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PEER REVIEWED

A PAPER OR PAPERBOARD PRODUCT

may be coated to improve
the optical and printing
properties. Supported by a

rubber-covered roll, the paper web
passes at high speed under a blade
that takes off the excess coating.
After drying, a thin and porous coat-
ing layer covers the paper surface.
The blade coating operation is often
performed at a speed of 15 m/s or
higher. A number of control and
operational problems are associated
with the process, especially at a high
speed or at a high concentration of
coating solids.

One problem is that the paper
and the rubber roll bend out of
shape during blade coating.This
deformation has an impact on the
coat weight uniformity and on the
general operation of the process.Pre-
vious research has shown that the
geometry of the blade and roll in its
fine details determines the forces
acting on the blade. Some have spec-
ulated on the geometry of the roll
deformation, but this aspect has not
been closely studied.

Our research reported here cen-
ters on the question of how the coat-
ing performance is affected as the
coating substrate deforms under
pressure applied by the blade. In this
work, we have calculated the pres-
sure field under the blade in con-
junction with the stress field in the
paper and rubber roll. Our results
may prove helpful in the ongoing
effort to analyze probable responses
in the blade coater’s performance
when variations in process parame-
ters are being considered.

PREVIOUS RESEARCH
Over the last few decades, Turai,
Eklund and Kahila, Kuzmak, and oth-
ers have analyzed various aspects of
the blade coating process (1–3).The
lubrication flow under the blade is
an important aspect of the coating
operation. The coat weight is con-
trolled with blade loading, where the
blade is supported by the lubrication
flow under it.The inertia of the flow
striking the blade is an important fac-
tor, at least in blade coating systems
with an applicator roll.

The deformation of the blade dur-
ing bent blade coating was modeled
by Saita and Scriven (4).They calcu-
lated the deformation of the blade in
conjunction with the lubrication
flow. An important aspect of the
results is that there is a limit to the
coat weight range a bent blade can
produce. If the loadings increase
beyond this limit, the blade deforms
to such a point that the geometry
starts to change and the coat weight
increases instead of decreasing. The
analysis explains both experiments
and normal operation with the bent
blade coater.

Pranckh and Scriven (1990) pre-
sented a finite element analysis of
the blade coating operation with an
applicator roll system (5). The full
two-dimensional flow field was cal-
culated with free surfaces of the
coating being free both upstream
and downstream of the blade. The
blade deflection was calculated in
conjunction with the coating flow.
The compression of the paper web
was included as a simple spring
model, since the substrate deforms

locally under local stresses. This
model may be good for materials of
low Poisson ratio,but it should fail to
describe materials such as rubber.
The rubber cover is often fifty times
thicker than the paper, so  any defor-
mation of the fiber web is likely to
be small compared to the deforma-
tion of the rubber cover.

Chen and Scriven described the
penetration of fluid into a compress-
ible porous web during blade coat-
ing (6).The fluid flow was described
by the lubrication theory. The roll
coating operation was solved in full,
and the blade coating was assumed
to use a pressure pulse (5).The pen-
etration and compression of air were
taken into account as well as the
compression of the web, and a local
spring model was used to contend
with compression.

The influence of a shear-thinning
rheology on the fluid flow was
reported by Isaksson and Rigdahl
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ABSTRACT
The deformation of a fiber web and
a rubber-covered roll is modeled in
conjunction with the fluid dynamics
during blade coating. Deformations
are calculated with a finite element
method and a simple spring model.
The simple spring model for the solid
deformation is inadequate for defor-
mations over 5 µm.As deformation
increases, a single pressure peak
develops a shoulder and eventually
develops into a double pressure peak.
Further deformation leads to a case
where no solution to both equations
can be found.This condition may rep-
resent an industrial blade coater for
which there is a lower limit to the
coat weight.

Application: This analysis character-
izes how the deformation of rubber
and paper affect the steady opera-
tion of the blade coater. Operational
limits may be defined by this work.
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(7). In particular, they analyzed the
influence of the rheological proper-
ties of the coating fluid on the pres-
sure distribution under the blade.
The effect of substrate compression
was reported, but the compression
geometry and the amount of com-
pression were estimated and were
not a result of a calculation. How-
ever, the researchers showed that the
compression of the substrate has a
significant effect on the pressure dis-
tribution under the blade.

The hardness of the backing roll
has been demonstrated by Ortman
and Donigian to influence the uni-
formity of the coat weight (8). This
finding indicates that the backing
roll does deform during blade coat-
ing. In addition, the influence of the
paper deformation is minimal com-
pared to the compression of the
backing roll in terms of determining
the coat weight distribution.

Eklund and Kahila (2), Triantafil-
lopoulos and Altug (9), Guler and
Bousfield (10), Isaksson et al. (11),
and others report experimental
results of blade coating operations.

Often the forces
of lubrication
flow are esti-
mated based on
an assumed
geometry. How-
ever, these forces
can change dras-
tically for small
changes in the
geometry; in fact,
a shift of one

degree in the blade angle can cause a
doubling of the forces on the blade
(10).The substrate compression will
cause fine features of the geometry
to change.This compression must be
understood before a good compari-
son can be made between experi-
mental results and theory. Further-
more, the substrate deformation
under the blade also holds implica-
tions for the quality of the coated
product. Engström and Morin noted
that a more pronounced compres-
sion of the paper surface can pro-
duce a coating layer of a more uni-
form thickness (12).

MODEL DEVELOPMENT
Solid mechanics

The deformation of the paper web
and the underlying rubber cover are
calculated with a program,ABAQUS,
which is based on the finite element
analysis. The paper and rubber are
assumed to be linear elastic isotropic
materials. For example, the strain in
the x direction, εε

x
, is related to the

stress components σ
x
, σ

y
, and σ

z
by

the relationship (13):

where E is the elastic modulus and ν
is the Poisson ratio.

Equation 1 and a similar equation
for the y direction are solved simulta-
neously with the stress balances and
the compatibility equations. The
boundary conditions are described
below. The assumptions are that the
strain occurs in a plane and that defor-
mation is not dependent on time.

In the calculations, the rubber is
assumed to have a thickness of 5
mm,a Young’s modulus of 5 MPa,and
a Poisson ratio of 0.45. Paper is
assumed to have a thickness of 0.1
mm, a Young’s modulus of 250 MPa,
and a Poisson ratio of 0.05.These val-
ues are chosen based on published
data. For the solid mechanics, the
domain length in the machine direc-
tion is 4 mm; this length gives room
in front of and behind the blade.The
elements in the paper plane are
spaced every 20.0 µm in the
machine direction.The blade heel is
at the center of the domain.

In the calculations, the substrate
experiences the pressure pulse from
the flow field.The pressure profile is
imposed as a stress boundary condi-
tion to the top elements in the
domain. FFiigguurree  11 illustrates the finite
element mesh used to calculate the
deformation of the substrate.

In the independent spring model
of substrate deformation, the dis-
placement of the web is assumed to
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2. Geometry of the fluid flow field.The calculation domain starts
0.5 mm upstream from the blade heel.The distance from the
heel to the toe here is held at 0.5 mm.
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1. Solid mechanics domain and finite element mesh.The top
layer is composed of elements with paper properties.The bot-
tom layer is composed of elements with rubber properties.
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Fluid dynamics
The fluid dynamics are solved using
a lubrication analysis. The pressure
profile is found by the equation:

where P is the pressure,x is the posi-
tion coordinate,µ is the viscosity,U is
the web velocity, h

f
is the final film

thickness, and h(x) is the distance
between the web surface and the
blade surface. In this description of
the flow field, we have assumed that
there are no inertial forces, that the
fluid is Newtonian, and that there is
no porosity of the web.

Equation 2 is integrated numeri-
cally, given a shape factor h(x), to
obtain the pressure distribution.The
pressure boundary conditions are
the atmospheric pressures at the
inlet position (0.5 mm upstream of
the heel) and at the outlet position
(the toe).The pressure distribution is
integrated to obtain the blade force.

FFiigguurree  22 shows the geometry of
the fluid flow and the coordinate sys-
tem.The top surface of the web is the
lower boundary of the figure.The web
moves with velocity U, and it deforms
downward. When the web deforms,
the shape function h(x) is modified.
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be proportional to the local stress
field. Because the normal stresses
(pressure) are larger than the tangen-
tial stresses in this case, we assume
that the local displacement is pro-
portional to pressure:

z – z
0
 =  kP (2)

where z is the vertical position of
the web surface, z

0
is the unde-

formed position of the web, k is a
spring constant, and P is the local
pressure.

This approach is similar to the
technique others have used for for-
ward roll coating with deformable
rolls (14). More complicated models
have recently been reported for for-
ward roll coating by Carvalho and
Scriven (15).

One key assumption made in
making the calculations by both the
spring model and the finite element
model is that the applied stresses are
in equilibrium with the deformation.
In reality, however, the deformation
may lag behind the applied stress.
Measuring the dynamic response of
the paper–rubber system is possible,
and this complication could be
added in future analyses of this prob-
lem. However, in the results pre-
sented here, we have assumed that
the deformation is static.

If stagnation pressure is included
as an inlet pressure condition, the
lubrication analysis is adequate in
describing the pressure distribution,
compared to a full two-dimensional
analysis for roll applicator systems
(16). Guler and Bousfield demon-
strated that the lubrication analysis
without the stagnation pressure is
accurate for pond systems, and the
solutions compare well with the full
two-dimensional analysis (10). No
stagnation pressure is imposed in the
calculations presented here.

Though the influences of opera-
tional parameters are explored for
many different values, typical para-
meters are a web speed of 15 m/s, a
viscosity of 50 mPa·s, and a coating
thickness of 12 µm. The blade was
always at a 45° inlet angle, and it ran
parallel to the undeformed web, as
illustrated in Fig. 2.The upstream dis-
tance from the inlet to the heel and
from the heel to the toe are both 0.5
mm. The blade position had to be
adjusted relative to the undeformed
substrate to obtain certain coat
weights.

In the finite element model, the
pressure pulse, P(x), from the lubri-
cation analysis acts as a boundary
condition for the top surface of the
paper web; in the spring model, it
determines the spring deformation.

80

60

40

20

00 200 400

POSITION, µm

PR
ES

SU
RE

, k
Pa

600 800 1000

12 µm

16 µm

DISTANCE TO HEEL, µm

DE
FO

RM
AT

IO
N,

 µ
m

–2

–4

–6

–8

-200 2000-400 400

16-µm coating thickness

12-µm coating thickness

3. Pressure profiles under the blade for 15 m/s and 50 mPa·s fluid
for two coating thicknesses of 12 and 16 µm.

4. Deformation of the substrate for coating thicknesses of 12 and
16 µm, from the finite element calculation.

∂
∂

µ
P

x

U h
h x

h x

f

= −
−



 


1 2

2
3

( )

( )

(3)



210 TAPPI JOURNAL  MAY 1998

COATING

The pressure boundary condition
determines the amount of deforma-
tion. The deformation of the sub-
strate determines the geometry for
the lubrication analysis through the
shape function h(x). Solutions are
obtained with a “Picard”-type itera-
tion between the two calculations
until there is less than a 4% change in
values.The spring model of deforma-
tion works in the same manner
except that the deformation at each
location is a simple relationship,
which is given in Eq. 2.

The results from the calculation
are the pressure or stress distribution
in both the liquid and the solid, the
amount of substrate deformation,and
the coat weight. The blade position,
relative to the undeformed web, is
adjusted vertically to obtain a speci-
fied coat weight.

RESULTS
FFiigguurree  33 shows the calculated pres-
sure pulses required to obtain coat-
ing thicknesses of 16 µm and 12 µm
for both an undeformed web (bro-
ken lines) and a deformed web (solid
lines).We calculated the deformation
using the finite element model.

softer rubber will increase the force
on the blade needed to obtain the
same target coat weight.

FFiigguurree  55 illustrates the situation
as the web and roll cover deform. A
converging channel will build up
pressure, while a diverging channel
will cause pressure to decrease.The
top figure shows the undeformed
case.The converging channel causes
pressure to increase to the heel of
the blade, but the pressure decreases
linearly in the parallel channel.

The middle drawing represents the
start of a pressure shoulder near the
toe as the deformation increases.This
shoulder in the pressure profile forms
near the toe because there is a con-
verging region just in front of the toe
of the blade. In this region, the sub-
strate and the toe tend to converge.

The bottom configuration shows
a diverging region after the heel of
the blade.This deformation leads to a
decrease in pressure and a limit to
stable solutions.

FFiigguurree  66 illustrates the pressure
profile obtained when the deforma-
tion increases further, as in the bot-
tom of Fig. 5. The shoulder in the
pressure pulse develops into a sec-
ond pressure peak.This development

When the
substrate does
not deform, the
pressure
decreases lin-
early between
the heel and the
toe of the blade, as others have
reported (5).However,when the sub-
strate is allowed to deform, the pres-
sure pulse develops a shoulder near
the toe of the blade. This shoulder
arises because the nip converges
near the toe as the paper and rubber
roll exit from under the blade. This
development is more pronounced
for lighter coat weights, where this
shoulder develops into a second
pressure pulse. FFiigguurree  44 contains the
deformation information for the two
coat weights calculated by the finite
element method.

An interesting result is obtained
when the blade forces are compared
for the deformed and undeformed
pressure profiles. The force on the
blade increases as the substrate is
allowed to deform. This force in-
creases from 29.8 to 34.5 N/m for the
12-µm coating thickness when defor-
mation is included in the calculation.
The force increases from 23.4 to 24.1
N/m for the 16-µm coating thickness
as the substrate is allowed to deform.
These results are in keeping with
other results in the pertinent litera-
ture, such as the results for roll coat-
ing with deformable rolls reported
by Carvalho and Scriven (17). The
general result is that a substrate of

KEYWORDS 
Blade coating, deformation, finite ele-
ment analysis, fluid dynamics, fluid
flow, fluid mechanics, paper webs,
pressure, rubber rolls.
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is caused by the following situation.
As the pressure increases near

the toe, the deformation increases
near the toe.The increased deforma-
tion in this region leads to a diverg-
ing region after the heel. Because the
clearance is close between the web
and the blade, the lubrication forces
cause the pressure to decrease in a
short distance right after the heel of
the blade.This decrease can lead to a
subambient pressure. Because the
normal force on the blade is equal to
the integration of the pressure pulse,
the force on the blade decreases.This
decrease in force on the blade results
in less deformation of the roll.

For this situation, no steady solu-
tion is possible as far as we can tell.
There are conflicting demands on the
fluid mechanics and the solid
mechanics. The increased deforma-
tion generates a diverging region after
the heel of the blade,which leads to a
negative pressure pulse, lower forces,
and less deformation.An unsteady sit-
uation must arise when these process
conditions are met.

On an industrial scale, the condi-
tions for this unsteady situation are
different than in our calculations.
Because of the porous nature of the
paper web, air can be trapped or
transported in the web.This air may
act to soften the pressure pulse. In
addition, the time-dependent defor-
mation and the water-induced soft-
ening of the web will affect the
deformation in a somewhat different
way than we assumed for our calcu-
lations. However, this situation could
arise in the mill for higher speeds or
blade loadings.The lubrication equa-
tions can be modified to account for
the porous nature of the web (6, 16).

Figure 6 compares the pressure
distributions required to obtain a 12-
µm coating thickness as calculated
by using either the finite element
model or the spring model. Also
shown is the pressure distribution
that corresponds to an excessive
compression, as calculated with the

The value of 0.015 is a result of three
critical conditions that we found for
two different viscosities and speeds.
This relationship combines the influ-
ences of the various parameters into
a single expression.

This equation explains that more
compression will occur as the vis-
cosity or web velocity is increased or
as the coat weight or the rubber
hardness is decreased. If the combi-
nation of these parameters exceeds
0.015, then an excessive compres-
sion occurs, and steady solutions to
the set of equations do not seem to
be possible.

This condition is valid only for
the inlet geometry defined here and
a blade running parallel to the web.
Again, the industrial situation will be
different because of the porous web
and the viscoelastic behavior of the
substrate. However, a similar combi-
nation of parameters could probably
be used to characterize the industrial
limits.

CONCLUSIONS
The calculation of the substrate com-
pression and the pressure distribu-
tion under the blade reveals a com-
plex behavior during blade coating.
Small deformations cause the pres-
sure pulse to broaden and form a
shoulder near the toe of the blade.
This result produces a larger blade
loading needed to obtain the same
coat weight as that obtained in the
undeformed case.

As deformation increases, a dou-
ble pressure pulse begins to form,
one pulse at the heel of the blade
and one at the toe. Increased defor-
mation leads to a case where no
steady solution is possible, because
conflicting demands are placed on
the solid and fluid mechanics.These
process conditions may explain
some coat weight limits of blade

finite element model.
One point should be made: a sim-

ple spring model of the deformation
is not adequate for larger deforma-
tions because of the rubber’s high
Poisson ratio and the planar propaga-
tion of stresses. In the spring model,
the substrate deforms locally to
adjust to the local pressure,while the
finite element model gives a smooth
deformation that is proportional to
the total force of the blade.

Neither the second peak nor the
shoulder in the pressure profile near
the toe is obtained with the spring
model. The reason is that the solid
can deform locally to accommodate
the pressure, which creates a situa-
tion where a single pressure plateau
extends under the blade channel.The
feature at the heel of the blade in the
pressure profile for the spring model
demonstrates the physically unrealis-
tic results from this model. However,
the spring model is useful for giving
a first impression of the physics.

The spring model also has limits
as to the amount of deformation that
can be modeled with it.As the defor-
mation increases with the spring
model, the pressure pulse becomes
constant under the blade tip, as in
Fig.6.The channel deforms uniformly
in this region. However, the pressure
boundary condition needs to be met
at the toe, and the pressure and
deformation must be zero at this
point. As the deformation increases,
conflicting demands are placed on
the spring system and the fluid
dynamics in this region. Solutions
cannot be found for parameters that
lead to large deformations.

When an excessive compression
occurs, a critical operating condition
is approached. The parameters that
determine this operational limit are
the web velocity, the coating viscos-
ity, the final fluid film thickness, and
the elastic modulus of the rubber.
These parameters can be put to-
gether into a single dimensionless
group, an elasticity number N (15):

N
U

h Ef

= >
µ

0015 4. ( )
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