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ABSTRACT In the coating of a porous substrate, the pore space is penetrated
by liquid impelled (a) by hydrodynamic pressure that develops in the
applicator and metering gaps and (b) by capillary pressure. Penetration is
opposed by the pressure of any trapped air as it is compressed by invading
liquid and the deformation of the substrate. From equations expressing the
effects of these and associated factors, we can predict the performance of a
combination roll applicator and metering blade for various dwell times. These
predictions are computed and plotted to illustrate how contemporary methods
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of computer-aided analysis make practicable the modeling of so complicated
a system. In exploring the effects of hydrodynamic pressure profile and dwell
time, we found the degree of air-trapping within the substrate to be critical.
The goal of models for blade coating is to be accurate enough for reliable
troubleshooting, design, and optimization.

In coating, a layer of liquid or suspen-
sion is deposited on a substrate, and
most of the air in contact with the
substrate’s surface is displaced. If the
substrate is impermeable to air, the
speed with which coating can take
place is limited by undisplaced air.
When the amount of undisplaced air
becomes unacceptable, the situation is
called “air entrainment.”

When the substrate is porous and
air entrained at the surface can
“marry” that already in the pores,
much higher speeds of acceptable
coating can be attained before exces-
sive entrainment, or skipping, occurs.
But the situation is complicated by
confinement and compression of air in
the pore space as the coating liquid
penetrates, particularly if the liquid
wets the substrate. Air could be an
important factor.

Here, we discuss the physics of
liquid penetration into a porous
substrate like paper. We also discuss

the displacement of air in the pore
space.

Background

Many studies of liquid penetration
have been reported in published work.
The effect of air in the pore space
previously had not been considered
when our work was in progress;
however, it has been recognized inde-
pendently by Eklund and Salminen
(1) following Saita and Scriven (2).
Confinement and compression are
most severe when the substrate is
pressed so hard against a backup roll
or other supporting surface that air
has no egress and is trapped. At the
opposite extreme is the absence of
confinement and compression. Those
are the situations considered here.
The coating configuration studied
consists of a roll applicator and a
bevelled blade metering element, the
two separated by a variable distance,

and thus a variable dwell time (Fig.
1). The conditions at the bevelled
blade are those of the base case in the
companion paper on the physics of
flexible blade coating of an elastic
substrate (3). Consideration is limited
to steady states that are two-
dimensional (no variation across the
substrate). Both studies were aimed at
advancing the understanding of pa-
per coating processes in terms of basic
principles. They follow two earlier
contributions (2, 4).

Inblade coating, the effects of liquid
penetration, or dewatering, on coating
weight and quality and process “run-
nability” have been studied extensive-
ly (1, 5-12). Evidently, one result is the
evolution of technology from flooded-
nip blade coaters to short-dwell-time
design to variable-dwell-time config-
urations that afford some control over
the extent of liquid penetration into
the substrate.

How this control comes about was
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first addressed by Eklund and Sal-
minen (1, 9). They modified a Lucas-
Washburn equation to account for (a)
forced penetration of liquid driven by
external hydrodynamic pressure and
(b) spontaneous penetration driven by
capillary pressure induced by wet-
ting. They also rationalized the evi-
dence of a short delay time in the
spontaneous penetration by suggest-
ing that strong wetting develops only
after surface modification by absorp-
tion. They approximated the hydrody-
namic pressure as constant in the
zones of elevated pressure. (Far from
being constant, this hydrodynamic
pressure rises from atmospheric
pressure upstream, peaks near the
minimum gap, falls to subambient
pressure, and recovers to atmospheric
pressure downstream.) They con-
cluded that the influence of dwell time
is considerably less than that of
hydrodynamic pressure but that, at
longer dwell times, the penetration
depth ought nonetheless to approach
proportionality with the square root
of dwell time, as in their modified
Lucas-Washburn equation.

This expectation was not born out
by the results of the experiments with
an apparatus akin to a Bristow wheel
(1, 9, 10). They pointed out that
complicating factors not taken into
account include the counter-pressure
of air in the pore space, the absorption
of liquid into the fibers of the matrix,
and the accompanying swelling of the
fibers. To these can be added the
variation of hydrodynamic pressure
along the substrate surface and the
compression of the substrate. Such
compression is accompanied by
changes in porosity, permeability, and
depth of penetration. Several of the
concepts advocated by Eklund and
Salminen are central in our present
paper.

That air is compressed in the forced
penetration of liquid into paper
backed by a smooth or deformable
surface and that it can subsequently
re-expand was recently incorporated
into a rudimentary model of water
sorption at short times by Eklund and
Salminen (7). Though the model
misses the variation of hydrodynamic
pressure along the substrate surface
in a coating operation, the conclusions
they draw appear to accord qualita-
tively with the findings reported here.

The only attempt at systematic
analysis of effects of substrate com-
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1. Schematic of a flooded nip blade coating process. To the right is the take-away zone (not

shown}.
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pressibility appears to be that of
Tayler (18), who took the local com-
pression of paper to be proportional
to the local difference between hydro-
dynamic pressure on the surface and
atmospheric pressure. This model is
employed here. It can readily be
extended to account for nonlinear
dependence of paper thickness on the
applied hydrodynamic pressure and
on internal pore pressure.

Principles and
approximations
Liquid flow
Flow in porous material is governed
by Darcy’s law. Locally, the volumet-
ric flux per unit cross-section ¢ is pro-
portional to the negative of the me-
chanical potential gradient, of which
only the pressure gradient V p is
relevant here, and is inversely propor-
tional to the liquid’s viscosity, u. The
proportionality constant is the perme-
ability of the material to the liquid, k.
The permeability k is an average or
macroscopic property. It depends on
local sizes, shapes, and how well the
pores are connected. The pore struc-
ture is highly irregular in paper as in
most porous media. Except when
liquid completely fills the pore space,
the paper’s permeability to liquid also
depends on the way liquid is distrib-
uted locally. If wetting is spontaneous,
arising from capillary forces, the
liquid invades preferentially along
surfaces and through small passages
(i.e., sequences of segments consisting
of constrictions and adjacent enlarge-
ments). Some of the originally resi-
dent gas may be surrounded by liquid

and be trapped in pore enlargements
(14).

If wetting is coerced by external
pressures, the liquid invades mainly
through larger passages, so that some
of the gas, instead of being displaced,
is trapped in smaller passages (15). To
our knowledge, no one has studied
how liquids and suspensions trap air
as they penetrate paper, so we adopted
a simplifying approximation: that the
invading liquid totally displaces the
resident air all along a sharply de-
fined front. Only the permeability of
the filled pore space behind that front
is relevant. In these circumstances,
the appropriate form of Darcy’s law
is(16, 17):

g=-k/n)Vop (14)

The pressure gradient almost is per-
pendicular to the surface of the porous
material where liquid invades; that is,
it can be approximated as lying
exactly in the z direction. Thus, the
form of Darcy’s law actually em-
ployed here is

k(x,2) dp

n dz (1B)

qlx2)= -

In deformable porous media under-
going compression or expansion, the
sizes and shapes of pore segments may
change. Indeed, the constrictions in
pore segments may be ocecluded, or
occluded ones may be opened, so that
the connectivity of pore space
changes. As a simplifying approxima-
tion, the local permeability to liquid,
k, is regarded as being isotropic and
depending solely on local porosity ¢.



A qualitatively reasonable functional
form comes from the Kozeny-Carman
relation. Originally put forward for
materials that are assemblages of
granules, this relation has proved
somewhat more widely applicable
(18):

k_(i’_)_ - ¢ J 1- o g (2)

ko bo 1-¢
The term ko is the permeability in the
uncompressed state. The quantities k
and ko are measured in units of H?,

H; being the undeformed thickness of
the substrate.

Substrate compression

Supported on one side by solid and
exposed on the other to liquid under
pressure, a porous material deforms.
The amount of deformation depends
on not only the rigidity of the solid
matrix, but also the pressure of the
fluid in the pore space (19). When
liquid is invading, that pressure
varies with depth, so the compression
is not uniform. For simplicity, how-
ever, the pressure is regarded here as
uniform at any given distance «x along
the surface. To simplify further, the
difference between thickness H, at
atmospheric pressure and local thick-
ness H(x) under loading by liquid at
pressure p(x) is taken as linear in the
pressure difference (3, 13). With
thicknesses measured in units of Hp
and pressures in units of uwU./H,, the
relation is

wUy
FH?

1-Hix)= [ ] [p(2 - pa)] (3)
FE is the z-direction modulus under the
type of loading and support, or backup
roll, just described.

Provided the density of the solid
matrix does not change appreciably
with pressure or other factors (such
as swelling, which is not considered
here), simple geometry gives the
relationship between porosity and
compression:

-1 - 1 - ¢’0
$lx) =1 T 4)

¢ is the porosity at atmospheric
pressure. Equations 1-4 are elements
of a model of liquid penetration, but
more are needed.

Liquid penetration

Suppose at distance x (measured in
units of Hy) along the porous sub-
strate, the liquid has penetrated to
depth Z(x) (in units of Hy). The form
of Darcy’s law in Eq. 1B can be
integrated to that depth to give a
relationship between penetration rate
() = q (2,0) (measured in units of U)
and the difference between liquid
pressure at the substrate surface
[p{x,0)] and the pressure right behind
the liquid front within the pore space

[p(z,Z(x))]:

o) = k() PE0 - PXZE)

Z(x) (©)

According to the Young-Laplace
equation of capillarity (14, 16, 17), the
pressure behind the liquid front
within the pore space is the sum of the
gas (air) pressure, pc(x), just ahead of
the front and the capillary pressure,
- P, across the front:

P(z,2(x)) = pa (%) - pe (6A)

The capillary pressure is actually a
pressure difference. It is the resultant
of surface tension o when the interface
is curved: (uUw/o)p. = 2/r, where r,
measured in units of Hy, is a certain
mean radius of curvature of the
interfaces at the front. This curvature
can depend on the apparent contact
angle with matrix surface, which
locally may be zero or nearly so (14,
20). In spontaneous imbibition
through capillary action, these inter-
faces are concave toward the air
ahead of the front, and r is positive.
The interfaces are made concave
toward the air because they merge
into thinfilms of wetting liquid ahead
of the front; locally, the apparent
contact angle with matrix surface is
zero or nearly so (19, 20).

In penetration primarily forced by
pressure, thin-films have insufficient
time to develop even if the solid matrix
is covered by precursor films. Instead,
the interfaces are made convex to-
ward the air by the liquid’s more
ready advance in the centers of pores.
In this circumstance, however, the
capillary pressure is likely to be small
compared to the impressed pressure
difference p(x,0) - palx). So as a sim-
plifying approximation, the capillary
pressure p. is here taken as constant
and equal to the spontaneous imbibi-
tion value. (If there were any cylindri-

cal pore segments, the mean radius
would be 7 cos 8, » being the cylinder
radius in units of Hy and 6 the appar-
ent contact angle of the interface with
the cylinder. Generally, the chance of
any cylindrical pore segments being
present in paper is nil.)

The penetration rate, according to
Eqgs. 5 and 64, is, with p(x,0) written
as p(x) for simplicity:

11(.’1)) - k(CIJ) p(x) - pG(.’L') + P (GB)
Z(x)

This must equal the rate of change of
liquid inventory in the pore space.
With velocities measured in units of
substrate speed Uy, time in units of
Hy/U,, and distance z in units of Ho,
so that dx/dt = 1, this means:

oy W02 _ deZ) dz
dt der dit
_dienz@
dx

(If p(z) = pe(x) and k and¢ were all
constant, combining Egs. 6B and 7
and integrating would yield Z = (2k
pt)%, which makes plain how the old
Lucas-Washburn formula, which
though incorrect has the appropriate
functional form (17), has to be inter-
preted in terms of the physics of liquid
penetration into porous media. Note
that here Z is measured in units of Ho,
k is in units of He?, p. is in units of
pUw/Ho, and t is in units of Hy/ Us,.)

Air compression

Beneath the liquid-filled part of the
porous material is the air-laden part,
as indicated in the enlargement in
Fig. 2. The flow of the air also is
described by Darey’s law. The volu-
metric flux caused by the same pres-
sure gradient is larger than that of
liquid by a factor that is the ratio of
liquid viscosity to gas viscosity. The
escape of air from the lateral edges of
a wide sheet is negligible, but there
may be appreciable movement in the
machine direction within the pore
space. The governing equations are
straightforward.

The principle of conservation of the
mass of air requires that dm/dx = 0.
The down-web coordinate x is mea-
sured in units of Hy. The mass flux m,
measured in units of p, UwHo (pa being
air density at ambient conditions), is
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m = %[«t- (ﬁk)%](ﬂ-m&

The first term represents convection
of air with the velocity of the porous
material; the second represents the
Darcy flow relative to that convection.
Here pg is the local air density, uc is
its viscosity, and pc is its pressure
(with the pressure measured in units
of pUw/Ho).

The air can be treated as a perfect
gas. Its compression can be treated as
polytropic—that is, pe V" = constant,
where » is the polytropic exponent:

Pa

pc(x) — [ Pe() ]V" )

Pa

Equations 8 and 9, together with
dm/dx = 0, yield the equation that
governs air flow along the porous
material:

d 1/n
= {[ 2 1™ (1) - 210
d
[¢(x) - ko %]} =0 (10)

where kg = (u/uc)k. This second-order
differential equation calls for boun-
dary conditions upstream at the
dynamic wetting line region (z = o)
and downstream at the venting line
region (x = x,). General conditions are
that at both boundaries the Darcy flux
is proportional to the local gauge
pressure just inside the porous
material:

d
kg dSG = alpe-pa)atz=

dp
ke g,° = ADe-pate= o (11)

The “air transfer coefficients” a and
B characterize the air flow just outside
and just inside the dynamic wetting
line and the venting line, respectively.
They can be estimated from more
refined analysis, and they could in
principle be estimated from suitable
experimental measurements. Howev-
er, there are two limiting cases, and
these define the boundaries of the
effect of air movement in the pore
space.

In the first limit ofx. -20)/kc — 0 and
so air is able to flow and escape as fast
as any pressure gradient could
develop.
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2. Defining sketches of the roll application zone, with wetting line and film split, showing an
enlargement of flow in the porous substrate with the penetration front
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0

Then, there is no air trapping, and
Egs. 10 and 11 reduce to Eq. 12:

PG = Pa (12)
This extreme case is considered be-
low. In the second limit, ke/a (z, -20)
— 0 In this case, air is unable to flow:
once liquid begins to penetrate, the
front along which it displaces air is
so sharp that all of the air initially
present at atmospheric pressure is
trapped at its initial location in the
pore space. There it remains until that
location reaches the place down-
stream where the underside of the
sheet lifts off the backup roll, thereby
venting the trapped air to atmospher-
ic pressure. In this limit of complete
air trapping, Eqgs. 10 and 11 reduce
to

po(®) _ %o !
p {[H(w)—Z(x) ¢(x)]} a3

Liquid penetration into an air-
laden, deformable porous substrate is
described, within the simplifying
approximations recounted above, by
Egs. 2-7 and either Egs. 10-11 or Egs.
12 or 13. Here, we will consider

further only the two limiting cases. In
both, there are seven independent
equations that interrelate eight un-
known functions of distance « along
the substrate from the place where
penetration begins.

An additional equation is needed. It
is the equation for the pressure dis-
tribution p(z) in the liguid external to
the porous medium. This equation
involves additional unknown funec-
tions and brings additional equations
into the completed model. [The vary-
ing pressure in the external liquid is
absent from the model of Eklund and
Salminen (7).]

External flow region

For our purposes here, the complete
external flow region can be divided in
four zones: the application zone, the
variable length transit zone, the
metering zone, and the terminal
transit or take-away zone. All but the
last are shown in Fig. 1.

Application zone

The applicator considered is a for-
ward roll coater, as shown in Fig. 2.
Key features are the film split on the




downstream side of the nip and the
wetting line at which liquid starts
penetrating the substrate upstream of
the nip. Flow between these two
locations is nearly rectilinear and is
fairly well described by the lubrica-
tion approximation (4, 21, 22). Here,
the lubrication approximation is
extended to compressible porous
substrate.

The mean surface speed of the
coating roll and of the web or sub-
strate when all speeds are measured
in units of Uw is U = (U + 1)/2. The
effective radius R of the coating roll
and substrate wrapping the backing
roll is given by 2R = Ry} + Ri with all
the radii being measured in units of
H,(23).(When R, is much larger than
Rs, as in many practical situations, R
=2Rg). An excellent approximation to
the local clearance h(x) (in units of Hy)
between the two surfaces is

b 2 [1- H@)

Ma) = 7 * %

(14)

Here, Hy is the minimum clearance
when the substrate is not compressed
(i.e., when its thickness is Hp) and x
is the distance from the minimum
clearance, or nip (in units of Hy).
According to Reynolds’ lubrication
approximation (23), the volumetric
flux Q(x), measured in units of UwHo,
is the sum of plug flow and Poiseuille
flow contributions (with pressure
always measured in units of u U./Ho):

(i)} dp

o) = Un@)- S5

(15)

Conservation of mass requires that
volumetric flux €(x) in the clearance
diminish as liquid leaves to penetrate
the porous substrate:

dQ/dx =~ v(x) (16)

Now, for the ten functions, the ninth
and tenth being h(x) and Q(x), there
are ten independent equations, Eqgs.
2-7, 12 or 13, and 14-16. But Egs. 7,
15, and 16 are differential equations,
and boundary conditions are needed.

The upstream boundary is the
wetting line. There, the liquid pres-
sure is atmospheric, and there is no
liquid in the pore space. A fair approx-
imation is to put the wetting line one-
sixth of an effective radius upstream.
Thus

p=pnZ=0atz=2,=-R/6 1

The downstream boundary of the
application zone is the stagnation line
at which the film splits. Its location
is an unknown, zs, which brings
additional equations and unknowns
(4, 21, 22). The pressure balance at the
film split is

p(xg-pa:-[ g ] 1

18
uUw I's ( )

where 7, a function of x, is the radius
of curvature of the splitting film,

1
re = 5 [ h(WS)'tR‘tw] (19)
where h(xs) is the clearance at xs, and
tr, also a function of x, is the final

thickness of the layer carried away on
the roll;

tn = h(z) /Ui /3(1 + \/U)

and ¢, = t, (xs + 7s) 1s the thickness of
the layer carried away on the sub-
strate at x = x s + s, where the velocity
throughout the layer is virtually that
of the substrate:

b (et 1) = h () /301 + N/ Un)

(20)

@1

The total flux carried away from
the split is (apart from a trace of
exchange with the substrate)

Q= Urtr + tw (x5 + 1) (22)

This value must be equal to the total
flux arriving at the film split, as given
by Eq. 15:

h3 dp

Q:Uh"m dx

— at x =, (23)

Moreover, h(xs) must be as required
by Eq. 14:

zs) = %: + %ﬁz + [1-H@)] (29)

With this, the model of the applica-
tion zone is complete. The parameters
of the model are as given in Table 1.
How these equations were solved is
described elsewhere (24).

Transit zone

The transit zone is the variable dis-
tance L (measured in units of Hy)
between (a) the place (x = 25 + 75) just
downstream of the film-split, where
the liquid layer on the substrate, or

web, has thickness t. (xs + 1) and (b)
the place (x = x. + r++L) just upstream
of the metering blade, which is chosen
as the inflow plane of that zone. Over
this distance, the pressure in the
liquid layer is atmospheric. The air
trapped and compressed within the
substrate by the liquid that has
penetrated tends to expand, expelling
some of the liquid. Moreover, the
substrate is in its uncompressed state.

As Eqgs. 5 and 6 confirm, if the
distance L were great enough, the air
would expand until it reached equil-
ibrium at pe = pa + p.. According to
Eq. 13, the corresponding penetration
{(in units of Ho) would be Zg =1~ (1+
2¢/0.)". The rate of approach toward
this limit is controlled by permeabil-
ity and viscosity and is governed by
Eas. 5-7, 13, and 16, with ¢(x) = ¢,
H(x) = 1, Q(x) = t«(x) (in units of Hy),
and initial conditions tw(xst7s) = tw and
Zlxst 1) = Pplaes)Z(xs)/ po. Because they
are a subset of those that govern the
application zone, these equations were
conveniently solved simultaneously
with those others and in the same way.
The outputs were the layer thickness
tw (s + 75 + L) and the liquid penetra-
tion depth Z{xs + rs + L) at the inflow
plane of the metering zone.

Metering zone

The metering element is a bevelled
blade (8). For simplicity, the blade’s
elasticity is set aside, and a fixed blade
configuration is adopted which is
exactly that of the base case (3). The
only other difference is that besides no
slip at the substrate surface, liquid
may enter or leave the substrate:

w=1 atz=H(x) (25)

v, = v(x) at z = H(x) (26)
Moreover, the inventory ¢Z within the
substrate at the start of the metering
zone (x = x5 + 715 + L) is what arrives
at the end of the transit zone.

In the metering zone, as in the
application zone, the penetration
process is described by Eqgs. 2-7, and
12 or 13. An added boundary condi-
tion is that at the outflow plane of the
metering zone, the underside of the
substrate lifts off the backup roll,
venting to the atmosphere the gas
trapped within the substrate. The
equations of the metering zone model
Egs. 2-7, 12 or 13, 25, 26, and 1-7 of
the companion paper (3) also were
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solved by a Galerkin/finite element
method (24). (All lengths were mea-
sured in units of Ho, the thickness of
the uncompressed substrate sheet; in
the companion paper, it is arbitrary
but was also taken as 0.1 mm.)

Coating

Take-away zone

Downstream of the venting line that
terminates the metering zone is a
second transit zone. In this zone, no
air is trapped, and capillary pressure
isunopposed. Thus, capillary pressure
can draw in liquid from the layer that
coats the substrate surface, until the
layer is gone or until all the pore space
is filled. Ordinarily, coating processes
(in contrast with some impregnation
processes) are so controlled that the
thickness t.(x.) of the layer that at first
remains on the surface is far less than
would fill all the pore space. Then the
equilibrium state approached down-
stream is penetration to the depth
Zwy) + tw (2 o)/ bo.

Estimation of overall
penetration

In the final coated state, the substrate
is undeformed, according to the mod-
el. Consequently, the effect on porosity
of the temporary deformations in the
application and metering zone is
inconsequential, and Eqs. 5 and 7 can
be combined and formally integrated
from the wetting line to just short of
the venting line to give (with pres-
sures measured in units of uUs/H,,
ete.):

B~ [ 1) - pe
X,
o feeadn

The last term on the right corresponds
to spontaneous penetration by capil-
lary pressure alone—as given by
formulas of Lucas-Washburn type.
The first term on the right corres-
ponds to forced penetration driven by
external pressure and opposed by the
pressure of trapped air as it is com-
pressed. Apart from the viscous resist-
ance to liquid flow in response to the
pressure difference, the air pressure
Pe is controlled by the hydrodynamic
pressure p. Consequently, the net
effect of forced penetration in the
application and metering zones would
be nil if the trapped air were allowed
to re-expand to atmospheric pressure
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I. Parameters for the application zone model

Uncompressed porosity ¢, 05

Uncompressed permeability k,, {in units of H3) 37x10-8

Ratio of minimum clearance to uncompressed 4

thickness hm/H,

Compressibility number (Neo, = p U,/ EHE) 1x104

Capillary pressure p; (in units of Uy/H,) 0.95

Capillary number Ngy =  Uy/o 15

Roll speed ratio, i.e. Ug measured in units of Uy 02

Ratio of effective roll radius to substrate thickness 4 x 103

(i.e. R measured in units of Hy)
Polytropic air compression exponent n 14
II. Parameter values in the extended base case
Dimen- Dimen-
sional sionless
Substrate thickness, H, 100 um 1
Substrate speed 15m/s 1
Applicator roll radius 20 cm 2x103
Applicator roll speed 3m/s 0.2
Applicator-to-backing roll gap 500 um 5
Dwell distance in transit zone 75¢cm 750
Blade thickness 0.206 mm 2.06
Blade working angle (fixed) 510
Blade bevel angle 135° e
Blade-to-backing roll gap 114 pm 1.14
Viscosity of liquid 50 mPa - s
Surface tension of liquid 50 mN/m
Density of liquid 1200 kg/m?® ..
Capillary pressure of liquid in substrate 0.07 atm 095
Capillary number N, = p U/ o 15
Porosity of uncompressed substrate 05 ..
Permeability of uncompressed substrate 3.7 x 10~ cm? 3.7 x 10-8
Minimum clearance of uncompressed 400 um 4
substrate in gap between roll
Effective roll radius 40 cm 1x104
Compressibility number 1 %104
Ngo = p Uw/EH?

Polytropic air compression exponent n 14




3. Hydrodynamic pressure profile (A}, where the unit of distance along the web is Ho, or 0.1 mm, for instance, in the extended base case. Enlargements
of (B} the application zone and (C) the metering zone
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4. The depth of liquid penetration vs. the distance from the application zone nip (x = 0) for (A) complete air trapping and (B) no air trapping. The
unit of depth is Ho. Further penetration downstream of the venting line is not shown. The curves are for the extended base case (forced and spontaneous
penetration together), no capillary pressure ({forced alone), and no hydrodynamic pressure (spontaneous alone)
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without venting. Thus the location of
the venting line, the pressure just
upstream of it (or equivalently the fall
in pressure at the line), and the coated
layer thickness there critically influ-
ence the net penetration of liquid at
the venting line. The subsequent
increment must ultimately be AZ =
tw(2v)/ ¢, as explained above.

Some earlier models of penetration
disregard air trapping and compres-

sion. In that extreme, Eq. 12 applies,
(that is, pe (x) = pa), and Eq. 27
indicates that forced penetration
would be controlled by the area under
the hydrodynamic pressure curve.
Indeed, if capillarity-driven, spon-
faneous imbibition were negligible,
liquid would be injected or withdrawn
as the hydrodynamic pressure rose
above or fell below atmospheric, and
the net amount remaining would be

proportional to the square root of the
area. With capillary pressure active,
this amount would be augmented by
the spontaneous penetration over the
dwell distance x, -0, and additionally
by tw(v)/ ¢, from the coated layer.

Hlustrative predictions
Extended base case
The utility of the principles organized
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into precise form from which predic-
tions can be computed is illustrated by
the results presented here. They are
for a substrate and a roll applicator
characterized by the parameters
tabulated above, a transit zone of a
particular length, and a bevelled
blade metering element as in the base
case(3). The totality is referred to here
as the “extended base case.” The
Reynolds number (substrate speed
times liquid density times substrate
thickness divided by liquid viscosity)
is 36. The capillary number (substrate
speed times acceleration of gravity
times the square of substrate thick-
ness divided by viscosity times sub-
str%te thickness) is negligible, at 4 x
10™.

One set of dimensional quantities to
which these parameters correspond is
shown in Table II. The permeability
value is representative, though per-
haps on the low side of a wide range
over grades (18, 25, 26). The value of
capillary pressure chosen is represen-
tative of 2 mean meniscus radius of
about 14um, which is probably on the
high side for paper.

Under these conditions, in the roll
application zone the liquid flux in the
gap at the film split is 3.09, of which
2.84 (e.g., a film thickness of 284um)
leaves in the layer carried away by the
substrate. (All fluxes are measured in
units of UyHy). The flux of liquid that
has already penetrated the substrate
is 0.029. If liquid could not penetrate
the substrate, the flux of liquid would
be 3.12, of which 2.86 would leave in
the layer carried away by the sub-
strate according to a simpler analysis
(21). Thus, in this case, the flux
changes by only 1% along the gap and
the simpler analysis would be ade-
quate. The maximum compression of
the substrate is only 0.06%, occurring
just upstream of the nip; this is
insignificant but under other condi-
tions, there can be appreciable com-
pression, as the companion paper
indicates (3).

Figure 3A shows the pressure
profile along the substrate surface
over the entire dwell length; Figs. 3B
and 3C are enlargements. The maxi-
mum in the metering zone (38, e.g., 2.8
atm) is about 6 times that in the appli-
cation zone (6, e.g., 0.44 atm), reflect-
ing the narrower clearance under the
blade for the parameters of this case.
The region of elevated pressure in the
blade zone is only about 1/20 as long
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(89, e.g., 2.6 x 10™s) as in the applicator
zone (667, e.g., 4.4 x 107). This is
followed by a much shorter region of
depressed pressure (1.6 vs. 170, or 1.1
x 107 vs. 1.1 x 10%), which termi-
nates abruptly at the venting line.
However, what is most important is
neither the pressure levels nor the
dwell distances or dwell times, but the
integral of the pressure profile with
respect to distance or, equivalently,
time.

Figure 4 shows the depth of liquid
penetration into the substrate vs.
dwell distance in the limiting cases of
(A) complete air trapping and (B) no
air trapping. One curve is for the
parameters of the extended base case,
the second is for the same parameters
except that capillary pressure is set
to zero, and the third is for spontane-
ous imbibition by capillary pressure
alone. These curves show the relative
importance of forced and spontaneous
penetration. What is remarkable is
the relatively deep penetration up to
the nip in the application zone, fol-
lowed by the delayed expulsion of
penetrated liquid as the gas com-
pressed behind it re-expands, the rate
of re-expansion being controlled by
the Darcy flow resistance to liquid
expulsion. The transit zone is just long
enough that equilibrium is ap-
proached. The pressure of the trapped
air falls to almost the capillary pres-
sure (absolute pressure p. + p,), and
liquid leaves until the penetration
depth is only slightly more than Z.,
(defined above).

But then the abrupt climb of hydro-
dynamic pressure as the leading edge
of the bevelled blade is approached
drives liquid back into the pore space,
and the trapped air is partially recom-
pressed. After peaking, the hydrody-
namic pressure falls precipitously
(Fig. 8). Once it drops below the liquid
pressure at the menisci (pe (¥) ~po),
there again is delayed expulsion of
penetrated liquid as the air once more
re-expands.

Then the sudden venting of the
trapped air decompresses it to atmos-
pheric pressure. Expulsion of liquid
ceases, and capillarity-driven, spon-
taneous imbibition takes over, draw-
ing into the pore space liquid from the
layer left coated on the surface of the
substrate. The layer thickness is 0.081
(e.g., 8.1 um), which is 56% of the gap
between the substrate and the trailing
edge of the blade. The final penetra-

5. The pressure profile of air trapped in the pore
space of the substrate (units as in Fig. 4)
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tion depth (that is, when all liquid is
absorbed into the web by capillary
action) in the extended base case is Z
=0.22; it is 99% of this at x=5700 (e.g.,
57 e¢m, or 38 ms) downstream in the
take-away zone.

The total liquid flux downstream of
the blade is 0.11. Comparison with the
total flux in the pore space and the
coated layer at the film-split of the
application zone reveals that about
96% of the incoming liquid to the
metering zone is rejected by the
bevelled blade metering element in
this extended base case. If the liguid
density were 1200 kg/ms3, the wet
weight of coating would be 18.4 g/m?2,
of which 3.7 g/m2 would already be
in the substrate at the venting line.

Air compression

The hidden actor is the trapped air.
Its pressure profile in the limiting
case of complete air trapping is
plotted in Fig. 5, which shows that in
the application zone, the air is com-
pressed to almost half of the maxi-
mum hydrodynamic pressure there
(2.63 vs. 6.0). In the transit zone, it re-
expands nearly to the capillary pres-
sure of 0.95. In the metering zone, it
is abruptly recompressed, but only to
about 1/20 of the maximum hydrody-
namic pressure there (2 vs. 38). The
air is not even recompressed to the
pressure it reaches in the application
zone, because the dwell time, or the
dwell distance, of approach to the
leading edge of the bevelled blade is
far briefer. The rate of re-expansion
that follows is controlled by the rate
of liquid expulsion, which is slow for
the reasons mentioned. Finally, the
air pressure drops to atmospherie



pressure at the venting line.

The critical role of air compression
is even more evident in Fig. 4B, which
shows the limiting case in which the
underside of the web is somehow
vented everywhere to atmospheric
pressure. In other words, there is no
air trapping. Forced penetration
when hydrodynamic pressure exceeds
atmospheric, forced withdrawal
when it falls below atmospheric pres-
sure, and spontaneous penetration
continually can all proceed unop-
posed. What is noteworthy is the
greater part played by capillary-
driven, spontaneous penetration when
no opposing air pressure builds up.
Most significantly, liquid continues to
invade in the transit zone (though at
a continually diminishing rate, as
predicted by the Lucas-Washburn-
type formula). In Fig. 4B, the curve
for forced and spontaneous penetra-
tion together reveals that without air

compression, the penetration depth at
the position of the venting line would

be about 1.5 times greater than in the
extended base case, whereas capillar-
ity is responsible for half of the total
when air is trapped in the pore space.

In actuality, air arriving in the pore
space may be neither completely
trapped nor everywhere vented. Mo-
reover, it can flow within the pore
space in response to any pressure
gradient that is applied to it (as
described by Eqgs. 8-11). If there is
partial venting or other means of air
movement, the situation is interme-
diate between the extremes pictured
in Figs. 4A and 4B.

Dwell time

The effect of shortening the transit
zone and thereby cutting the dwell
time is brought out by Fig. 6. When
air is completely trapped in the pore
space, the dwell time, or dwell dis-
tance, has virtually no effect on the
final penetration depth. This holds
until the distance is short enough that
the coating’s viscous resistance to
expanding gas in its exertion to expel
penetrating liquid can no longer keep
the liquid trapped in the pore spaces.
At such a dwell time, equilibrium
penetration has not been reached.

In sharp contrast is the situation
when air is not trapped. Dwell time
or distance has a substantial effect
because capillarity-driven, spontane-
ous imbibition of the liquid layer
deposited by the applicator roll is

unopposed. When air is not trapped,
the limiting state is total uptake of
that liquid layer, so that exactly the
same capillary pressure is established
at the pore openings on the upper
surface of the substrate as at the front
between liquid and air down inside
the substrate (the same type of equil-
ibrium as is approached in the take-
away zone).

The model as it stands does not
account for absorption of liquid by the
matrix itself—i.e., by swelling. This
mechanism may depend extensively
on dwell time.

The critical role of air compression
is illuminated further by Fig. 7,
which shows the effect of replacing
the roll applicator with a fountain feed
that deposits the same layer thickness,
so that hydrodynamic pressure is
eliminated but dwell time is un-
changed. Also shown is the effect of
eliminating both the roll applicator
and the dwell distance, supplying
instead the same liquid film by a
fountain feed immediately upstream
of the bevelled blade metering ele-
ment, as in a short-dwell-time blade
coater. The conclusion is that in the
model developed here, when the air is
trapped, the application and transit
zones are expendable. Nearly the
same penetration depth (about 90%
compared with the extended base
case) can be achieved with a short-
dwell-time configuration that uses the
same blade. (This means nearly the
same coating thickness and, hence,
nearly the same total liquid deposited.
However, liquid absorption by the
swellable matrix is not accounted for
in this model.) However, when no air
is trapped, the dwell time in the
transit zone is quite important, and
the pressure impulse in the applica-
tion zone significantly affects penetra-
tion depth.

Metering gap

Compared to the total penetration in
the extended base case, the incremen-
tal penetration in the metering zone
is minor if air is not trapped in the
pore space; on the other hand, it is
around 40% of the total if air is
trapped. In either event, enlarging the
gap seven-fold (by lessening the blade
loading) has little effect, because the
integrated pressure force on the liquid
in the metering zone scarcely changes,
although the pressure profile does
(Fig. 3).

The main effect of the metering gap
is on the coated layer that it delivers.
As blade loading is lowered from that
of the extended base case, the layer
thickness rises in nearly inverse
proportion, so there is a major effect
on the wet weight of the coating.
Conversely, as blade loading is raised,
the layer thickness tends to fall, but
the relationship is complicated by
deformation of the substrate (3). In
any case, the importance of penetra-
tion on coating weight can be expected
to increase as the blade is loaded more
heavily.

Discussion

The significance of this study is two-
fold. First, it further indicates how
temporary engineering science can be
brought to bear in the modeling of
complicated coating processes (2- 4).
(The model under development, how-
ever, is far from complete.) Second, it
indicates that air can be important
when coated liquid penetrates into a
porous substrate (I, 2). Just how
important depends on circumstances
that are not yet clear.

Study of the extended base case and
a few variations on it illustrates how
known physical principles of liquid
coating, fluid flow in porous media,
and gas compression can be trans-
cribed into equation form, from which
predictions can systematically be
computed and compared. The predic-
tions can be used to evaluate the
relative importance of mechanisms as
functions of parameters and trends as
parameters change. These are qualit-
ative outputs that help advance the
understanding of paper coating pro-
cesses in terms of basic principles. To
yield quantitatively accurate predie-
tions useful in design and operation,
all of the principles actually at work
must be represented adequately in the
equation set, and all of the important
parameters must be known well
enough. However complete the equa-
tion set is and however well known the
parameters are, they constitute a
model of the process. Such a model can
be tested and improved. That is a goal
at which this study is aimed.

There are many more variations of
the extended base case to be explored
under the present model so that it can
be tested well. But there are addition-
al physical and physicochemical
mechanisms that need to be incorpo-
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op
,g 6. The effect of transit zone length, or dwell distance, on liquid penetration depth. (A} Extended base case (L = 2500) and variation (L = 1800,
-3 1200). (B) When no air is trapped
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7. The effects of replacing the roll applicator by fountain feed and eliminating the transit zone, to leave a short dwell time blade coater (A) when
air is trapped and (B) when no air is trapped
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rated in it—and that will further
complicate it, making the computa-
tion of predictions more formidable.
Those mechanisms are discussed
elsewhere (24).

Each mechanism, once its basic
principles are identified and trans-
cribed into equation form, can be
incorporated. By computing predic-
tions from the augmented model,
which requires an investment in
modern large-scale scientific compu-
tation, the effects of the mechanisms
and their interactions can be explored
and evaluated. In this way, we can
advance the understanding of the
complex interplay of deformable
blade, liquid suspension, resident air,
elastic backup roll, and the complicat-
ed physiecs of liquid penetration into
compressible porous substrates. Sus-
tained effort can bring efficient
means of more accurate modeling of
blade coating processes and other
coating and pressing processes, for the
purposes of troubleshooting, design,
and optimization.O
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