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TRACK FORMATION IN ROLL COATING

SUMMARY

The splitting of films of coating colors and clay suspensions
have been investigated.

Three different cases were distinguished and

treated separately; when film thickness is larger, equal to, and smaller than the critical filmthickness.

The most important results obtained

were:
a)

The factor determining amount of tracking seems to be the thickness

of the fluid film which is split.

b)

Differences in rhcologicaloroperties of the color are not as

important as has been believed.

The number of tracks per linear inch

across a pattern is almostconstant at constant filmthickness even if
flow properties are changer d over a wide range.

c)

The receptivity of the paper which is

tance the thinner the film is.

coated is

of increasing impor-

At very low filmthickness the receptivity

may be the factor which determines the operability of the color.

d)

With thin prespread films, (thickness below the critical) the

tracking decreases with increasing concentration until dilatancy is
reached.

Dilatancy does not change the amount of tracking as measured

by number of tracks across the pattern,

but by "picking"

the color and

forming cross-ridges.
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e)

A theoretical treatment of film splitting will be given in a

coming report.

INTRODUCTION

The formation of tracks or patterns in surface coatings
applied by rolls presents a serious problem in the paper coating
industry.

The use of rolls is

desirable for a number of reasons) one

of the chief ones being that the coating can be applied at high speeds.
In a high speed coating process it is necessary that the coating dries
quickly.

Therefore the solids content of the coating mixture should be

as high as possible.

In general, the track formation will get worse

when the solids content is increased.

This will set the upper limit

for the solids content of operable color and therefore also the
maximum rate at which the paper can be coated.
The formation of tracks is not a phenomenon specific for the
roll application of coating color to paper.

It has been mentioned in

the literature in connection with coating of metal plate with tip

The

formation of tracks can be observed easily by rolling a large diameter
glass tube over a drop of glycerine on a glass plate.

Figure 1 shows

the tracks seen through the glass tube perpendicular to the plane on
which the glycerine drop is spread.

In this case the after-flow will

destroy the pattern formed and it can be observed only right in the
exit side of the nip.

At extremely slow roll speeds a liquid as fluid

as glycerine does not form tracks, but as soon as the speed is increased
a waveline is formed, and at still higher speeds the tops of the waves
grow higher and thinner and form marked peaks as shown in figure 1.

FL h.
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The peaks are remarkably regular in height and spacing both of which
vary with roll speed and flow properties of the liquid.

For this

reason it seems unlikely that the tracks should depend on irregularities
in the roll or in the glass plate.
However,

if both the roll and the plate were completely

smooth, it is difficult to imagine what should give rise to the formation of tracks.

The most likely explanation is that the splitting

line at the outset of the splitting of the film is retarded in one
point due to a very small irregularity either in the roll or plane
surfaces or in the liquid film itself.

(Figure 2)

This retardation

will build up waves on both sides of the point A which very rapidly
spread all over the splitting line and then reach a balance point
which is

the energetically most stable shape of the liquids involved.

In other words,
It

the straight splitting line is

takes very little

to throw it

an unstable state and

into the stable wave-line.

A com-

parison which might illustrate this ideals that of the formation of
washboard"

sections on gravel roads.

everyone familiar with this

kind of road knows how remarkably regular
bumps is,

These "washboards"

irregularity,

the distance between the

are probably caused by some

let us say a small hole.

initial

The wheels of passing cars

will throw loose gravel up in front and back of the hole and deepen
it.

A new trough is formed on the other side of the small ridge

formed

Here

the wheels come down with full force after having been

deflected by the ridge and throw gravel up into a new ridge.
goes on until the whole road looks like a washboard,

This
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The purpose of the work which is described on the following
pages was to find how the track formation in coating colors could be
reduced.

The most frequently referred to previous work in this field

Is that by Smith, Trelfa and Ware of the Hercules Powder Company (1).
These authors claim that a modification of the rheological properties
of coating colors can make otherwise inoperable mixtures operable.
Voet (2) has treated the theory of film splitting.

The work of these

authors will be discussed in the theoretical part of this report.

EXPERIMENTAL METHODS

The film splitting experiments were carried out on the roll
incline apparatus described by Arnold (3).

It consists of an inclined

glass plate and a steel cylinder with a circumference of about 14
inches.

The film is split by placing the color either directly on

the glass plate or on some material fastened to the glass plate.
Paper or aluminum foil is
down the

strapped to the roll which then is rolled

incline and across the color.

The speed of the roll can be

varied either by varying the slope of the plane or the distance
covered before the color is

hit by the roll.

By using this apparatus Arnold found that there is a certain
relationship between the speed, radius and weight of the roll, the
viscosity of the color and the thickness of the film obtained when a
drop is spread by the roll on the plane.

To each set of conditions

corresponds one film thickness which is called the "critical film
thickness."

It

is

clear that if

the roll is

rolled across a film

..

. .
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which has been spread previously we will get further spreading only
if

the film thickness is above the critical.

no more if

The film will spread

the original film thickness was equal to or lower than the

critical.
We found it most convenient in this report to treat the
three possible cases separately.

We will first

treat the case in

which the thickness of the film which is split is equal to the critical,
next where it is larger than the critical and last where a film thinner
than the critical is

split.

Flow-curves were recorded on the Hercules Hi-Shear Viscometor.
In some cases it

was difficult to get a satisfactory curve.

cosity might be too high even for the smallest bob

The vis-

or, what was worse,

the flow properties might be such that the bob just drilled a hole in
the color thus giving a false flow curve.
The

amount of tracking had to be judged by eye

Several

methods of getting a numerical expression for the severity of tracking
were tried without success.

(Report No.

best method was ot judge the traking

1)

It

visually.

decreased the number of tracks per linear

vas decided that the
When concentration is

inch across the patterns is

increased while height and width decrease.

Therefore a greater number

of tracks per linear inch is regarded as less serious tracking,
Throughout

this report the expression "less tracking"

for a larger number of tracks per linear inch.
es en inconsistency.

However,

if

we keep in

This appears at first

mind that

of low tracks give a smoother sheet on supercalandring
a few high and thick tracks,
cause misunderstantings.

stards

is larger

number

than one with

the use of the expression shoul not

..
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Where nothing else is

said tee work was done with a coating

color of the following composition:
HT clay

100 parts
20 parts

Superfil

0.3 parts

no. 4

Starch cooked in a 25% dispersion.

"Quadrafos" dispersing agent

The solids content (concentration) was varied between 55'

and 65%.

FILMSPLITTING AT CRITICAL THICKNESS

When filmsplitting at the critical thickness was measured
a drop of coating color was deposited from a syringe on a non-absorbtive foil strapped to the inclined plane with scotch tape.
of the drop could be kept constant to within 5 mg.

The steel cylinder

was then rolled down the plane and across the drop.

By weighing the

foil quantitative data about the split could. be obtained.
materials were

used to cover the cylinders

receptivity these were

aluminum foil (Al)

print FT (H), pTlp testing blotter (B)

The weight

Different

In order of increasing
newsprint R (R),

and Whatman filter

news -

paper

(WJ-1).
The results of the splitting experiments under these
conditions are shown in figure 3.

Percent color retained on plane

decreases almost linearly with conceptration when paper is used on
the roll and stays reasonably constant when the split is
Al-foils.

In other experiments it

between

was shown that the split between

non-absorbtive surfaces always is close to 50.%
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HYPOTHESIS

At this stage it is necessary to outline a hypothesis about
the filmsplitting process which was used as a guide throughout this
work and which was supported by the results obtained.
1.

When a film is split between rolls or between a roll and a plane,

the split will be 50-50 if the surfaces are nonadsorptive.

(There are

a few exceptions which will be mentioned later.)
2.

Tf one or both surfaces are absorptive a layer of color of a

certain thickness is immobilized on these surfaces.

The layer of color

which still is fluid splits 50-50.

INFLUENCE OF RECEPTIVITY

According to this hypothesis the fluid film should be thinner
the more absorptive the receptor is.

Therefore the receptivity of

paper should be an important factor for determining the tracking of a
coating deposited on it.

However in the experiments shown in figure 3

no great difference in tracking could be observed.

The reason is

that the same weight of color is spread to a smaller area by a receptive
fiLm
roll than by a non-receptive. Thus the thickness of the fluid stays
fairly constant.

In figure 4 the thickness of the film left on the

plane, which is equal to 50% of the fluid film, is
different materials on the roll.

shown for the

It is clear that solids content of

the color is more important to fluid film thickness, and therefore
tracking, than receptivity of paper under these experimental conditions.
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pattern appears to be smoother because of afterflow.

In figure 6 the

split has been done between two foils at the critical thickness.

It

can be seen how the bare spots on one foil correspond to covered spots
on the other.

The thin tracks on the bare spots correspond to coarser

tracks on the opposite side and the thin tracks have left small grooves
in the tops of the broader tracks.

When prespread films below the

critical thickness are split the same type of splitting is
When one receptive surface

noticed.

used the film splits along this,

only small lump of dry color.

There is no adhesive present in

leaving
this

color which consists of 100 parts HT clay, 7 parts INNaOH and 0.2 ml.
TN Quadrafos at a solids content of approximately 75%.

SPLITTTTG OF FILMS THICKER THAN THE CRITICAL

By modifying the incline plane apparatus a little, the splitting
of films which are thicker than the critical film thickness can be
studied.
minum

Two strips of shimstock are placed on the top of the alu-

foil on the plane and strapped with scotch tape.

Room is left

in between the two parallel strips to allow the spreading of a drop of
color, which will spread to a thickness equal to that of the shimstock
if

this is

larger than the critical.

If

the thickness of the shimstock

is less than the critical under the given experimental conditions, the
film will spread to the critical thickness because the roll is going
to ride on the color and not on the shimstock strip.

Thus this will

be a split of a critical thickness film which has been treated in the

preceding part of this report.

Arnold's equation can be used to

Project No.

determine the critical Thickness,
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but is not very accurate because of

uncertainties as to the rate of shear of the process.
To get an accurate viscosity. value from the
is necessary to know the rate of shear.

A method which is

applied to determine if a certain film thickness is
than the critical is

flow curve it
easier

larger or smaller

to spread two drops of color of equal weight

one at the given thickness and one at the critical thickness.
long as the area covered by the film of critical thickness is

As
larger

than the area covered by the either film. we..know that the given
lm thickness is
andalso

reliable

larger than

the critical.

The is

a handy method

as the areas can be measured accurately with a.

SPLITTING RATIO

Quantitative data about this type of splitting were collected
and are plotted in figure 7.

To interpret the curves we have to

consider the different factors effective in filmsplitting.
first

In

the

place we know that a constant weight of color spreads, to a

larger area when the solids content
is the critical.

The effect

is

lowered and the. filmthickness

that a larger area of paper acts to

withdraw water from the color and therefore immobilizes a larger
percentage of the total weight of color.
of curves shown.. in figure3,and

Therefore we get the type

the, lowest, curve in

figure 7..

If,

the clearance is fixed. a different, situation exissts as soon as the
concentration has been lowered to a point where the critical filmthickness is smaller than the clearance.

From here on

the constant
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weight coating color drop spreads over a constant area of paper.

A

constant amount of water is withdrawn from the color in the instant
of splittingand the split is almost constant.

A slight slope upwards

as the concentration increases is due to flow by gravity during the
splitting.

In other words, there will always be some particles which

are "undecided" as to which side of the split to go.

These will

preferentially go downwards, i.e. to the plane because of the effect
of gravity, which will be more pronounced the easier the color flows.
The general shape of the middle and upper curves can be explained in
this way.

The up

curve on the right side of the upper curve is.

harder to explain, but when we keep in mind that the curve for the
split under the critical conditions probably curves upward at

concentrations higher than 65% we see that the 3/1000 curve probably
will join the "critical" at a reasonable concentration.

FLOW PROPRTITS

As was the case with splitting at critical thickness the
flow properties did not seem to influence tracking very much, when
tracking is regarded as the number of tracks across the ridge.
Dilatant colors gave bad "picking."

RECEPTIVITY

Neither did a variation in receptivity seem to influence
the tracking to a detectable degree.

This experimental set up did

A''
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provide a method for measuring the thickness of the immobilized layer
which may be a method of finding how great an influence on tracking
we should expect.

FILM THIKNESS

It

has been stated before that there were reasons to believe

that the thickness of the film is

the most important factor determining

When splitting film thicker than the critical,

tracking.

(See figure 8)

be easily demonstrated.
3.5/1000 which is

this could

At a fixed clearance of

larger than the critical film thickness at all

concentrations below 65% the number of tracks across the pattern stays
virtually constant as the concentration is
of the tracks change.

lowered although the shape

The tracks get broader probably chiefly as a

result of afterflow (flow after the actual splitting).

At the same

time the number of tracks in a "critical pattern" increases very
noticeably.

For a fixed clearance of 1.5/1000 the number of tracks

increase as the concentration is

lowered

to about 62% but stays

constant from there on in agreement with figure 7 which shows

that

1.5/1000 is equal to the critical filmthickness at about 62% solids
As has been mentioned splitting of films at fixed clearance

content.
makes it

possible to determine the effect of receptivity on the

thickness of the immobilize
section through the film.
of the roll and is
is

moving.

layer.

In figure 9 is shown a cross-

The cross-section goes through the center

perpendicular to the direction in which the roll

The thickness of the immobilized layer can be found by
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subtracting the thickness of the fluid layer from the fixed clearance
3.5/1000.

The thickness of the fluid layer is

found by recalculating

the weight of the material deposited per sq. cm. of pattern on the
multi-

plane to thickness of color of the original concentration, and

plying the value by two, thus using the assumption that the splitting
of the "fluid" layer is

50--50.

When the thickness of the imobilized

layer if found and the area and weight of material in this layer is
known, its apparent density can be calculated and also the amount
of water withdrawn from the immobilized layer to produce this density
All these data are given in table I for two different concentrations
of HT-coating color.

Two parallel experiments are recorded to give

an idea about the reproducibility,
In the calculations densities of 2.65 for HT clay, 1.5 for
starch and 1.0 for water were used, giving densities of .53
0.5% color and 1.46 for 55.3

color.

A check

the data for splitting between non-receptive
When the clearance between the surfaces is
film thickness of 0.0888 mm.

would

thickness calculated from 76-4 is

could be obtained from

surface

(Al-foil1)
total

fixed to

theoretically
0.0976 mm,

giving an average for 76 = 0.0972 mm.

for

be

expected. the

from 76-7 0.098

mm. ,

For run 79-l the thickness

was 0.0929 mm. for run 79-2 0.0952 giving an average for the 79 runs=
0.0940.
the

These two average calculated

clearnce

values were used in

calculations leading to the results shown in table I.

Table I

brings out the difference between the two papers used. Most striking
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is the difference in percent water absorbed by the paper calculated on
the basis of water available in the immonilizedlayer.

This brings us

to conclude that when papers differ in receptivity the effect is found
much more markedly in the efficiency with which the paper depletes the
nearest layer of color of water than in the depth to which the absorption
is effective.
The table shows that there is a small difference between the
thicknesses of the "immobilized" layers in the expected direction.
Obviously this difference is not large enough in relation to the
totel filmthickness to bring out differences in tracking.

We shall

see later on that If the total filmthickness is smaller, the difference
in receptivity becomes important.
Another conclusion which might possibly be made is that it
takes only a very small increase of viscosity in excess of that of the
fluid layer at a certain level for this level to act as one of the
surfaces between which the fluid film is

spilt 50-50.

SPILTTING OF FILMS THINNER THAN THE CRITICAL

We have treated
splitting.

In the first

two fundamentally different cases of film
case, which might be called the normal,

the

filmthickness was not controlled and therefore adjusted itself to
the critical value.

In the second case we used fixed clearances

studying splitting of films thicker than the critical,
to treat the case in which the filmthickness is

in

Now it remains

lower than the critical
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The experimental conditions were changed a little to allow a
study of this case.

A drop of color is placed on the glass plane and

spread to a smooth layer of fixed thickness by a drawdown bar.

The

roll covered with the material to be investigated is rolled down the
lane and across the prespread film.

This is done as quickly as

possible, i.e. within about 2 sec., after the prespreading to prevent
the film surface from drying.

Film thicknesses of 3, 1.5 and 1

thousands of an inch were used.
thickness of a color of 65'
If

3/1000" is close to the critical

solids content at a roll speed of 40 cm/sec.

the thickness of the prespread film is

larger than the critical this

can be easily seen because the roll then will spread the film to a
larger area than covered before passing of the roll.

These experimental

conditions do not allow for an easy determination of the distribution
of color between roll and plane after splitting.
data are of secondary interest in this connecticon.
any effort to obtain them in
critical.

In general it

However

as these

we have not made

the ease of films thinner than the

seems as if

the middle of the "fluid" film still

our hypotesis is about splitting in
holds.

A few exceptions will

be pointed out.

INFLUENCE OF RECEPTIVITY

When working with these relatively thin films the effect of
differences

in

receptivity are easily seen.

PICTURES of thinner

than critical

films

Tn figure 10 are shown

of 65% Ht color spilt

at
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40 cm/sec.

The tracking decreases with decreasing film thickness and

at the same time the effect of variation in receptivity becomes more
noticeable.

REVERSION OF THE CONCENTRATION EFFECT

One very interesting fact is brought out by comparing the
pattern obtained by splitting a film which has been prespread to one
thousands of an inch at 65% solids content to that obtained at 57.8
solids content under otherwise identical conditions.
of the 65% color is definitely less pronounced
color.

The tracking

than that of the 57..8

This is a reversion of the trend observed when the thickness

is the critical or larger.

When the film thickness is

the critical,

the tracking decreases when the concentration is lowered.
reason for this
the film is

The chief

that the thickness of the film decreases.

kept at a constant

When

thickness above the critical the

tracking seems to be constant and independent of concentration.
type of pattern produced whe n the filthickness is
is

The

below the critical

characteristically different form that obtained under the critical

or above critical conditions.
obtained

by splitting a 1.5

concentrations

Figure 11 shows pictures of patterns
thousands inch prespread film at different

The tracking increases when the concentration is

lowered until the critical concentration is
on it

starts to decrease

in

reached from which point

the sense we have defined it,

of tracks across the pattern increases.

vi., number
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Below the critical concentration the tracks are very branched
and broken; above the critical concentration the branching is much less
marked and the tracks are continuous in the roll direction.
difference

is

The

best brought out by a study of the pictures in figure ll.

The color used here

is a little

different from that ordinarily used.

10% sodium oleate has been added (based on the starch).

The soap forms

a complex with the starch to give the color a gel-like character.
The flowcurve has a definite yield value with practically no apparent
viscosity above it.

(See

figure 5.)

The way in

which the pattern

changes is however the same as for a regular HT coating color.

The

only difference between the two colors seems to be'that the critical
concentration is a little higher when soap is used.
seem to be any improvements

Experiments in
of the surfaces
report no.

There does not

in tracking on paper.

which a hydrophobic material was used as one

between which the film was split were mentioned in

I onthis project.

To complete our knowledge of this kind

of splitting processes additional experimental data were collected.
Waxpaper was used as hydrophobic surface,

aluminum foil as hydrophilic

and the splitting of films of two coating colors of widely different
flow properties was studied.

OPERABLE COLOR

Asa typical operable color the HT (100)
dispersinG agent (0.3)

color was studied

-starch (20)-

The thixotrophy of this color
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is not very marked at lower concentrations (below 60,)
appears to be almost Ne.tonian.

where it

At concentrations above 60% the

thixotropic loop is larger at the same time as a certain yield value
is shown,

The results of the splitting experiments are given in table

II.
Taking the experimental error into consideration it seems
justified to conclude that a coating color of the type used splits
50-50 between non-absorptive surfaces irrespective of their wetting
characteristics.

The difference in wettability between Al-foil and

waxpaper is observed in all experiments.

The coating deposited on

the waxpaper breaks up and contracts into droplets and ridges
immediately after the roll has passed.

In some cases, particularly

at high concentrations, this happened only to the narrowest part of
the pattern where the nip pressure war the highest and the film
thickness accordingly

the smallest.

Filmsplitting data between filter
included in Table TI.

paper and waxpaper are

These experiments were carried out to see if

substitution of waxpaper for Al-foil made any difference
transfer.
no.

1,

When compared with results reported

this seems not to be the case,

to the

in project report

as expected.

As an assurance

the experiments recorded in table III were carried out.
Therefore we can conclude that waxpaper is completely
identical in action with aluminum foil in the splitting process of
an

HT type coating color film.

Experiment No.

Material on

Roll

Dropweight
mg,

Plane

68-1

Al

Al

68-2

Al

Wax

68-3

Wax

Al

68-5

Al

Wax

6-5

Wax

Al

68-6

Wax

Wax

68-7

Al

Wax

68-8

Al

Wax

285

55.1

241

43.1

285

48.3

80

228

54.5

80

293

50.0

230

46.5

228

59.4

242

49.3

220

55.1

217

37.2

219

36.9

225

51.5

21

48.0

210.5

50.0

210

31.8

201

30.7

80

40
()
2)

68-9

Al

Wax

69-1

W-1

Wax

69-2

W-l

Wax

71-1

Al

Wax

71-2

Wax

Al

71-3

Wax

Wax

71-4

W-l

Wax

71-5

W-1

Wax

W-1

=

Whatman filter

paper no.

, ()

80

80

1

Duplicate experiments gives an idea

'

Split

% on plane

TABLE III
I

Experiments
No.

Material
Roll
Plane

72-1

W-1

72-2

W-1

72-3

W-1

72-4

Roll speed

80 cm/sec.

Dropwe
mg

ht

Split
on roll

Thickness
Mg/crm2

209

31.8

2 11

205.5

29.4

1. 8

Al

203.5

32.5

1.95

Al

206

32.4

2.01

Wax

Wax
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In other words, when a film of this type is split, the
relative magnitude of the adhesion forces between film and surfaces
are of minor importance for the transfer obtained.

The dominant

factor seems to be the distribution of the cohesive forces through
the crossection of the film.
these reach a minimum.

The split occurs in the layer, where

The location of this layer will be determined

by the rheology of the process.

I NOP ER ABLE COLOR

Another color worked with had extremely dilatant flow
properties.

This color was composed of 100 parts Celite, 20 parts

starch and 0.3 parts dispersing agent.
became fluid.

Water was added until the color

The concentration at this point varied between 40-25%

for different Celite samples.
Representative flow curves can not be obtained at these
concentrations.

It seems as if the color extrudes water in the layers

which are sheared and thus makes the flow recordings meaningless.
lower concentrations flowcurves an be recorded, but it is doubtful

At
if

these represent the flow characteristics of the homogeneous coating
color as they show almost true Newtonian behavior.
In general the splitting of these colors resulted in very
rough patterns.

Between to like surfaces the material was distributed

completely random and patchwise.

A patch of color on one surface would

correspond to a bare spot on the other.

When split between a
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hydrophobic and a hydrophilic surface the Celite colors were picked up
100% by the hydrophilic .

As to the appearance of the surface of the

coating after splitting there was a definite difference between two
different types of Celite,

One group of colors, including types as

Celite Analytical Filter Acid, FC, 321-A,
502, give a quite rough surface.

Microcel 500 and Microcel

Characteristic for this group is

also that the color does not get sufficiently fluid to work with
until the solids content is 20-25%.
investigated,

Celite no,

those mentioned above.

Twocf the Celite samples

263 and Celkate C-36815 were differentfrom
These samples gave colors which were fairly

fluid at 39.0% solids content.

Furthermore, these colors gave a.

clean and smooth split from a hydrophobic surface.
The reason why this is

so is

not known.

the average particle size of Celite 263 seems
than that of 321-a, but there is not

Under the microscope

to be somewhat smaller

very pronounced difference.
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THE FLOW OF VISCOUS LIQUIDS IN A NIP

In connection with our work on the trackingg of coating colors
applied by rolls we found it worth while to go into 1the theory of the
flow through nips in some more detail.

Although thisB kind of flow is

important in as widely different fields as printing, tin plating, and
lubrication of bearings, a complete treatment of its
presented.

theory has not been

The problem has been approached by severeal authors with

apparently different results.

The present study may be helpful in

clearing up some of the disputed points.
The Movement of the Roll Surface
We know that when a circle rolls along the x-axis of a given
co-ordinate system a point on the periphery will foil .ow a curve called a
cycloid.

Figure 1 shows the position of a point P at seven different

positions of the roll center.

If we draw the co-ordi nate system with

the origin in P 2 and the ordinate through the roll ce enter, the equation
for the curve followed by P when the roll rolls to th e right without
slippage is

(1)
(2)
r is the radius of the roll, e is the angle between t he radius to the
point of contact with the x-axis and the radius to P, taken clockwise.
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The direction of the movement is found from the derivative of
x and y with respect to 9.
(3)

dx/dQ = r - r cos 9

dy/dg = r sin 8

dy/dx = r sin 9/(r - r cos 9) = sin 9/(l - cos

(4)

)

(5)

If the roll is moving at a constant speed ofv cm/sec we get
the horizontal and vertical components of the peripheral velocity thus

do/dt is the angular velocity of the roll and is given by

From (6), (7) and (8) we get

The velocity of P is

Again referring to Figure 1 these equations show that the
horizontal component will be 2v at P4 where the vertical component of
the velocity is 0. At P3 where e is 900 the horizontal and vertical
components will have the same magnitude = v.

When G decreases from

here on both the vertical and horizontal velocity components decrease
and reach 0 in the nip (P3 ).

In the vicinity of the nip the vertical

component will change its magnitude much more slowly than the horizontal
and will change direction in P3.

The horizontal velocity component

will always have the same direction (except in P3 where it is 0).
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Graphical Representation
Wherever the film splitting between two rolls or a roll and
a plane is discussed it is likely that one of two different methods of
illustrating the process is used.

We think it is important to point

out the differences between the two methods since confusion arises if
they are not kept strictly apart.

In the first method the roll centers

are considered as stationary points while the roll surfaces, the paper
and the color in immediate contact with the paper and roll move with
constant speed.

The velocity of other parts of the color is represented

by arrows the length and direction of which indicate the rate and
direction of movement in relation to the roll center.

If we want to

find the flow of the color in relation to the roll surface, which is
what we want to know if we study the shearing of the color, we have to
find the velocity of a given volume unit of color by subtracting the
length of the arrow representing the velocity of the roll surface from
the length of the arrow representing the movement of this particular
part of the color.

This method of representation is the one used by

Sjodahl (1) in a work which will be discussed later on in this report.
It is also used by Smith, Trelfa and Ware (2) in a work which is very
frequently referred to when roll coating is discussed.
We think that another method of presentation gives a better
and clearer picture of the flow in the nip.

In this method we consider

the roll surface in the nip as the reference point.

Actually it is

only during an infinitesimal period of time that both the vertical and
horizontal components of the velocity of a point on the periphery is 0.
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We will discuss the flow during this period.

When talking about the

flow between a roll and a plane the reference point can be more clearly
defined.

The plane, in this case, is considered as stationary and the

reference point then is the point on the plane (actually the line) which
Figures 2 and 3 illustrate the two types of

is right below the nip.
graphs we get.

It is clear that both methods can be used to illustrate the

same experimental conditions.

The latter methodhas the advantage that

it is much easier to see how the peripheral velocity can be separated
into horizontal and vertical components.
simplifies the treatment considerably.

As will be shown later, this
In both graphs the shear can

be found by dividing the difference in length of two arrows by the
distance separating them.

We think that the direction of shear is best

shown by the method used in Figure 3.
This representation will therefore be used consistently
throughout this report.

Pressure Distribution in the Nip
In discussing the flow of a liquid through a nip it is
necessary to know the distribution of pressure.

This will be different

in a nip between two rolls and a nip between a roll and a plane.

We

are primarily concerned with the latter case (Arnold's roll-inclined
plane apparatus (3)).
be very similar.

In principle, the treatment of the other case will

Project 1655
June 7, 1954
Page 6

Two

)
/

Project 1655
June 7, 1954
Page 7

In a paper by Arvid

E. Roach on the load-carrying ability

of hydrodynamic oil films (4) the pressure distribution in the nip
between a journal and a bearing is discussed.
by T. E. Stanton:

Friction,

It is referred to a book

Longmans Green and Co., 1923.

book the derivation of the pressure distribution is given.
derivation was originally made by Osborne Reynolds.
given.)

In this
This

(No reference

In Figure 25 b is shown a cross-section of the system.

Figure 25 b.

(Stanton p. 90)

The center of the journal is at 0, while the center of the
bearing is at 0.

The point of nearest approach of the bearing and the

journal falls on the line through 00'.
in the direction of rotation.
1.

The angle 0 is measured from OA'

The following assumptions are made:

The space between the solid surfaces is so small compared with the

ratio of the kinematic coefficient of viscosity to the velocity of the
fluid, that the motion is free from eddies.
2.

The forces arising from the weight and inertia of the fluid are

small compared to the internal stresses arising from the viscosity.
3.

Terms depending on the compressibility of the fluid may be omitted.

4.

On account of the thinness of the film its curvature may be neglected.
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x is measured along the moving surface in the direction of
motion.

Variation of pressures and speeds in the direction at right
We measure y normal to the surface and set

angles to x are neglected.
y=O at the surface.

The following boundary conditions are now adopted:

When y=O,
When
, u
u = U
U and
and v
v == 0
ysh,
u = 0 and v =

velocity of fluid in x-direction
v= velocity of fluid in y-direction

The following equations result from the treatment of these
conditions:

Here a is the radius of the journal, h is the clearance at any point,
while h' is the clearance at the point of maximum pressure.

Actual

measurements of the pressure distribution show that this formula
represents the conditions correctly.

If we compare the case treated by Reynolds with our problem,
which is to find the pressure distribution in the nip between a roll
and a plane, we find large similarities.

We may consider our case as

one in which the radius of the bearing is very large compared to the
radius of the journal.

The fact that the "bearing" moves with the same

speed as the surface of the "journal," is then the only difference
between the two systems.

It has been shown (2) that there exists a

"stationary" point somewhere in the nip halfway between the two surfaces.
To be able to use Reynolds' treatment we now assume that there is not
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only a stationary point, but a stationary layer halfway between the
surfaces all the way through the nip.

It is clear that this is far

However, let us assume that it is so for the time being.

from true.

Then the equation for the pressure distribution would be

h3

There h is half the clearance measured radially from the roll
surface to the plane surface.

h

the same at the point of maximum

pressure.
When h is large compared to h'
proportional to h 2 .

p/x

will bo inversely

At smaller values of h the pressure distribution

will be inversely proportional to a power of h between the second and
third.
The graphical representation of Reynold's equation show the
maximum pressure falling in front of the point of nearest approach
between the surfaces.

The theoretical points check the observed values

very nicely.
When a roll rolls across a drop of viscous fluid on a
horizontal plane the point of nearest approach must, of course, be right
underneath the roll center.
or very close to zero.

The pressure in this point is either zero

The maximum pressure falls somewhere in front
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of the center of the nip.
in the nip is

Since our knowledge about the actual flow

so sparse, it is difficult to predict the exact pressure

distribution any further than this.

The assumption that there is a

stationary layer in the nip is not true between the maximum pressure
zone and the center of the nip.

Neither is the flow in the nip of the

Couette type as assumed in Reynold's derivation.

In the following the

pressure distribution in the nip is derived in a more schematic way.
It will be shown that the same assumptions have to be made, and the
results will give the same general information as already obtained.

In Figure 4 the roll and the plane is shown according to the
method of presentation we prefer to use.

The nip is

filled to a

distance x, in front of the perpendicular through the roll center.

Figure 4
If the material in the nip were incompressible and had a constant
resistance to flow, the weight of the roll F would be distributed in
relation to the vertical component of the peripheral velocity.
words as dy/dt = v sin 9 over the distance x = r sin 9.
therefore turns out to be linear inrelation to the plane.
in Figure 5.

In other

The distribution
This is shown

The total area under the straight line represents the
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weight of the roll.

If we want to find the pressure on the area dx.l,

where 1 is the length of the roll, at any distance d in front of the
nip we multiply F by the ratio of the area above dx to the total area
under the line and divide the result by dx.l.

Co-ordinates dy/dt, x.Equation
of curve dy/dt =

x.

Area

over dx divided by total area
under curve is proportional to
fraction of F supported by the
area dx.l on plane.

x

Figure 5
The treatment of a case which is closer to reality will be
very similar.

We consider the nip filled with coating color and make

the following simplifying assumptions:
1. The fluid is Newtonian.
2. Somewhere in the nip, the color is stationary in relation to the
roll center.

This stationary point falls midway between the roll and

the plane surface.
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3.

The layer of color midway between the two surfaces moves little in

relation to the stationary point.
4.

The flow of the fluid is met by no resistance caused by the piling

up of color in front of the nip.

As will be seen later on, the most serious of these assumptions
is 3.

What we, in fact, are assuming is that a layer of the color

moves with the same speed as the roll.
midway between the two surfaces.

This is the layer that lies

In Figure 6 the position of this

layer is marked with a dashed curve.

The equation of this curve will

be that of an ellipse:
r + h )2
2

( y

+

=

2

1

(12)

2
r

4
Assumption 3 will be strictly true only for the stationary point, which
we know must exist.

5.

Another assumption which must be made is that the rate of shear is

constant at any given distance from the center of the nip.

The velocity

of the color probably reaches a maximum in the mid-layer (in relation
to the surfaces) and what we now assume is that the velocity is linearly
distributed between this layer and each of the surfaces.

(Couette flow)

If these assumptions hold we can find the pressure distribution as
shown below.

In Newtonian fluids the flow resistance is proportional to
rate of shear.

The rate of shear is the roll velocity divided by
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one-half the roll-plane distance.

Pressure is proportional to the

vertical component of the peripheral velocity times the flow resistance.
If P is the pressure on the area dx.l we get
. vx

v

P = const.

h + r - r cos 0
2

= const.

from x = 0

r

to x = r

x
h + r -

r2

x 2

(13)

Equation (13) has been plotted in Figure 7 for h =

r
1000

The location of the maximum can be found in the usual way:

dx

= 0 at the maximum

=

h2 r2 + 2hr3
(h + r

Therefore

x2

x2

When h =

r

1000

(14)

-

In all normal cases h will
be much smaller than r.

2hr3
(h + r)Z

P max is at 0.04 4 7r.
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To show the variation of

with h we have plotted

x

h/2hr

vs. h in Figure 8. The factor r/(r+h) introduces a correction of only
-0.02% when h = r/500 and can therefore be neglected.
Let us re-examine the assumptions made on the basis of the
results which have been obtained.
1.

If the fluid is thixotropic the resistance to flow is less than

proportional to the rate of shear.

The resistance to flow near the

center of the nip is less in proportion to that in the nip entrance
than the case would be with a Newtonian fluid.

(Figure 9) The maximum

pressure zone therefore moves away from the centre of the nip.

Figure 9
In the case of dilatancy the maximum pressure zone is closer to the
center of the nip than would be expected for Newtonian behavior.

3. In the experiments on the roll-inclined plane apparatus the radius
of the roll is close to 2 inches and h usually between 1 and 3 thousands
of an inch.

When h is 2 mills (1 mill = 1/1000 inch) the maximum

pressure zone is 0.04468 r in front of the nip.
9=2°34t.

Sin & is 0.04468 and

The clearance in the maximum pressure zone is close to 4 mills.
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We said before that in general the flow of color will be from
higher pressures towards lower in the nip.

It is clear that if this

were strictly true there would be no flow through the nip at all.

No

color would be able to pass the maximum pressure zone which moves with
the speed of the roll.

Obviously therefore, there must be a certain

amount of color which passes the maximum pressure zone per unit time.
Exactly how much we cannot say, but we can estimate the upper and lower
limits.

The color which passes through the pressure "barrier" most

likely is the color which is closest to the surfaces of the roll and
plane.

Here the adhesion forces restrict the flow somewhat.

The

minimum amount necessary to maintain balance in the region between A
and B in Figure 10, when there is no flow in relation to the plane at
A, is equal to a layer of the thickness h.

But this must be a

/

Figure 10
minimum value since we have not taken into account the flow caused by
the pressure drop between B and A.

The shaded area moves with the same

velocity in relation to the surfaces as the maximum pressure zone B.

The

maximum amount of color which may pass through A when the roll rolls
from A to B, is the total amount of color between B and A.

Since the

clearance at B is larger than the clearance at A the color must move to
the right at A if the nip is going to let through all the color.

In B

the color is stationary in relation to the plane except for one point
which moves with the velocity of the roll, Figure 11.

Project 1655
June 7, 1954
Page 19

Figure 11

In the case when the clearance at B is twice the clearance
at A approximately h.1/2.x

.1 color must be pressed through the nip

at A through flow because the nip can not let through more than lh.xma x
stationary in relation to the plane.

The color therefore in this case

flows through the nip with a velocity approximately equal to

1/2 the

roll velocity.
Which of these limiting cases is closest to the actual is
hard to say.

In Figures 10 and 11 the velocity gradients within the

color have been drawn very sharp.

This has been done to get a more

instructive picture of the flow.

The actual velocity distribution is

probably much smoother if not completely linear.

If we keep this in

mind, we see that our assumption No. 3 is not too bad to the left of
B in both the cases treated above.

In the zone between B and A it

holds well in the first case (Figure 10) while it does not hold for the
second case shown in Figure 11.

The low shear between B and A in this

last case will tend to increase xmax'
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5.

As to assumption No. 5 which is that the rate of shear is constant

at any given horizontal distance from the center of the nip,there are
two different points of view which can be used.

One is that the flow

caused by the horizontal component of the peripheral velocity of the
roll is similar to Couette flow and therefore gives a linear velocity
distribution and constant rate of shear along the vertical line from
the roll to the plane.

Another is that the flow caused by the pressure

gradient at B is similar to the flow at the entrance to a capillary.
Here it is important to stress "at the entrance" because this kind of
flow is different from what usually is called "capillary flow."

The

first way of seeing it may be correct far from the center of the nip
where the horizontal component still is the dominating.

It can be shown

quite easily, however, that the flow caused by the horizontal component
very soon is insufficient to remove the surplus color in front of the
nip.

The closer we come to the nip the more of the flow is caused by

the "squeezing action" of the vertical component.

In the region in

which we are particularly interested the vertical component of the
peripheral velocity is the dominating cause of flow.

(See Appendix I

for a more complete treatment of this.)

In the case which is illustrated in Figure 10 the existence
of a maximum pressure zone makes no difference to the type of flow.

Here

we find that, if we admit that the shaded parts of the color move with
the velocity of the roll center, the velocity distribution probably is
something close to what is shown in Figure 12 below.
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Figure 12

In Figure 11 the flow is

similar to that shown above on the

left side of the maximum pressure zone and similar to that in the
entrance of a capillary on the other side of this zone.
of flow is reversed in the last case.

The direction

The velocity distribution is

shown in Figure l.

Figure 13

According to these velocity distributions the rate of shear
should be highest close to the roll or plane surface.

The only velocity

distribution which might be thought to give a maximum rate of shear in
the middle of the nip is the one shown in Figure 14.

B
Figure 14
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This type of a velocity distribution has never been observed
as far as we know.

Another distribution which possibly might exist in

a nip where there is very strong adhesion between the color and the
surfaces is

the one shown in Figure 15.

Figure 15

The maximum rate of shear is still going to be close to the
surfaces even if it is not in the layer immediately next to the surfaces.
Thus the situation is not very different from the one treated before.
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Summary

This analysis has shown that the pressure in the nip is
distributed in such a way as to give a maximum pressure in front of the
center of the nip and no pressure in the center itself.
of flow which might result are discussed.

Different types

The velocity distribution is

probably not strictly parabolic and the flow is therefore not analogous
to "capillary flow" in the usual sense of this expression, but a certain
similarity existain that the flow gives a maximum rate of shear close to
the surfaces of the roll and the plane.

The Effect of Treatment Before the Splitting Occurs
The viscous fluid which is carried through the nip is sheared
very intensively in front of the nip.

We have seen that the maximum shearing

action is likely to fall in front of the maximum pressure zone.

From the

maximum pressure zone to the center of the nip and on the exit side of
the nip the shear is less intensive.

We are interested in knowing the

flow properties and the distribution of rate of shear in the material fed
to the splitting zone on the exit side.

Newtonian and dilatant materials

are generally believed to have instantaneous recovery.
these materials have no "memory" for previous treatment.

This means that
It makes no

difference whatsoever which treatment these materials have been through
before they reach the splitting zone.
situation is different.

With thixotropic materials the

The apparent viscosity of thixotropic materials
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will be different according to the amount of shearing action which it
has been through.

The recovery time is long compared with the time it

takes to bring material from the maximum shearing zone to the splitting
zone in

the nip.

In Figure 16 is

shown how three different fluids reach

the same apparent viscosity after being treated at a given rate of shear.
The initial angle with the torque axis represents the inverse of the
viscosity measured in any low shear viscometers.
is

(The shear in

usually higher than that produced in any known viscometer.)

the nip
Therefore

Figure 16
Figure 16
a certain viscosity at high shear is

obtained with a thixotropic fluid of

higher viscosity at low shear than that of a Newtonian fluid.
the opposite is

the case.

We think that the question of operability or

nonoperability of a coating color is
at the splitting moment,

With dilatancy

determined by the apparent viscosity

not secondary flow characteristics as thixotropy

or dilatancy which tells us only how this viscosity has been obtained.
other words,

I

if

In

we have three thixotropic colors with flowcurves as shown

in Figure 17, which are run up to a certain rate of shear in

the same time
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and given the same length and intensity of treatment, we will find that
they behave identically in the splitting process if the apparent viscosities
obtained is the same.

Figure 17 shows a case in which the size of the

/

Figure 17
thixotropic loop is not a direct measure of the relative operabilities of
the three colors.

Thixotropy is an advantage because it gives lower

viscosity after shearing but it is not in itself a property that affects
the splitting action.
Flow on the Exit Side of the Nip
As has been mentioned the main flow near the center of the nip
on the entrance side is caused by the "squeezing" action of the pressure
of the roll.

On the exit side the pressure issuddenly released and only
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little flow is taking place in the horizontal direction.

Some flow

is caused by the back flow through the nip center but this flow stops
a shorter distance in back of A than B is in front of A.
is caused by the air "fingers" which penetrate
in Figure 18.

Lateral flow

into the color as shown

This flow is probably relatively fast but of short

duration.

start to elongate in

the vertical direction.

eventually causes the splitting of the film.
color into walls has taken place
as viscosity goes.

This is

for thixotropic colors it

It

is

this flow which

After the separation of the

the color is probably quite homogeneous

certainly so for Newtonian and dilatant colors;

is likely that the combination of flow in the

nip and lateral flow in back of the nip has given all parts of the color
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a certain amount of work so that the viscosity is evenly lowered.
The spacing of the walls will be determined primarily by the spacing
between roll and plane.

On Figure 19 we have shown the nip seen from

the exit side, the cross-section is cut parallel to the roll axis,
perpendicular to the plane and slightly on the exit side of the nip center
so as to cut off the "finger tips."

Two possible variations are suggested*

If we think in terms of energy the most reasonable variation in tracking

LJ1 \~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~

f

Figure 19
seems to be the one drawn on the left side of Figure 19.*

It

should be

*Figure on right side has least surface area. However, the energy used
for lateral transportation should also be taken into account*
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remembered that at constant clearance the ratio between air and color in
the cross-section shown must be constant.

The question is how to rearrange

the air and the color with the least increase in energy.

If the fingers

have a given cross-sectional shape this means that the number of tracks
is dependent only on the clearance,

viscosity and other flow properties

have no influence as long as this is constant.
When the finger tips penetrate the color a great deal of the
splitting is done.
the fingers.

What remains is to split the walls of color separating

Here is where the largest portion of the color is concentrated.

As the roll and plane surfaces part the walls are stretched until they
break.

The rate of shear in this vertical flow can be easily found.

In

Figure 20 is shown how the flow on the exit side of the nip takes place.
Only the vertical component of the peripheral velocity is taken into account
as the horizontal component near the center of the nip is very small.

Figure 20
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The vertical movements of a point on the periphery has the rate

Rate of vertical movement of any point y' above the plane on the line

Distance from point where vertical movement begins (nip center) =

Rate of shear:

d(dy'/dt)
dx

=

=

d(dy'/dt)/de
dx/dO

v'(cos0(r+hrcose)-rein2O)
)'
ros
hrcos(r
rc

When 0 is small sin 20 will be very small and can be neglected in the
equation above.

Thus we get
Bate of shear =

.

The rate of shear in the vertical direction vary linearly from 0 at the
plane surface to v/r at the roll surface.

It

is interesting to note that

this distribution is independent of distance from nip center.
As to the relative magnitude of this rate of shear which occurs
in the walls when they are stretched, it
than the rate of shear in the nip.

is clear that it

is much smaller

If we form the ratio between the rate

of shear in the nip (ln) and in the wall (BR)

this is easily seen.
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The color has been exposed to much greater shearing action a moment before
splitting than that of the splitting itself.

It

is

therefore not likely

that any further breakdown of the viscosity of thixotropic colors will
take place.
Splitting of the Walls
As has been mentioned before the main weight of the fluid which
issplit is found in the walls.

The way in which the walls split will

determine the distribution of color between the roll and the plane.

Since

the resistance to flow always increases with rate of shear it would be
reasonable to assume that the walls split where the rate of shear is lowest.
This would be along the plane surface.

We know that this is not so.

split usually takes place very close to the middle of the wall.

The

There is

no other way to explain this than by what is called "necking down" or flow
of the wall itself and the parts into which it is split.

Figure 21

It seems as if
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the symmetry of the splitting must be due to surface tension forces.
In some cases, particularly when the film is thick,gravity is of
importance and displaces the split so as to leave somewhat more material
on the lower surface.

The split in the middle of the color is dependent

on sufficient wetting between the color and the surfaces.

However, even

wax paper which is not very well wetted, is sufficiently wetted to give
a split in the middle.

If materials that were still less wetted were

tried, it is believed that a point would be reached where the cohesion
forces of the color were stronger than the adhesion forces, thus giving
a split along the nonwetted surface.

In this case no tracking would result.

Filamentation
Even when liquids of low viscosity like glycerine are split
between a glass roll and a glass plate, filamentation is observed.
case the filamentation disappears at higher roll speeds.

In this

We think that

filamentation in most cases is an effect caused by gravity.

The flow by

gravity tends to make the edge part of the wall thicker than the inner
parts.

Therefore the wall may break inside the edge before the "neck"

itself breaks,

thus forming a filament.

Flow in the new edge may cause the

formation of a new filament as shown in Figure 22.

In some cases the

filament when it breaks may break in two places thus forming a particle
which will "fly" before settling on the lower surface.
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Figure 22

In splitting of ink films electrostatic effects may play
a certain role both in the formation of the filaments and in the "flying."
Variations of the Film Splitting Conditions
In this report only the film splitting on the roll-inclined
plane apparatus is treated.

One of the surfaces is flat while the other

is curved and the center of the roll is not fixed in any way.

In other

splitting processes the conditions may be somewhat different.

Paper coating

is usually done between two rolls.
material as for instance rubber.

One of these may be of some resilient
Pressure in excess of the weight of the

upper roll may be applied through the fixed center of the roll.
In the paper printing process the film splitting takes place either
between rolls or between a roll and a flat surface.

In both cases an

appreciable pressure may be applied.
Such variations in the splitting conditions may change the
distribution of pressure in the nip.

However, if we assume that the color
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gets sufficient mixing to prevent concentration of thixotropic "breakdown"
in any particular layer, the conditions in the exit side will not be
markedly changed.

Therefore it is likely that the same reasoning as

used for the roll-inclined plane apparatus will hold also for other film
splitting systems when it comes to the amount transferred or the extent
of tracking.
Literature
(1)

Lars H. Sjodahl, Ink Flow on Rotating Rollers.

Maker 29, no. 3:31(March, 1951).

Am. Ink

In this article Sjodahl refers to the

figure shown below and writes:

"As the film approaches the center of the nip it meets with
increasing pressure to a certain point B, after which the pressure decreases
until a definite vacuum exists at point D beyond the center of the nip.

Project 1655
June 7, 1954
Page 34
The effect of the high and low pressures is
the ink as it goes between the rollers.

to change the velocity of

At the maximum and minimum

pressure the velocity is constant across the film.
increasing pressure it

As the ink meets

is retarded in the center of the film.

As it

meets decreasing pressure in the middle of the nip, the center of the
film is accelerated.-The total volume of ink that passes any given point
in a unit of time is,

of course, constant since ink is not accumulating

in the nip or disappearing from it."
Sjodahl goes on saying that there is no shear at B and D while
the shear otherwise reaches a maximum at the roller surfaces.

Filamentation

is explained by the effect of air which has been carried through the nip
andexpands in the vacuum on the exit side of the nip.
Comments
It

is obvious that Sjodahl regards Figure 23 only as a schematic

representation of what is going on in the nip.
point out where it

It may be interesting to

differs from our ideas.

No spreading of the ink is assumed.

This means in our terms

that the film is assumed to be thinner than the critical value.
the pressure distribution curve it

As to

is clear that it is highly unreasonable

that it has an approximately sinusodial shape as in the figure.

The scale
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is, of course, exaggerated horizontally and the maximum pressure lies
much closer to the center of the nip than shown.

On the exit side the

effect of air "fingers" penetrating into the nip is not taken into account.
It

is clear that it is this vacuum which is the driving force of the

penetration, and by the penetration of the "fingers" the vacuum is almost
eliminated.

If there was no penetration of air into the nip from the

exit side, the vacuum might bring about cavitation or expansion of air
or easily volatile substances entrapped in the fluid.

Both cavitation

and the expansion of entrapped air is used as arguments to explain tracking
and filamentation.

We think that these arguments are poorly founded since

the tracking will prevent the formation of any but the slightest vacuum on
the exit side of the nip.
Sjodahl's ideas about the flow on the entrance side of the nip
are very close to those expressed by us in connection with Figure 11.
Sjodahl does not mention the possibility of the film in front of the nip
being thicker than the critical and therefore spread.

This would take

place at the point where Sjodahls figure (23) would look something like
what is shown in Figure 24 below.

A
Figure 24

I'
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At B, C and D the total volume of fluid passing through the
nip is constant.

At A, where the parabolic curve crosses the straight

vertical line, there is a certain amount of back flow or accumulation of
fluid in front of the nip.

According to this point of view, the critical

thickness should be equal to the clearance at the point where the parabola
just touches the straight line.

The area between the parabola and the

straight line must be constant.

If a certain shape of the parabola is

assumed it should be possible to get the critical thickness expressed in
terms of max.
(2)
212(1950).
Sjodahl.

See Appendix 2.
Smith, J. W.,

Trelfa, R. T., and Ware, H. 0., Tappi 33:

These authors present a figure somewhat different from that of
It is reproduced here as closely as possible in Figure 25.

Figure 25
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In connection with this picture they write:

"Color circulation

in the nip of these rolls obtain a downward vector from the roll motion,
and the portions nearer the roll faces begin to move toward the nip.

The

volume contained between the roll faces decrease as the nip is approached
and, since the liquid is substantially incompressible, pressure is developed.
The portion of the color farthest from the roll reverses itself
and moves upward.
faces,

Somewhere on a vertical line halfway between the roll

there must be a point at which the coating is substantially stationary.

Vertically above this point, color is moving upward; below it
moving downward through the nip and out of the other side.

everything is

At and immediately

below this point, the color must flow in a manner analogous to flow through
a capillary.
If there were no change in rate of shear across half of the roll
gap, the rate of shear would be easily estimated in the following way:
If the roll clearance was 0*0005 inch and the peripheral speed
500 f.p.m.,

the rate of shear would be:

500x(12/60)/0.00025 = 400,000 reciprocal seconds
It is more probable, however, that the rate of shear is zero at the static
point and maximum at the roll face." . . . "It is logically almost certain . ..

that the material closest to the roll surface is subjected to higher rates
of shear than is the segment in the center." . . . "Another factor must now
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be introduced.

Henry Green (2, 7) has shown that the relative tack of

a material (compared to a standard) is proportional to its plastic
viscosity if the application is made at high speeds.

By tack, he implies

pull resistance or resistance to rupture. . . . With thixotropic "Newtonian",
thixotropic plastic, thixotropic pseudoplastic, or pseudoplastic materials,
viscosity is least where the rate of shear is greatest, and this point
occurs close to the face of the roll, therefore, resistance to rapture is
also least at that point."
"The highest rate of shear is then transferred from the face of
the roll to the center of the film.

This stress concentration causes films

of any materials that are not dilatant to rupture in the center rather than
at the face of the roll."
"In the case of Newtonian and nonthixotropic plastics the situation
is different.

. . . The Film may break at any point, the average height and

diameter of the "necks" are larger, and the resulting surface pattern is
heavier.

With dilatant materials the sequence is reversed.

With paper in

the nip, the preferred cleavage point might be in the center of the film
where the rate of shear is lowest, and the pattern might be even heavier.*
Comments as to Flow and Rate of Shear Distribution in the Nip
We think the treatment of Smith, Trelfa and Ware at best is very
confusing and some efforts to interpret their work are justified.

Although
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the existence of a stationary point "somewhere along the vertical line
halfway between the roll faces" is realized,

this point is,

in the figure,

placed at the point of nearest approach between the roll faces.
calculation of rate of shear also clearly indicates that, even if

The
the

authors may not intend to claim that the two points coincide, at least
they think that the difference between the location of the points along
the vertical line can be neglected.
However, it is clear that in the method of presenting the flow
which the authors have chosen, using the roll center as reference point
for the vectors, the stationary point will fall even above the point.where
the pressure reaches a maximum. Returning to Sjodahls figure (figure 24).
where the same reference point is used, it is seen that the stationary
point coincides with the point at which the parabola forming the right
border of the flow envelope just touches the straight line forming the
left border.

(In the system we have preferred to use, taking the nip as

the reference point the stationary point will coincide with the maximum
pressure.)
Smith, Trelfa and Ware treat the flow in the center of the nip
mathematically in exactly the same way as the flow in a capillary has been
treated by Poiseuille to give his well known law.

They do not point out,

however, the fact that this kind of treatment can be applied only under
steady flow conditions.

Poiseuilles law does not apply for flow near the

entrance of the capillary.

The flow conditions in the central part of the
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nip are far from steady, and it is therefore incorrect to call the flow
"capillary flow."

The general conclusions, viz., that the rate of shear

is greatest along the roll surfaces, is probably correct.
Comments as to the Point of Rupture
We have examined both the references given to Henry Greens
work.

(2) Ind. Eng. Chem., Anal. Ed. 13:632(Sept. 15, 1941); (7) Industrial

Rheology and Rheological Structures.
say:

John Wiley & Sons, Inc. 1949. S. T. & W.

"By tack, he implies pull resistance or resistance to rupture."

Green actually says is:

What

"This is a phenomenon for which a simple definition

that will cover all possible cases cannot be made" (S. T. & W. 's reference
(7) page 113.)
(p. 121).

However, later on pull resistance is adopted as a definition.

This is also the definition given in the glossary (p. 295).

Nowhere is resistance to rupture mentioned as a definition.

It is here

necessary to say a few words about the measurement of tack as done by
Green.

To obtain conditions as close as possible to those present when the

tack is measured by the inkman in the plant by pressing the fingertip into
the ink and then draw away suddenly,, a tackmeter was constructed.

In

principle this consists of two plates between which a drop of ink is placed.
The area of contact between the ink and the plates is constant.

The ink

drop is pulled out a certain distance by a force which is constant throughout
the motion.

Since the cross-section will decrease due to "necking down"

the force per unit area of the cross-section will increase.

The time of the
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separation of the two plates to the predetermined distance is now
measured.

(For a sketch of the tackmeter see Greens book, page 114

It is clear that the time used is an expression for the inverse of
an average rate of shear.

What the rate of shear is at any time is

impossible to know without having additional information about the
flow.

Neither is it possible to know what the shearing force is at

any point in the drop when it is being extended because the cross-section
over which the total force is applied changes.
Green gives the following expression for the tack of Newtonian
liquids:

Here (T) is tack,

T

is the coefficient of viscosity, t is time of separating

the plates a certain distance, and E is a constant which includes the area
of contact between ink and the plate at start and the distance between the
plates.

It is correct when S. T. & W. say that the relative tack is

proportional to the plastic viscosity.
of shear.

But it is also proportional to rate

Tack is proportional to the product of the coefficient of

viscosity and the rate of shear, which is the shearing force.

That this

is so is further shown by the equation given for the tack of Bingham
bodies (equation 137, p. 121):

*By far the largest part of the total time is spent during the first part
of the separation of the plates.
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The constant k is a function of the yield value and ' /Kt must therefore
have the same dimentions as yield value, which is that of force.

It

therefore seems to us that S. T. & W. have misinterpreted Henry Green
badly when they say that the resistance to rupture will be least where
the viscosity is least.

In the first place Green does not talk about

resistance to rupture at all, except for saying in the treatment of the
tackmeter (S. T. & W. reference 2): "Since a liquid is free to follow the
path of least resistance it will neck down to minute cross-section areas
where rupture takes place with relative ease."
place, (no necking down),

If abrupt rupture took

it might be that this was measured by tack, but

Green stresses that abrupt rupture does not take place.

In the second place we have a more serious objection.
if

Even

the coefficient of viscosity may decrease when the rate of shear is

increased in some theological systems, the shearing force always increases
with rate of shear.

S. T. & W.'s reasoning therefore turns the situation

completely upside down.

According to our interpretation the tack should

be smallest where the rate of shear is smallest, not where it

is greatest.

(Note, however, that we think that rate of shear is of secondary importance
in determining the point of rupture.)
If S. T. & W. had stated it

this way (which we think would be

correct) they would also avoid the difficulties they run into by trying
to correlate the theory with the experimental fact that films of the
thixotropic type split in the middle.
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After having shown how thixotropic films split in the center
as a result, according to their opinion, of the maximum rate of shear
being located here, S. T. & W. go on saying that Newtonian and nonthixotropic films may break at any point and that this results in a
heavier surface pattern.

We think we have sufficient experimental

evidence to show that Newtonian films, at least, split in the middle.

We

also think that some kinds of dilatant films split in the middle, although
this is harder to prove.

(It

is difficult to say if

a fluid is dilatant

or not when the rate of shear is not known exactly, as in the roll film
splitting experiment.)

There is one kind of dilatant fluid based on

Celite which gives the impression of "drying" when sheared.

This kind of

film splits along one of the surfaces, but the effect is probably due to
insufficient adhesion.

In the last sentence quoted from S. T. & W.'s paper (p. 26) it,
is said that with paper in the nip, the preferred cleavage point might be
in the center of the nip, giving an even heavier pattern.
It

is hard to see how this ties in with their theory.

To be

consistent dilatant colors should split along the surfaces in the necks,
and this would undoubtedly result in a heavy pattern.
both surfaces to give patches of color on both.)

(If

it breaks along

If the opposite surface

was nonwetting a clean split along this might be possible.
(3)

Arnold, K. A.,

Paper Trade J.

117, no. 9:28-34(Aug. 26, 1943).
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(4)

Arvid E. Roach.

The load-carrying ability of hydrodynamic

oil films.
Mech. Eng. 71, 293-6(April, 1949)
Mech. Eng. 71, 761-5(Sept., 1949)

discussion in
Comments:

Here the pressure distribution in a nip is discussed.

Figures

are shown which have been taken from
T. E. Stanton:

Friction.

Longmans Green and Co. 1923. Pages 102-104.

Theoretical and experimental point are shown and check very well.
maximum pressure in
as in

The

the nip lies in front of the point of nearest approach

the case treated in

this report.

APPENDIX I

The Relative Influence of the Vertical and the Horizontal Components of
the Peripheral Velocity.

If

there were no flow caused by variations of pressure through

the nip, the amount of color which would have to be removed in

front of the

nip from the vertical line S-S to the center of the nip would be proportional
to the shaded area in

Figure 26.
This area is

When 0 is small, the change in this
area will be proportional to the amount
Figure 26

of color which has to be carried through S-S.
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R = h/2rcosO + (1 - cosQ)/2cosQ
If 0 is small R = h/2r.

(6 = 20° , B = h/(1.88r) + 0.03)

This means that if the horizontal velocity component is the only active component
in the transportation of color, h must be = 2r.
case,

As this is never the

there must be an appreciable contribution from the vertical component,

in other words "squeezing."

When does the "squeezing" action start when h/2r is

1/1000/5?

R is

approximately

1 when

APPENDIX II

A Possible Relation Between the Critical Film Thickness and the Location
of the Maximum Pressure Zone.

As mentioned on page 35, Sjodahl's illustration of the flow in
the nip might give a clue as to the factors determining critical film
thickness.

This is

an effort to relate the critical film thickness to

the location of the maximum pressure zone.
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Figure 27
In Figure 27 we have shown the shape of the velocity "envelope"
Assume that the velocity distribution

at two different points in the nip.

is inversely parabolic at A. When the parabola touches the straight line,
as it does at A, we will assume that the clearance is equal to the critical
thickness.

On the right side of A the film thickness is less than the

critical, no color is accumulated or lost, and the area within the velocity
envelope must therefore remain constant.

Assume further on that g at A is

still relatively small, allowing us to neglect the slope of the upper and
lower borders of the velocity envelope*
The parabola must go through the points (a,O) and ((a + v), h/2)
Shape of parabola

y2 = 2p(x - a)
h 2 /4 = 2p(a + v - a) = 2pv

2p = h 2 /4v
y2 =

2

/

.4v(xa)
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a

a

3

3

3Vv

The area of the velocity envelope at B, the maximum pressure zone, iB
Area B = Hv
When

:

,

Area A = Area B
Hv

= hv/3

h

= 3H

The clearance at A = the critical film thickness = three times the clearance
at B.

We can express H in

terms of zmax and the clearance in

the center

of the nip = b:

When this is

introduced into the equation above (h = 3H) which is

for x, the expression arrived at is

fairly complicated:

solved
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When b and h are small compared to r

rh - br

2
r

CONCLUSIONS

The conclusions presented below are drawn from material

presented in project reports 2 and 3 on project 1655.
The flow of a viscous fluid in a nip is too complicated to
However, the general nature of

allow a strict bydrodynamic treatment.

the flow can be satisfactorily outlined by considering the analogy with
other more ideal cases.

The flow in front of the nip is of little

importance in determining the nature of the actual film splitting which
takes place in the exit side of the nip.

In the industrial operations

in which film splitting occurs it is usually necessary to keep the
weight of film deposited as coatant as possible.

It has been shown by

us that the severity of tracking is directly proportional to the
thickness of the film which is split.
properties.

This holds irrespective of flow

For a given coating weight on a nonabsorptive surface the

tracking would be the least at highest solids content since the film
which is split then can be thinner.

(The tracks would be "sharper"

though because of less after-flow or leveling.)
however, the situation is different.

With paper in the nip,

The paper immobilizes a certain
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thickness of color on its surface and therefore reduces the thickness
of the "fluid" layer which is split.
tracking.

This gives rise to decreased

The more receptive the paper* and the less the total film

thickness, the more noticeable is the decrease in tracking.

This has

been verified experimentally.

Given a certain paper receptivity and a certain total film
depleted of water becomes

thickness the ease with which the color is

a very important factor in determining tracking.

The ease of water

depletion is probably proportional to the fluidity of the color.
having two colors of equal solids content,

Thus,

but different viscosity, we

would expect that more water was absorbed from the one having the lower.
viscosity than from the other.
color may play a role.

This is

where the thixotropy of the

Of two colors having the same apparent viscosity,

after a certain amount of shearing action, the one having the largest
thixotropic tendency will have the lower viscosity after the very
intense additional shearing in the nip.

Thus it may appear as if

thixotropy has a direct influence on tracking, while the actual sequence
of influence goes via viscosity and water depletion to the thickness of
the fluid film which is split.

To sum up:

The demands are (1) a certain coating weight

should be deposited, and (2) a certain minimum moisture content is
necessary to insure complete addition of coating to paper.

Using colors

with this minimum moisture content, the tracking will be less the less

*By receptivity is meant the instantaneous receptivity since the time
of contact between the paper and color in the nip is very short.

viscous the coloris and the

more receptive

the

paper is

.

the

of tracks will be consitant at a constant fluid film thickness, but the
coating will apperar smoother the more after-flow there is.

Yield value

and high viscosity present after flow.

It has been shown that the film splits in the middle of its
fluid layer.

If

at one of, the

the film could, be made to split

surfaces, no tracking would be expected.

That this is so has been

shown in a few cases where the film was split between one hydrophobic
and one hydrophilic surface. [colors based on crtain Celites and a
suspension of HT cla
1N

in

water" 100 grams 1.7

ml.

Quadrafos at about 65% solid

a question about lowering te adhesion forces to a point where they are
lower that the cohesion forces within the color.

This presents a

promising line for future research.

Our experimental results substantiate the hypothesis that a

fluid film is split 50-50 between two hydrophilic surfaces.

We believe

that this symmetry is the result of the action of surface forces in the
necking down" phenomenon.

If the adhesion of the fluid to the two

surfaces is equally strong and stronger than the cohesion within the fluid, and the fluid is homogeneous as to composition, we think that
the tapering down of the

neck" eventually will result in a rupture

such that very close to 50% of the fluid is retained on each surface.
Under some conditions gravity may displace the rupture to a certain
extent in the direction of the upper surface.

The phenomenon of "ink

flying" will displace the rupture in the same direction since the
"flying" particles will settle on the lower surface.

number
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INTRODUCTION

The tracks or ridges which appear in coatings applied by
rolls is a serious problem in paper coating.
This effect limits the solids content of coating colors which
can be applied.

The drying of the coated sheet takes longer and the

heat demand is larger than if a color of higher concentration could
be used without causing extensive tracking.
In the paper coating industry it is generally believed that
increasing thixotropy of the coating color reduces the tracking.

This

report presents some results of a study of tracking and film splitting
of different coating colors.

Our main purpose was to find if tracking

could be reduced by modifying some conditions of the coating procedure.
Another purpose was to collect experimental data which could enable us
to make a critical selection between a number of widely different theories
explaining the formation of tracks.

Experimental Evaluation of Tracking
It would have been convenient if some method of measuring
tracking numerically could be found.

A number of different methods were

tried, but they all failed to give reproducible values with differences
large enough to make the method better than visual inspection.
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The methods tried were:
(1)
(2)
(3)
(4)
(5)

Chapman smoothness tests
Bausch and Lomb glossmeter measurements
Goniophotometer readings
Brush analyzer tests
Thwing formation tests.

The degree of tracking was therefore evaluated visually through% this work.
Influence of solids content on film splitting.
Two coating colors of different rheological properties were
investigated with the roll-inclined plane apparatus.

One of these (called

HT in this report) was almost perfectly Newtonian when run in the Hercules
Hi-shear viscometer.

The composition of the solids of HT was:

100

parts HT-clay, 20 parts Superfilm starch added from a 25% cooked suspension
and 0.6 parts quadrafos as dispersing agent.

The other coating color

(Celite) was composed of 100 parts Celite, 20 parts starch and 0.6 parts
dispersing agent and showed a dilatant consistency curve.
In one series of experiments these two coating colors were
split between aluminum foils at varying solids content.
The Newtonian color split 50-50 at all solids contents and
the degree of tracking increased very strongly with solids content.
dilatant color split 50-50 at low solids contents.

The

At higher solids

contents the color was deposited in patches on both foils in such a way
that a patch of color on one foil corresponded to a bare spot on the other.
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At equal spreading areas, the number of tracks across the
patterns of both colors is approximately the same.

Otherwise the patterns

appear to be different, but the main reason is that the amount of solids
in the dilatant pattern is much lower than the amount of solids in the
HT-pattern.

This is a condition for obtaining equal spreading areas

at equal drop weights.
Film splitting between aluminum foils and wax-paper.
Very interesting results were obtained by using a hydrophobic
material as one of the surfaces between which the film is split.
ethylene and wax-paper was tried.

Poly-

Only the results obtained with wax-

paper will be mentioned here since polyethylene behaves in a similar way.
The difference in wettability between aluminum and wax-paper
is easily demonstrated.
and aluminum foil.

HT coating color splits 50-50 between wax-paper

On the aluminum foil the coating dries to a continuous

layer, while the film left on the wax-paper immediately contracts into
droplets, leaving the paper bare.
The results of the experiments using wax-paper as a surface
are shown in Table I.
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TABLE I

Coating Color

HT

Celite

Celite

Used

Conc.

Surface
Incline
Roll

Split
Incline

Roll

(Newtonian)

65 %

Al.

Wax

50

-

50

(Newtonian)

60.5 %

Al.

Wax

50

-

50

(dilatant)

39.5 %

Wax

Wax

0

-

100

(dilatant)

Al.

Al.

dilatantt)

Al.

Wax

100

-

0

Wax

Wax

50

-

50

(dilatant)

Al.

Al.

50

-

50

(dilatant)_

Al.

Wax

100 -

0

(dilatant)

*Flakes of film on both surfaces.

31.4 %

Split 100 - 0 and 0 - 100, not 50 - 50.
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I

Table I shows that:
1. Newtonian colors always split 50 - 50 without regard to type of surfaces.
2.

Dilatant colors split

100 - 0 or 0 - 100 between Al. - foils at high

concentrations, 50 - 50 at low.

3.

Dilatant colors are transferred 100% from wax-paper on incline to
wax-paper on roll at high concentrations, splits 50 - 50 between
wax-papers at low concentrations.

4. Dilatant colors go 100% to the Al.-foil when split between wax and
Al. at all concentrations.

In this case there is almost no tracking.

I

Consistency curves and patterns of suspensions.
To find a possible relation between the appearance of the pattern
formed when a suspension is spread and split between Al. foils, and the
consistency curve of the suspension, a number of different suspensions were
prepared, their consistency curves recorded and patterns made.
A Hercules hi-shear recording viscometer was used.

Since the

range of flow properties of actual coating colors is small, suspensions
of pigments without added adhesive and with or without dispersing agents
were also investigated.
The observations made were:
1. A suspension having a yield value gives a pattern different from that
given by a suspension showing no yield value.
the ridges are broad.

When there is no yield value,

Superimposed on the ridges is a series of dots.

These

I
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dots are left by the strings which are formed when the film splits.

When

these strings break the two parts snap back into the main part of the ridge.

2.

The larger the thixotropic loop is, the more numerous and marked are

the dots.

As soon as the flow curve shows a yield value, the dots disappear

and the ridges change character.

They are now more sharply defined, more

"contrasty", and no dots can be observed.

3.
seem

4.

Branching and number of tracks per unit length across the pattern
to be the same at constant viscosities.

A suspension with a typical dilatant consistency curve gives a very

irregular pattern.

The ridges are broad and dots are marked.

In the

roll direction the pattern is broken up into thin and thick parts.
lengthwise ridges are broken by an across ridge.

The

On the other side of

this the pattern is very thin but builds up its thickness again until a
point is reached where a new break occurs.

5.

A suspension of 100 parts HT-clay and 1.5 parts dispersing agent gives

a typical dilatant flow curve and a pattern as described above.

When 0.5 part Bentonite is added the flow curve changes to almost
Newtonian.

There is a small loop though, the upcurve being slightly convex,

the downcurve concave towards the r.p.m. axis.

The pattern is almost

identical with the one obtained before Bentonite was added.
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This makes us believe that the downcurve may be the one most
important in pattern formation, since this is the only part of the
curve that has the same shape in both cases.

The influence of receptivity of paper.

Since the thickness of the film which is split appears to
be of great importance, it was thought that more receptive papers would
give less tracking than less receptive.

Receptive papers would immobilize

a thicker layer of coating color on its surface and the splitting therefore would take place in a thinner film.

Papers of different receptivity were now tried using coating
colors of varying solids content.

The results are shown in figures 1

and 2.

Figure 1 shows the distribution of color between al. - foil and

paper.

Figure 2 shows the film thickness, given in milligram solids per

sq. cm. of the pattern.

It is seen that the film thickness is almost constant

on all papers for a color of constant solids content.

The reason is that

increased receptivity of the paper also decreases the area of the pattern.
Thus the amount of still fluid color per sq. cm. is almost the same when
the film splits.
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DISCUSSION

When a film is split between a roll and a plane surface, or
between two rolls, ridges will always be formed unless the splitting takes
place very close to one of the surfaces.
of the material is
ridges.

At the moment of splitting most

concentrated in the walls which are split to form

These walls are formed between the fingers of air which penetrate

into the coating color along the nip on the exit side.
view of the nip is shown seen through a glass roll.
of the airfingers is striking.

In figure 3 a radial

The regular spacing

Roll surface in contact with unsplit film

is shadowed.

Figure 3
Lowest clearance Roll direction 1

The airfingers penetrate almost to the center of the nip.

The height

and length of the walls vary with viscosity of the coating color.

The way the ridges split will determine the distribution of
material between the two surfaces.

It has been shown experimentally that

coating colors of varying rheological properties split 50 - 50.

An
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exception is dilatant materials at high concentrations which split along
one of the surfaces.

Smith, Trelfa and Ware explain the 50 - 50 split of thixotropic
colors by a "necking down" effect which transfers the layer of minimum
viscosity from along the surfaces to the middle of the film.

But how

can the 100 - 0 split of concentrated dilatant colors be explained if it
is assumed that Smith, Trelfa and Ware's theory about the flow in the nip
is correct?

According to this theory a dilatant color should have a layer

of minimum viscosity in the middle of the film and thus be even more
liable to split 50 - 50 than a thixotropic fluid.

If the flow in the nip

were opposite to that suggested by Smith, Trelfa and Ware, the splitting
of films of all theological types could be explained.

Thixotropic film

would split 50 - 50 at all concentrations as a result of the combined effects
of a layer of minimum viscosity in the middle of the film and "necking
down."

Concentrated dilatant colors would split along one of the surfaces

where the layer of minimum viscosity was.
a result of flow during splitting.

The "necking down " effect is

At lower concentrations the flow of

a dilatant color would become increasingly important and the "necking down
would transfer the split from the surfaces to the middle of the film.
The information of Table I supports this theory.

The adhesion

forces between aluminum and color do not change the split of thixotropic
colors.

With the 31.4% celite color, however, the adhesion forces are

sufficient to overcome the additional "necking down" effect obtained by

'
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diluting the color from 39.5% solids and re-establish a 100 - 0 split.

The 0 - 100 split of the 39.5% celite color can be explained
thus:

In the absence of adhesion forces between color and surfaces, a

slightly greater rate of shear at the roll surface is a factor of importance.
When adhesion forces are present, this factor is relatively unimportant.

We will now look at the conditions in the nip at the moment a
film is split.

String formation will be disregarded temporarily.

Figure 4
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Since all the color cannot go through the nip at the same time,
some color in front of the nip must move with a speed at least as high
as that of the roll.

The adhesion between color and surfaces is greater

than the cohesion within the color.

Therefore it is

likely that the

color reaches its greatest speed midway between the two surfaces.

The

rate of shear between wall and midlayer is therefore

If we look at the rate of shear between

infinitesimal layers through the

clearance h, we can say (without assuming anything about the distribution
of velocities) that the rate of shear has to be at least R

somewhere

through h and greater than R if the velocity distribution is different
a
from linear.

The splitting of the wall (or "sheet") of coating color at S
is

a result of a vertical movement.

Between A and S on the exit side of

the nip there is probably very little horizontal movement.

The speed of this vertical movement can be determined thus:
The height of the wall at S is

The change of s with time =

ds
dt

is the speed of elongation of the wall

at S.

dt
is the
dt

dt

angular speed of the roll which is (in radians)

Project
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dt

2

ds =
dt

v sin g

Therefore

To get the rate of shear we divide the speed by the distance from the
nearest stationary point.
=
q

r sin g

v
r

This means that the rate of shear of the vertical movement of the wall
is constant as long as the speed and radius of the roll is constant.
The minimum rate of shear at A is much larger than the rate
shear at S.
2v
Rs

The coating color has been exposed to considerably greater
shearing action a moment before splitting than that of the film split
itself.
It

is

therefore likely that it is the downcurve part of the

consistency curve which represents the behavior of the suspension it
moment the film is split.

,
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As it has been shown that the rate of shear on the exit side of
the nip is constant, the formation of strings must be explained as a
result of the "necking down."

The edge of the coating color wall becomes

thicker and stronger because of the flow of already broken parts of the
wall.

The wall therefore splits inside the edge and the former edge now

becomes a string.

A small yield value prevents the formation of strings

because the wall then is too strong to break from the inside.
Several strings can coexist on the same ridge because the first
hole formed gives rise to a "necking down" on the inside edge of the hole
and thus creates a new hole.
This discussion has been based on a picture of flow in the
nip which is different from the one ordinarily believed to be true.

The

flow of a suspension in the nip is commonly assumed to be similar to that
taking place in a capillary tube.
Our idea is that the flow in the nip is different from that in
a capillary tube.

Let us study a figure of the nip with the film thickness

strongly exaggerated.
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Figure 5

At A and to the right of A there is no or very little horizontal
movement of the film.

At the left side of A some of the color is forced

to move horizontally, since the clearance is too small to let it through
all at once.

This horizontal movement is caused by the horizontal component

of the movement of the wall at S. The point S at the roll periphery is,
for an infinitesimal moment, supposed to move tangentially to a circle
with its center in T and radius
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The way in which this horizontal force sets up a flow on the
entrance side of the nip is probably quite complicated.
try to analyze it here.

We will not

The main purpose of the last part of this

discussion has been to show that the flow conditions in the nip are
different from those in a capillary tube.

It is therefore entirely possible

that the rate of shear reaches its maximum in the middle of the nip as
assumed in our theory.

