
7000 moze w znaczacy sposOb poprawi¢ wlasciwosci mecha-
niczne w temperaturze pokojowej oraz powstrzymaé spadek
wytrzymato$ci w temperaturze podwyzszonej. W zaprezento-
wanych badaniach dokonano oceny wtasciwosci mechanicznych
potaczen stopu Al-Zn-Mg-Cu modyfikowanego skandem wyko-
nanych metoda zgrzewania tarciowego z mieszaniem materialu
zgrzeiny (FSW). Badania mechaniczne wykonano na materiale
rodzimym oraz na probkach zgrzewanych z predkosciami obro-
towymi narzedzia 175, 225, 250, 300, 350 i 400 obrotow na
minut¢ (przy jednakowych pozostatych parametrach procesu).
Opracowano komputerowy model cieplny zgrzewania tarciowe-
g0 z mieszaniem materialu zgrzeiny wykorzystujacy energe-
tyczny wspolczynnik ujmujacy poslizg narzedzia w trakcie
procesu. Wspotezynnik ten zaproponowano w oparciu o do-
$wiadczalng zalezno$¢ pomigdzy stosunkiem maksymalnej
temperatury podczas zgrzewania do temperatury solidus oraz
energii wydatkowanej na jednostke dtugosci zgrzeiny. Opraco-
wany model bardzo dobrze przewiduje maksymalne temperatury
zgrzewania dla szerokiego zakresu energii oraz wykazuje dobra
korelacje wlasciwosci mechanicznych z temperatura przewi-
dziana przez model.
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