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ABSTRACT A procedure is described for calculating the shear rate
distribution and minimum gap between a pair of rolls in a forward-rotating
roll coater such as the Massey coater or the gate roll coater. This information is
needed in assessing whether or not various runnability problems are likely to
occur on a forward-rotating roll coater. In such an assessment, the rbeology of

the color must be characterized at bigh and low shear rates.

A mass balance for a multiple-roll system is coupled with an analysis of
Sflow in forward-rotating rolls based on the lubrication approximation.
Equations are developed and used to calculate the flow rates through the
different nips and the shear rate distribution between a given pair of rolls. An
example is presented for a system consisting of five metering and transfer
rolls and an applicator roll. Calculated values are presented for the minimum

gap between rolls and the shear rate distributions involved.
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In roll coating operations that are
carried out on-machine, production
rates can be limited, and paper qual-
ity adversely affected, by how well the
coater will run with a particular
coating and basesheet. Roll coater
runnability problems are usually
related to improper color rheology
and coater operating conditions. It is
important to be able to predict the
potential for runnability to occur.

In the laboratory, one can develop
a basis for predicting the tendency for
rheologically induced runnability
problems to occur on a roll coater by
characterizing the flow properties of
the coating. However, these measure-
ments must be made over the same
rates of deformation the color will
experience on the coater. In order to
do that, one needs to know the shear
rate distribution between any pair of
rolls in a multiple roll system.

Therefore, we present a method for
calculating the shear rate distribu-
tions between any pair of rolls of in
a multiple roll system. Using this
technique, one can predict the poten-
tial for a coating to develop various
runnability problems in a forward-
rotating roll coater such as the Massey
or gate roll.

A brief history of roll coaters

On-machine coating of magazine
paper became possible in North
America in 1933 with the develop-
ment of the Consolidated (Massey)
coater by Peter J. Massey (1-3). At
that time, this new transfer roll coater
helped revolutionize the coated paper
industry.

The advantages of the Massey roll
coater over other coating machinery
of that time were considerable. The

Massey coater provided a convenient
means to apply a relatively pattern-
free coating. At solids contents of 40-
65%, the coating could be applied in
weights of 6-22 g/m? to each side of
a paper web traveling at top machine
speeds of the time (4).

The Massey coater, shown in Fig.
1, served as a prototype for other
transfer roll coaters, such as the West
Virginia (5), Combined Locks (6, ?),
St. Regis/Faeber (8, 9), and others
that were developed and installed on
paper machines from the late 1930s
to the mid-1950s. Illustrations of most
of those coaters and comparisons of
their operating parameters can be
found in other publications (4, 10-12).

Following the successful installa-
tion in 1956 of the first blade coater
for the production of coated printing
papers, the use of forward-rotating
roll coaters such as the Massey began
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to decline as a primary method of
coating paper on-machine. In North
America, the main function of these
machines became that of on-machine
precoaters.

In the early 1960s, newer roll coat-
ers such as the gate roll (19) and its
forerunners also began to be used for
precoating. The gate roll coater,
shown in Fig. 2, proved to be simpler
in design, more versatile, and easier
to operate than the older transfer roll
coaters. In North America, this devel-
opment lead to a further decline in the
use of coaters such as the Massey.

Today, transfer roll coaters are still
used to some extent in North America
as on-machine precoaters in the pro-
duction of double-coated, enamel
printing papers or as the primary
method of coating some specialty
papers. In other parts of the world,
however, these coaters continue to be
used on the paper machine as the
primary method of producing high-
quality coated printing papers.

Background

Some common runnability problems
in roll coaters such as the Massey or
gate roll are:

e Fluttering of the paper web as it
leaves the nip of the applicator rolls
(11)

e Formation of a film-splitting pat-
tern known as “orange peel” (4)

¢ Ribbed flow of coating in the coater
(14)

e Upward splashing and downward
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spitting of coating from the nip of
two rotating rolls (73).

All these phenomena are governed by
the flow characteristics of the coating;
however, web fluttering and orange
peel are also influenced by properties
of the base paper (4).

In all these runnability problems,
color viscosity plays a significant role.
For example, the tendency for ribbed
flow to occur has been related to the
viscous and surface tension forces of
the coating in a dimensionless group
called the “capillary number” (14).
The capillary number is the coating
viscosity times the average speed of
two rolls forming a nip divided by the
surface tension of the coating. Higher
capillary numbers indicate a greater
tendency for ribbing to occur. How-
ever, since coating colors are highly
shear-sensitive materials, it is neces-
sary to know the distribution of shear
rates the color actually experiences
while it is passing between a pair of
rolls in a forward-rotating roll coater
in order to determine color viscosity.
Once a realistic color viscosity has
been determined, the capillary
number can be calculated and used.

A simple and rapid method for
estimating shear rates in blade and
air knife coaters was reported by Tran
and Schempp (75). They also suggest-
ed that this method could be used for
roll coaters. The main limitations of
their approach in regard to roll
coaters are two assumptions:

1. The shear rate between a pair of
rolls is linear.

2. One half the minimum gap be-
tween any pair of rolls in the
metering train is equal to the wet
film thickness of coating applied to
the paper.

Finally, this method does not take into
account the influence of the rheo-
logical behavior of coating colors.

The flow of fluids in forward roll
coaters has been extensively studied
using the lubrication approximation
as a model (14, 16). We have used the
lubrication approximation as a start-
ing point to show how one can calcu-
late the shear rate distributions be-
tween any pair of rolls in a forward-
rotating roll coater. Besides knowing
the roll diameter and rotating veloc-
ities, one must also know the sepa-
rating distance or gap between rolls
to carry out these calculations.

No data have been reported so far
relating roll velgeities to the min-
imum gap between rolls and the
coating weight applied to the paper in
a forward-rotating roll coater such as
a Massey or gate roll. Therefore, using
experimental data available for a pair
of rolls (I7) in combination with a
mass balance, we present a method for
obtaining the minimum gap between
any pair of rolls in a roll coater. This
method is applicable to transfer roll
coaters with any number of rolls.

Mass balance in a multiple-
roll system

Figure 3 shows a multiple-roll system
consisting of » rolls. The color is fed
at the entrance nip between Roll 1 and



3. Parameters for the multiple-roll system having n rolls

I. Minimum gap between rolls

Rotating
velocities: Vp

0.9V,

Paper
Backing
roil \
N\
| o |
Wet i o i
L [}
Nips: (n) (n-1)

0.8V,
Applicator roll

-1, (1)

o [(9-n+D)10]V,

Paper velocity, cm/s 566
Solids conc., % by wt. 0.60
Color wt./unit vol., g/cm? 15
Dry coat wt, g/m? 12
Number of rolls 5
Minimum gap, hi, gm
fori=
4 37
3 57
2 79

Roll 2 and is transferred forward
toward Roll »n, which finally coats the
paper web.

In the figure, Feed represents the
flow rate of the color feed per unit of
roll width, and Wet represents the
flow rate of the wet coating on paper
per unit of roll width. The color flow
rate per unit width is expressed as ¢;;,
where 1 is the roll number and j is the
nip the color comes from.

When an overall mass balance is
performed under steady state condi-
tions, then

Feed = Wet (1)

Now, if one considers only the appli-
cator roil, n, and the backing roll,
n+ 1, then

Wet = ¢gnn-1y = Gn (2)

Genan ¥ Gii-n = Qeni + Qi (3)
fori=1...(n-1)

From Egs. 1-3, we obtain Eq. 4:

Feed = Wet = gy, - qaennn
= Gign ~ G (4)

fori=1...(n-1)

The gap between a pair of
rotating rolls

Experimental studies carried out
with Newtonian and non-Newtonian
liquids established simple equations
to calculate the total flux per unit
width through a nip and the ratio of
the split fluxes as a function of the
rolls’ linear velocities and the gap

between rolls (16-19). For non-
Newtonian liquids and a pair of rolls
as shown in Fig. 4, these equations
become:

@it Qaeni = 1.43 b (Ui + Uiy)/2 (5)
G/ Qoo = (U Ui)™™ 6)
where

h/i:

minimum separating distance
between Roll 2 and Roll 7 + 1

U; = rotating velocity of Roll J.

For a multiple-roll system, roll
velocities increase as the color moves
from the feed to the applicator rolls.
If the velocity of Roll j is considered
to be in keeping with the roll velocity
profile as depicted in Fig. 3, the
velocity of Roll 7 becomes:

Ui=V,(9-n+5)/10 (M

where V, is the paper velocity, which
we assume to be equal to the linear
velocity of the backing roll.

From Egs. 5-7, we obtain Eqgs. 8

dii - Qi [ 9-n+i ]1,54 fori=1...(n-1) 8

V. Ve |10+ )
hi= @ +qeni 20 1
Ve 143 [17+2 (1+i-n)]
fori=1...(n-1) (9)

Starting at nip #, it is possible to
calculate the gaps between rolls for all
the nips by using Egs. 4, 8, and 9.
Table I shows the results for a five-
roll system and a backing roll. For a

given dry coat weight G, solids con-
centration S, and color weight per unit
volume d, the following relationship
holds,

Wet/V, = G/dS (10)

Shear rate distributions for a
pair of rotating rolls

In accordance with the analysis pres-
ented by McKelvey for rolling plastic
materials (20), shear rate distribu-
tions and velocity profiles can be
calculated readily once the gap be-
tween rolls is obtained from the mass
balance presented in the last section.

In the case of the rolling of plastics,
the calendered material leaves the nip
without wetting the rolls. Consequent-
ly, these results are not applicable to
our problem in the vicinity of the
stagnation point, where the film
splits. The analysis of the coating
problem entails the condition that
there is enough color in the system to
flood the entrance nips.

Let us consider a pair of equal-
diameter rolls rotating at the same
speed. As shown in Fig. 5, i(X)
represents the separating distance
between rolls which is a function of
y. The minimum gap between rolls is
h (X)y=0= hi. For non-Newtonian fluids
that obey the power law model to
describe the response to an applied
stress, two constants K and a as
defined by Eq. A8 are used to char-
acterize rheological behavior. Then
shear rate distribution between rolls
becomes:
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4. Flow rates on a pair of rolls 5. The gap between rolls and the film splitting distance

Qie1),(i+1) 9,0-1) hj2

i+ 1,1 9,
(1+1) i (f-1) Stagnation i
point __._’: h (Xy2 :4.._.
Il. Shear rate distribution at the roll surface III.' Shear rate distribution at the nip between
rolls
Shear rate, Shear rate,
a pe € yiy* x/fhi2) s?
1.00 -254,780 0.00 0.00 1.00 339,707
1.00 -138,092 0.36 0.20 0.95 306,585
1.00 24,446 0.73 0.40 0.90 275,163
1.00 93576 1.09 0.60 0.85 245438
1.00 102,834 145 0.80 0.80 217,412
1.00 91,983 1.81 1.00 0.75 191,085
0.70 166,456
0.80 -276.012 0.00 0.00 0.65 143,526
0.80 -138,903 0.38 0.20 0,60 122,294
0.80 | 39,234 0.76 0.40 055 102.761
0.80 105,833 115 0.60 050 84,926
0.80 109,835 1.53 0.80 045 68.790
0.80 95,520 191 1.00 0.40 54,353
0.60 -311,398 0.00 0.00 035 41614
0.60 137,782 0.41 0.20 0.30 30,573
0.60 63,852 0.82 0.40 0.25 21,231
0.60 124,287 1.24 0.60 0.20 13,588
0.60 119,769 1.65 0.80 0.15 7,643
0.60 100,345 2.06 1.00 0.10 3,397
0.05 849
0.40 -382,170 0.00 0.00 0.00 0
0.40 127,545 0.47 0.20
0.40 111,636 0.93 0.40 Aty=0anda=0S5.
0.40 155,056 140 0.60
0.40 134,951 1.87 0.80
0.40 107,313 2.33 1.00
0.20 -594,487 0.00 0.00
0.20 -52,126 0.60 0.20
0.20 234,357 1.20 0.40
0.20 215,791 1.80 0.60
020 160,979 2.40 0.80
0.20 118,264 3.00 1.00
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@rr) 2 Ule?-N)
Y= a i [ /n (1 +€i2)2
for e >A? 11)
_ @2 . U -ed)
T h (1+&f
for A%>¢? (12)
with
1+ &)= h/h (13)
&= y/ (Rh)'"* (14)
¢ =x/ (h/2) (15)
o _ Qi ¥ qip)
e 77 Rl ST

The steps to arrive at Eqgs. 11 and 12
are shown in the appendix. These
equations reduce to Eq. 17, as given
by McKelvey (20) for a Newtonian
fluid, when a = 1.
,_ 8U,

(7 -AD)
Y= h

1+ &% amn

Coyle (14, 21, 22) considers in his
analysis two dimensional flow, and
rolls with different diameter and
rotating velocities.

Velocity profiles and the
stagnation point

The expression for the velocity profile
for a non-Newtonian fluid can be
obtained by integrating the shear rate
distribution. The result is Eq. 18.

U
(@ + 1+ (@20 + IAR[1- gl 4]
- efa - (20 +1) 6 "V Yy/

@ +1) (1 +ed) (18)

At the point where the film splits, as
shown in Fig. 5, the relationship of Eq.
19 holds.

Vy}
0 =0
(Ui =0

Then from Eqgs. 18 and 19, we have
Eq. 20.

(19)

o U
<" VR
- +((a +1)+(a + 1))
- a (20)

Both Eqgs. 18 and 20 reduce to the
expressions valid for Newtonian
fluids when a =1 (20).

Results

Shear rates along the roll surface are
shown in Table II starting at the nip,
where y = 0, up to y = y* where the
film splits. (See Fig. 5.) Table III
shows how shear rate varies within
the nip (y = 0) from the centerline,
where x = 0, up to the roll surface,
where x = hi/2.

To use Egs. 11 and 12, Uy/h was
taken as the average of the values that
correspond to Nips 3 and 4. If the
shear rate is calculated according to
the method proposed by Tran and
Schemp (15), for the same conditions
shown in Table I, the value obtained
is 150,000 s™.

This value is comparable with the
value from the analysis presented
here for a Newtonian fluid if an
average is taken between the maxi-
mum and minimum shear rates with-
in the nip.

Velocity profiles are not shown here
because their shapes have been al-
ready discussed (20).

Discussion

Equations to calculate shear rate
distributions have been derived by
coupling results from the lubrication
theory with a mass balance for a
multiple-roll system. The example
presented in Table I1I indicates shear
rates varying from 0 to 3.39 x 10° s
Consequently, when characterizing a
coating color, we must be aware that
rates of shear over a wide range shear
are developed in the nips.

According to Eq. 20, the more
pseudoplastic the fluid, the greater
will be the distance y* where the film
splits. This was observed by Coyle in
his two-dimensional flow analysis
(21).

Conclusions

An approximate method for calculat-
ing the velocity and shear rate distri-
butions between the rolls of a
multiple-roll system has been deve-
loped. The method is applicable to
Newtonian fluids and to time-
independent, purely viscous, non-
Newtonian fluids.

For typical operating conditions in
a forward-rotating roll coater, shear
rates in the nip between rolls may
vary from 0 to 3 x 10° s for moder-

ately pseudoplastic colors character-
ized by a = 0.5.

Color rheological characterization
at low and high shear rates is required
to fully assess the runnability of a
coating in a forward roll coater.O]
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Appendix

Referring to Fig. 6, we have Egs.
Al-A5:

e=y/(Rh)"™ (A1)
My)=h+y?/ R (A2)
My)/h=1+e (A3)
A =Q/(Uk)- 1 (A4)
o =x/(h/2) (A5)

It is assumed that the circular
surface can be approximated by a
parabula, Eq. A2. Then the y
momentum equation is integrated
for an incompressible fluid neg-
lecting the acceleration terms and
the variation of velocity with y.

The subscript 7 has been elimi-
nated here for simplification pur-
poses, but it is used when Eqgs. 11
and 12 are derived.

For a fluid with a viscosity that
is dependent on shear rate, we
obtain Eq. A6.

n =L tare @e

Symmetry of flow about the y

axis imposes the boundary condi-
tion v (0)=0.

With the same assumptions, the
y-momentum equation can be in-
tegrated twice, but now 7 is intro-
duced to eliminate z. Using the
non-slip boundary condition at the
roll surface, an integral expression
is obtained for the velocity as a
function of the pressure gradient,
the viscosity, and the shear stress.
After some manipulations, we
obtain Kq. A7 (20).

€-A2 = 28 3 *dr
Uh( 2l (A7)
0

Once Eq. A8, for the low-power
model expression of the shear-rate-
dependent viscosity, is introduced
into Egs. A6 and A7 after some
algebra, Egs. 11 and 12 can be
obtained.

n= KYVa pla-1a (A8)
Nomenclature
d = color weight per unit volume

Feed = color feed flow rate per unit of
roll width

G = dry coat weight on paper per
unit surface

hi = minimum separating distance
between rolls at Nip ¢

§

separating distance between
rolls

1 = nip number

7 = nip the color comes from

K = constant for a power law fluid
defined by Eq. A8

n = roll number
a = constant for a power law fluid
defined by Eq. A8
= fluid pressure
color flow rate per unit of roll
width pertaining to a single
roll

<
N

= total flow rate through a nip
= roll radius

= linear roll rotating velocity
paper velocity

= color veloeity in y direction

SIS a®™e
i

t = flow rate of wet coating on
paper per unit of roll width

z,y = coordinates defined in Fig. 5

= separating distance between
rolls

6. Fluid flow section between rolls

S = solids concentration by weight

y* = film splitting distance

¥ = rate of shear

vw = rate of shear at roll surface

¢ = dimensionless coordinate
defined by Eq. A5

A = dimensionless flow rate
defined by Eq. A4

7 = shear-rate-dependent viscosity

€ = dimensionless coordinate
defined by Eq. Al

¢* = dimensionless coordinate
defined by Eq. 20

7 = shear stress

¢ = surface tension
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