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ABSTRACT
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Telescoping of customer rolls is largest cause of customer complaints for the company. The
goal of this research is to find possible reasons for telescoping on slitter and shortly after slitting.
Slitting is the last operation done to film before shipping to customer. It is also the last place on
the factory where the manufacturer can notice possible defects. In this research the
transportation of the rolls after they leave the slitter, and what happens at the customers
packaging line, are not taken into consideration.

This research consists of theory part where basics of film manufacturing are introduced with
more focus on winding and possible defects caused by the winding process. Winder classes are
introduced and how the process can be controlled with the three main parameters tension, nip
and torque. The roll defects are limited to those that might occur during winding and to those
that have similar behavior with telescoping.

This research’s experimental part consists of machine parameter measurements compared
to set parameters and roll hardness measurements of finished rolls. Hardness measurements
were done also on different diameters of the same roll. This was done by peeling off layers from
a finished roll and measuring the new roll diameter and roll hardness from this diameter, the
cycle was repeated until the core was reached. J-line test was done to see if there is machine
direction slippage during unwinding and winding on the slitter.

Possible reasons for customer roll telescoping were found. The machine actual values differ
from the set values. This is first possible reason for the telescoping. Machine maintenance
should help with this problem. The J-line test was done, and it showed there was no machine
direction slippage caused by the winder. As there was no J-line curvature, the telescoping is not
caused by slippage on this machine. From the roll hardness measurements, there is a softer
region when the roll diameter has increased around 100-150 mm. The softer region leads to
believe there is most likely something wrong with either tension control or taper tension profile.
These need to be investigated further in future.

Keywords: Telescoping, winding, slitting, roll hardness
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Asiakasrullien teleskooppaaminen on suurin asiakasreklamaatioiden syy yrityksessa. Taman
tutkimuksen tarkoitus on selvittda mahdollisia syita asiakasrullien teleskooppaamiseen pituusleik-
kurilla ja hetki pituusleikkauksen jalkeen. Pituusleikkaus on viimeinen kasittely, mita kalvolle teh-
daan ennen asiakkaalle toimitusta. Tasta syysta se on myods viimeinen paikka, missa valmistaja
voi havaita rullassa olevat mahdolliset viat. Tassa tutkimuksessa ei oteta kantaa, mita tapahtuu,
kun rullat ovat lahteneet pituusleikkurilta, tai kun ne ovat kdyt6ssa asiakkaan pakkauslinjalla.

Taman tutkimuksen teoriaosassa esitelladn kalvon valmistuksen perusteet, minkd jalkeen
paapaino on kelauksessa ja sen aikana mahdollisesti ilmenevissa vioissa. Kelauksessa esitellaan
kelaaja tyypit ja miten prosessia voidaan hallita saatdmalla kolmea arvoa: kireys, nippi ja vaanto.
Rulllien viat on rajattu kelauksen aikana mahdollisesti ilmeneviin vikoihin ja vikoihin, mitka ovat
samankaltaisia teleskooppaamisen kanssa.

Tutkimuksen kokeellinen osuus koostuu mitattujen konearvojen ja koneen asetusarvojen ver-
tailusta seka rullien kovuusmittauksista. Kovuusmittauksia tehtiin myés samalle rullalle eri halkai-
sijoilla. Tama tehtiin kuorimalla valmiista rullasta kerroksia pois ja mittaamalla kovuus uudella
halkaisijalla, tata toistettiin kunnes hylsy tuli nakyviin. Lisaksi tehtiin J-viiva testi milla selvitettiin,
tapahtuuko pituusleikkurin aukikelauksessa tai kelauksessa J-viivan kayristymista, mika kuvaa
konesuunnassa tapahtuvaa luistamista.

Mahdollisia syita asiakasrullien teleskooppaamiseen Idydettiin. Asetusarvot ja mitatut konear-
vot poikkeavat toisistaan, mika saattaa olla syy asiakasrullien teleskooppaamiseen. J-viiva testin
tulokset osoittivat, ettei pituusleikkurilla tapahdu konesuuntaista luistamista, mika edesauttaa te-
leskooppaamista. Rullien kovuusmittauksissa havaittiin pehmeampi kohta rullissa halkaisijan kas-
vettua 100-150 mm. Tama pehmeampi kohta voi olla todenndkdisin syy teleskooppaamiselle.
Pehmedmman kohdan voi aiheuttaa dkkindinen muutos kireydessa tai virheellisesti toimiva kirey-
den kevennysprofiili. Ndiden mahdollista vaikutusta tulee tulevaisuudessa tutkia tarkemmin.

Avainsanat: Teleskooppaus, kelaus, pituusleikkaus, rullan kovuus

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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1. INTRODUCTION

Telescoping of customer rolls is the largest cause of reclamations for Wipak group [1].
The goal of this research is to find possible causes for telescoping during and shortly
after slitting. Slitting is the last operation done to film before shipping to customer. It is
also the last place on the factory where the manufacturer can notice possible defects. In
this research the transportation of the rolls after they leave the slitter, and what happens

at the customers packaging line, are not taken into consideration.

This research consists of theory part where basics of film manufacturing are introduced
with more focus on winding and possible defects caused by the winding process. Winder
classes are introduced and how the process can be controlled with the three main pa-
rameters tension, nip and torque. The roll defects are limited those that might occur dur-

ing winding and to those that have similar behavior with telescoping.

This research’s experimental part consists of machine value measurements compared
to set values and roll hardness measurements of finished rolls. Hardness measurements
were done also on different diameters of the rolls. The measured values are gathered

and discussed. From these results conclusions can be made.



2. THEORY

In the theory section of this research basics of film manufacturing are introduced. After
this, winding is taken into a closer look and different winder types are shown. Then the
TNT’s of winding are introduced, these are tension nip and torque. After the parameters
used to control winding are introduced the mathematical modelling of winding is pre-
sented and wound roll design is discussed. Slitting is closely related to winding and is
presented after wound roll design. Then roll defects that are common during winding and
can be related to telescoping are shown and discussed. And lastly recent research con-

sidering winding and telescoping is discussed.

2.1 Film manufacturing

Market of flexible packaging is rapidly expanding. Flexible packaging includes for exam-
ple food packaging, such as cheese and meat packages and medical packaging, such
as disposable sterile packaging for surgical instruments. Flexible packages are made
from multilayer films. Multilayer films are used to preserve and protect the product while
the packaging offers convenience. Multilayer films can be produced by cast film extrusion

or blown film extrusion. Basics of these two methods are presented below.

2.1.1 Blown film extrusion

Blown film extrusion is a method of producing large volumes of multilayer film. In this
process the extrudate flows through an annular die and forms a bubble. When exiting
the die the bubble can be blown to different diameters. This allows different film widths
and thicknesses to be produced with the same die. The cooling rate of the film is con-
trolled by air flow, drive speed and temperature difference. After cooling the bubble is
collapsed in a forming tent where two nip rollers collapse the bubble into two flat layers.
After the collapsing of the bubble surface treatments can be done to film to give it better
printing or adhesion properties. Then the film can be slit into different forms or not. The
film can be wound in tube like form, the other edge can be slit to produce film that has
double width to lay-flat width, or both edges can be slit to produce two rolls with equal
lay-flat width. [2] pp. 539 Schematic of blown film extrusion is illustrated in the following

figure.
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Figure 1. Blown film extrusion process [2] pp. 540

Advantages of blown film extrusion are good material property balance between machine
and transverse directions. The option of one die making many different widths without
using deckles or trimming. Less scrap when there is no edge trim removal. Also, the

equipment is cheaper compared to cast line extrusion. [2] pp.539

2.1.2 Cast film extrusion

Cast film extrusion is producing method where polymer melt is deposited directly from
the die on a highly polished, high-speed chilled roll, where the film is cast. The melt
solidifies in less than one rotation on the chill roll as it is drawn down to correct thickness.
As the polymer melt is laid down across the roll surface, the melt is rapidly quenched
due to the chill roll temperature and the film thickness preventing crystallization of semi-
crystalline polymer resins. This provides the film good optical clarity and high gloss. [2]

pp. 530 Schematic of cast film extrusion is illustrated in the following figure.
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Figure 2. Cast film extrusion [2 pp. 531]

Advantages of cast film extrusion compared to blown film extrusion include better optical
properties measured by transparency or haze and gloss, higher throughput rates, stiffer

films due to instant quenching of polymer melt and better gauge control. [2 pp. 539]

2.2 Winding

Winding is a process where flat web is turned into a roll and unwinding is the opposite,
where roll is turned into a flat web. Winding is used because the wound rolls store mate-
rial in volume efficient form without folding or cutting of the material. The efficiency comes
from the amount of material in meters that can be wound in one roll. In roll form manu-

facturers can ship large amounts of material for the customers and this is cost effective.
[3 pp. 2]

Winding is also used in the slitting process. This process is used to cut large rolls into
smaller rolls. The reason for this is economical. Webs are cheaper to manufacture in
greater lengths and widths than their end use. These large rolls manufactured can be
slitted into different widths and lengths the customers ordered. [3 pp. 2] Slitting is dis-

cussed later in this chapter.

2.2.1 Winding classes

Winders can be divided into three winder classes. These are center winder, surface

winder and center-surface winder. [3 pp.5]
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Figure 3. The three winding classes from left to right: center wind, surface wind and
center-surface wind. Edited [4].

The naming of the winder classes is based on where the drive operates in the winder.
The drive is the tension the web is pulled, this is usually speed controlled by electric
motor. In center winder the drive operates from the center of the winding roll and the
tension is only control for the roll hardness. In surface winder the drive is operated at the
surface of the wound roll. During this winding process the roll or the roller must move
during the growth of the roll. The roll hardness for surface wound rolls is controlled by
web tension and nip load. The nip load is controlled with pneumatic or hydraulic control
systems. When these two classes are combined, we get center-surface winding. This
class has the properties of both previously mentioned, but it also has torque differential

control. By this one can control the total torque and make extremely hard or soft rolls. [3

pp. 5]

2.3 TNTs of winding

TNT is abbreviation of Tension, Nip, and Torque. These three are the main winding con-
trols and roll hardness is determined by controlling these three. The higher the web ten-

sion is the tighter the roll and vice versa. [3 pp. 6]
2.3.1 Tension

The web tension in the winder can be adjusted by three different methods. The first of
these three is load-cell controlled winder, where the load cell automatically changes the
unwinding brake torque according to the wanted winding tension. Advantage of a good
load-cell and drive arrangement is, that it can hold tension within 10% of the setpoint

even during winding speed changes. [3 pp. 7]

The second method for controlling tension of the web is dancer control. In this winder
control class, the tension can be controlled by movement of the dancer rolls between

different positions. Positions of the dancer rolls are detected by rotary potentiometer or



another similar device. Tension changes cause the dancer rolls to move, this is fed back
to unwind brake to change unwinding torque and the total tension. One problem of
dancer control is with the displayed setpoint and feedback. The dancer setpoint is given
as cylinder pressure and feedback as potentiometer resistance, these are not helpful for
process design on their own. Other problem with dancer control is that it allows large
disturbances in tension. It is possible for dancer systems to have tension errors exceed-
ing 50%. The most difficulties for the system occur during speed changes. This happens
because of the torque output of the drive must vary during accelerations and decelera-

tions for maintaining constant tension. [3 pp. 7-8]

The third method for controlling tension is draw control. Draw control is based on different
rollers being driven at different speeds. The speed difference between the rollers causes
proportional strain increase. Tension can be then calculated from the materials modulus,
in machine direction, and the strain between the rollers. The difficulties come from the
fact that the strain must be known at some point, to calculate the strain at another point.
Often in practice the strain is not known, and this makes the tension control relative and
not absolute. [3 pp. 8] More recent tension control and web handling technologies have

been reviewed by Lee et al [5].

Tension can be calculated from motor readings. Values that are needed for the calcula-
tions are: amperage from meter during run, motor amperage and power nameplate val-
ues, web width and winding speed. The efficiency of the system can be assumed to be
90% (10% friction and other losses). However, friction can be different between different

materials and winding systems. [3 pp. 184] The tension can be calculated as follows:

Ampmeter > (1)

P, = P 1ate (Efficiency) <
R nameplate MPpameplate

where Pg is power during run (KW), Ppameplate is motor nameplate power (kW), Efficiency
is 0,90 and Ampyeter @Nd AMPpameplate @re Meter reading during run (amp) and motor

nameplate current (amp). From calculating the power during run, the tension T can be

calculated:

T_PRx60
- WxS

(2)



where W is the web width (m), and S is the winding speed (m/min). [3 pp.18]

Dubois has collected general winding tension values for different web substrates [6] and

the tension values he gathered for winding films is shown in the following figure.

wn
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Figure 4. Winding tensions for films by Dubois [6]. (mils*0,0245 = mm and (Ib/in. of
width)*0,175 = kNm)

For multilayer films tensile testing needs to be done to determine optimal winding ten-

sion.

2.3.2 Nip

Nip is the linear load between the winding roll and roller, along a line connecting their
centers. The units for nip load are the same as for tension, force per unit width (N/m).

The nip load N can be calculated from:

N="1, 3)

where P is pressure (N/m?), A is the acting area of the cylinder (m?) and W is the width
of the roll (m). Increase of nip load can increase wound roll hardness or tightness beyond

what can be achieved by using only web tension controlling. [3 pp. 9-10]

For describing what nips and winders can achieve, term wound-in-tension must be intro-

duced. Wound-in-tension is the single outer boundary condition that results from the



three winding controls: tension, nip, and torque. This makes it possible to achieve same
wound-in-tensions with different setups. Same result can be achieved by using high web
tension and low nip load or low web tension and high nip load. Wound-in-tension is the
machine direction tension in the current outer wrap of the roll. Web tension describes the
stress material has when entering the roll, whereas wound-in-tension describes the
stress locked onto the roll. [3 pp. 10] The mechanism for nips effect on wound-in-tension
has been studied by Pfeiffer [7-9] and he hinted that interlayer slippage is the cause for
nips effects on wound-in-tension. Interlayer slippage is discussed later with roll defects.
Good et al. [10] found relationship between nip and tension and wound-in-tension (WIT)

as follows:

wir =T + % 4)
- 10C’ (

where T is web tension (MPa), v is kinetic coefficient of web-to-web friction, N is nip load

(N/cm) and C is web caliper (mm).

2.3.3 Torque

Torque control is the third and the last one of the TNTs of winding, but equally as im-
portant as the other two previously mentioned winding control methods. To be more pre-
cise torque differential is the value that is used to control wound-in-tension. The torque
differential is created by controlling the torques of a center winder and a nip roller. This

technique is rare on machines and therefore research on this topic has been scarce. [3
pp. 12]

2.4 Wound roll design

Winding model is a mathematical representation of a roll during winding process. The
objective of using a winding model is to design structure that doesn’t deform or break.
This can happen if the internal stresses in loaded structure approach the strength of the
material. In other words, winding models are used to manufacture rolls without defects.

Winding models predict the stresses at any radial location in a wound roll, at any time



during the winding or unwinding process. The two primary stresses in a roll that are cal-
culated are the pressure between the layers of the roll, which acts in Z-direction, and the
stress that affects in machine-direction. The Z-direction pressure is referred as radial
stress because of the direction it acts inside the roll. Radial stress is important because
it holds the roll together. However, if the radial stress causes too high interlayer pressure,
this might lead to formation of blocking. The machine-direction stress is referred as tan-
gential stress inside the roll, because of the direction it acts in. While radial stresses are
always compressive, the tangential stresses are compressive near the core and tensile
on the outer edge of the roll. This happens because pressure and friction will stabilize
the layers. If the tangential stresses are too compressive, light materials might buckle

and cause starring. [3 pp. 51] The defects are discussed later.

The radial and tangential stresses vary as function of radial position in the winding roll.

This is presented in figures 2 and 3.
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Figure 6. Machine-direction stress as function of radius, also referred as tangential
stress, the stress can behave differently depending on the core material. The shape of
the curve is effected by the stiffness of the core material. The orange curve presents
stiff core material and the black curve presents soft core material. edited [3 pp. 52 and
93].

As can be seen from the figures, both radial and tangential stress have three regions.
These are inner and outer gradient, and near constant interior. Radial pressure is zero
at the outside of the roll because atmospheric pressure cancels out. Then the pressure
builds proceeding further in the roll because an interior layer must support those above
it from collapsing inward. Because of this the highest pressure is at the core. The ma-
chine-direction tangential stress varies from tensile at the outside of the roll to compres-
sive near the core. The stress at the outside of the roll is essentially the wound-in-stress,
which is equal to wound-in-tension divided by caliper. The tensile region comprises only

one fifth of the roll, leaving the remainder of the roll under compression. The tensile band
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can be unstable, and it tends to induce dishing in narrow rolls, the compressive interior
on the other hand can be unstable because of buckling or starring. Since the stresses
cause defects, the optimization of the winding process is needed to avoid these defects.
However, winding physics will not allow to independently select radial and tangential
stress to be changed, because these two are always coupled. Winding models can pre-
dict several winding defects directly and help in understanding other winding defects.
The stresses the winding models predict are only those that are affected by the addition

of wraps under tension. [3 pp. 51-52]

All winding models consist of the same basic elements. These are kinematic behavior,
material behavior, a differential equation, two boundary conditions and a program that
does the calculations. Kinematic behavior is used to make the roll and its layers be in
equilibrium, if the roll wouldn’t be in equilibrium, it would collapse or expand. The material
behavior determines how the material winds without voids, such as air pockets, and there
are no material overlaps. Material behavior also describes how the body moves when it
is loaded. These two behavior models are combined into a single second order differen-
tial equation and two outer boundary equations are required. The inner boundary condi-
tion is the core, and the stiffness of the core must be known. The outer boundary condi-
tion is the current outside of the roll, where the winding tension is known. With this infor-
mation the winding program calculates a roll like a real winder would wind it. The program
calculates the stresses at each individual wrap of the roll and once finished it gives the
total stresses at each wrap, from this information, the change of stresses during winding
can be seen. These stresses can be compared against design or failure criteria. [3 pp.
53]
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Wound roll

Figure 7. The stresses in a wound roll [11].

The equilibrium in the roll states that the forces on each wrap of the roll are balanced in
both radial and tangential directions. Because of the cylindrical symmetry of the roll, the
tangential equilibrium is automatically achieved. The radial equilibrium can be found by

summing the forces in the radial direction:

do, . deé
6,7d0 — (ar + Wdr) (r + dr)d + 2(gydr) sin =~ = 0 (5)

where r is the thickness of the material or, this can be simplified for small d6 to the equi-

librium equation for planar stress as:

do,
dr

T +0.—0,=0 (6)

From this equation the coupled nature of the stresses can be seen. Strain-displacement
relations ensure there are no gaps or overlapping in the wound roll. The strain-displace-
ment relations are derived from assumed displacements of the wrap during the winding.

The displacement w can be defined positive outward, now the total radial deformation is
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( +dwd) _dw 7
w dr r W_dr (7)

The radial strain-displacement ¢, is the differential displacement divided by the initial

thickness of the material as follows:

—— dr d
_ [ dr _aw
&r dr T dr (8)
The total circumferential deformation is
rdf — (r+w)dé 9)

and from this the circumferential strain or tangential strain-displacement €; can expressed

as change in length divided by initial length

_WdB_W (10)
T rdo  r

&t

Stress-strain relations for anisotropic materials are given for radial strain ¢, and tangen-

tial strain ¢; as

_ (8 Ot (11)
87" - ET vt Et
O Oy

===V, 12

&t Et Vy Er ( )

where g, is stress in radial direction, E, is the Young’s modulus in radial direction, v; is
Poisson’s ratio in tangential direction, o; is stress in tangential direction, E; is the Young’s

modulus in tangential direction and v, is Poisson’s ratio in radial direction. By solving the
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equations 8 and 10-12 simultaneously for the displacement w gives the second order

differential equation for winding of linear anisotropic material:

d?r

2 Ee
r 7+ 1+vt—E—rvr r

dw (—E
dw  (E)
dr E,

w=0 (13)

The equation can be expressed in terms of stresses and strains in addition to the dis-

placement formulation above. The equation can be expressed as:

2dzx+A dx+B =0 14)
" e Tar TP T (

where x can be the displacement w, stresses g, or o;, or strains &, or . A and B are
constants that vary with the two boundary conditions that depend on which variable the
equation is expressed in. The solution techniques are the same and the results are equiv-
alent. [3 pp. 54-55]

First of the two boundary conditions is the core boundary condition. This condition is
used to determine core stiffness for the winding. Core stiffness is the ratio of applied
radial stress to resulting radial deflection. Core stiffness is derived from the core modu-
lus, which is not same as core materials Young’s modulus, and core inner and outer
diameters. Core stiffness can be modelled with two different models. The first model is
used for an isotropic core that could be made from metal or plastic. The second one is
used for anisotropic cores such as fiber cores. Here we only discuss the isotropic model,
because in the end their results are equivalent. The derivation of core stiffness E., starts
by defining stiffness as a radial stress divided by radial strain, which is nondimensional

displacement w/r, at the core’s outer radius:

Ec = , T =Ty (15)

where E. is physical stiffness of the core that is input for winding models, o, is radial

pressure, wis radial displacement, positive outward, ro is core’s outer radius that is equal



15

to roll's inner radius. Now inserting the tangential strain-displacement relation 10 and

pressure as a negative radial stress into equation 15 gives:
E,=—=""21=p, (16)

where po is radial pressure between roll and core and ¢, is tangential strain. This equation
can be rewritten in more familiar form that appears like Hooke’s Law, but the coupling is

between radial stress and tangential strain:
or = Ec& (17)

The radial strain-stress relation for an isotropic material in cylindrical form is:

Ot — U0y (18)

where E.n is the core material’'s Young’s modulus. By using Roark’s formulas [12] for

stress and strain for cylinder, the stresses can be given as:

_a’b*(p,—p) 1 | pia® —pob?
O - r_2+ b2 — q?

a’b*(p, —p)\ 1  p;a® —p,b*
Gt=_< b2 — a2 >r_2+ b2 — a2 (20)

(19)

where a is the inner radius, b is the outer radius, ris the radius at a given point, p; is the
inner pressure and p, is the outer pressure. Now setting r = b, p; = 0 and relabeling po

as po, a as r. and b as ro to be consistent, the equations 19 and 20 can expressed as:

0r = —Po (21)
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2 2
Ty +1¢

Ot = —Pom (22)
0 c

Inserting equations 18, 21 and 22 into equation 16 and simplifying, the equation for iso-

tropic core stiffness can be given as follows:

rOZ - rcz

E.=E
c cm 2 2 2 2
5 +18—v.(rg —15)

(23)

where E. is the core modulus used in winding models, E.n is the core’s Young’s modulus,
V¢ is the core’s Poisson’s ratio, ryis the core’s outer radius and also the roll's inner radius,
re is the core’s inner radius. For making the calculations more engineering friendly and
what dimensions are commonly used the inner radius of the core can be changed into
inner diameter d. = 2 r; and the core wall thickness can be expressed as t; = ro — r;, now

the equation 23 can be expressed as:

d. +t.
mtc 2 2
dz+2(1 —v)ldqt, + tZ]

E. = 2E, (24)

The tangential stress at the core is commonly compressive. If the core is soft the tan-
gential stresses will be larger and more compressive which increase the potential for
buckling and creping formation. If the core is hard the tangential stresses are at the core

are tensile. Radial stresses are less sensitive to core stiffness. [3 pp. 57-60]

The second boundary condition for the winding differential equation comes from the outer
surface of the roll. The outer most wrap of material going into the roll is wound under a
tension that is affected by the TNTs of winding. The tension on the current outer wrap
during winding is called wound-in-tension or WIT for short. From wound-in-tension the

outer boundary condition can be calculated either as of the following:

T =1y (25)
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at:WISzT,rzrn (26)

where ¢, is radial stress under the outer wrap, o; is tangential stress also known as
machine-direction stress on the outer wrap, WIS is wound-in-stress (force/area), WIT is
wound-in-tension (force/width), C is web caliper also referred as web thickness and r, is
the radius on the current outside of the roll. The last constants that are required for wind-
ing models are material related. These are radial Young’s modulus, tangential Young’s
modulus and two Poisson ratios. The tangential Young’s modulus E; can be obtained by
using a tensile testing machine and by determining the slope of a stress-strain curve.
The Poisson ratios for stacks are quite hard to obtain. Poisson ratios for radial and tan-
gential directions should be measured, but because they are very small and have nearly
no impact on the predicted stresses, both Poisson ratios can be assumed to be a small
number, such as 0,01. The radial Young’'s modulus E; can acquired by performing a
compression test on a stack of material. The modulus is usually taken from second load
cycle. [3 pp. 61-63] These are the main components for roll modelling and calculations.
Roll modelling has developed over time, Gutterman was first to present formulas for lin-
ear isotropic modelling in 1959 [13]. After his research Catlow and Walls published sim-
ilar work in 1962 [14]. Linear anisotropic modelling was developed by Altmann in 1968
[15]. Other formulas for linear models for anisotropic calculations were published by Ya-
goda in late 1970’s to early 1980’s [16—19]. Nonlinear anisotropic model was developed
by Hakiel in 1986 and published the following year [20].

Rolls are made to follow geometrical tolerances generally known as length, width, diam-
eter, and weight. These are connected to the strains and stresses during winding. Quality
of the roll is commonly expressed and measured as roll hardness or density. The ideal

roll hardness during winding is expressed in the following figure.
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Roll hardness

Radius

Figure 8. Ideal roll hardness expressed as function of radius. edited [3 pp.19]

As can be seen from figure 8 for ideal roll, the roll start is harder, and through smooth
transition, at end of the wind the roll is softer. This behavior is also explained by the

stress formation during winding.

The roll hardness can be tested using Schmidt Hammer, it is also known as Schmidt
concrete tester or paper roll hardness tester. It is portable impact hardness tester. The
tester consists of spring-loaded plunger (hammer) that is pressed against a roll causing
a compression of the spring. When the hammer is depressed sufficiently, the spring is
released causing the plunger to strike the roll and rebound. The magnitude of the re-
bound is recorded. [21] The higher the rebound value is, the harder the roll is. The
Schmidt paper hammer has been used to successfully diagnose paper manufacturing

process problems that result in hardness variation across the width [22].

2.5 Slitting

Slitting is a process where slitter cuts the web completely along its length. Slitter can
mean a web cutting component on manufacturing line, or a winding machine where
larger rolls are slit into smaller rolls. Mainly slitter is used for describing the component
that cuts the web. The purpose of slitter is to cut the web cleanly that the cut edge is
sharp and clean, not rough and irregular. For films it is also important that there is no
angel hair or raised edge. Angel hair is long strands of plastic that are formed through
the slitter if the film is not cleanly cut. Raised edge is caused by film profile variation near

the edge, it causes problems during winding if it is not cut off during slitting. [23 pp. 129]
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Slitting can be done by various slitting methods. Different slitting types are suitable for
different materials and applications. All materials cannot be cut by all methods. Slitting
methods that are commonly used in film industry are: razor blade slitting and shear slit-
ting. Razor blade slitting is used both in manufacturing lines and slitting machines. Shear

slitting can also be used in both cases.[23 pp. 130]

Razor blade slitting is the simplest method of slitting. Razor blade is held in the path of
the web and blades can be switched on the run when the blades become blunt. The
blade’s ability to cut the web is determined by the sharpness of the blade and tension of
the web and web support. Blunt blade and saggy web will not give good end results.
Service life of the blades is dependent on the material they are made of ceramic blades
last longer than tungsten carbide blades which last longer than high carbon steel blades.
[23 pp. 131]
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Razor blade
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Figure 9.  Razor blade slitting.

Figure 10. Shear slitter blade setup. [24] pp. 160

Shear slitting has different configurations for the cutting blades, which makes it versatile
for cutting different kinds of films and materials. The basic idea of shear slitting is that
there are two circular blades which are loaded against each other at the tips. The differ-
ences of shear slitter configurations come from how the blades are mounted on the slit-
ter. Each blade can be mounted individually, or the blades can be mounted on either
bottom shaft or dual shaft configuration. Each of these mounting setups have their ad-
vantages and disadvantages. Individual mounting is suitable for higher speeds and wider
machines, and they are also easier to set up, than the shaft mounted setups. However
individual mountings are more expensive, and they are not suitable for narrow cuts. Bot-

tom shaft-controlled setup is cheaper than individual mountings, but speed and machine
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width are limited, this is due to the shaft that connects the blades, if the shaft is too long
the precision of the blades is harder to control and the quality of slitting can decrease.
The dual shaft configuration is the cheapest of the three and it is best suited for narrow
cuts. Disadvantages for this are limited speed and machine width, also the setup of the
blades is difficult and time consuming. Shear slitters also have options how the web is
supported during the slitting. Two main methods for this are tangent shear setup and
wrap shear setup. Tangent shear setup is more common when individual mounts are
used and wrap shear setup is common in both single and dual shaft configurations. [23
pp.133]

2.6 Roll defects

There are many defects that may occur on the wound roll during winding, moving the
rolls or during storage. Focus is on the defects that may occur during winding and moving
the rolls. Winding defects can be caused by uneven or varying tension during winding,
by interlayer slippage or by uneven profile of the film. The roll defects can be divided into
roll quality defects and roll edge quality defects that may occur during winding process.

This is done to limit the number of defects to those that are closely related to telescoping.

2.6.1 Wound roll winding defects

Bad start is a defect that is characterized by an irregular appearance of the film at near
of the core of the roll, this can be seen as offset or a wrinkle. Causes for this defect can
be too low web tension at the start or web sideway motion during the start. Remedies for
bad start include adjusting the starting tension higher at start and checking that core
chucks have freedom of movement.[25 pp. 44-45] Soft start on the other hand is char-
acterized by problems during unwinding of the roll. Common for these problems are too
low web tension and wind at the start of the roll. [25 pp. 46-47] These problems are

discussed in more detail in the roll edge defects section.

Blocking is a defect that is caused by excessive wound in tension, that causes the layers
of the roll to fuse together. This can be seen as many layers sticking together as a single
block rather than coming apart as individual wraps of the roll. This leads to problems
during unwinding, the stuck layers might tear or even cause the web to break this kind
of break is called “tearout”. Other cause for blocking can be the amounts of bonding
agents used in the manufacturing of the film, this can be remedied by adding anti-block-
ing agents to the film. Blocking can be reduced by reducing nip induced wound-in-tension
to the roll. [25 pp. 48-49]
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Figure 11. Example for the problems blocking causes during unwinding. In the worst
case the film might tear. [25 pp.48]

Loose winding as the name implies is a defect that is used to describe when the tension
has been too low during the winding process. Loose winding can be caused by overall
too low web tension or large tension variations during the winding process. The source
can also be the operating speed and the speed changes. [25 pp. 58-59] Loose winding

is common source for the other defects that are mentioned later in this research.

Starring is a defect that is related to loose winding and to uneven web profile. Starring
occurs when the layers of the roll have a sudden radial shift. This shift might be caused
by loose winding before tighter winding, or by thinner web profile at the edge of the web
or air escaping from within the roll. Remedies for this defect are to use tighter winding
and using oscillation during slitting and better nip control to prevent air from entering the
winding rolls.[25 pp. 89-90]
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L

Figure 12. Example of starring defect. [25 pp. 89]

Figure 13. Example of buckling defect. [25 pp.136]

Buckles are internal roll defects which are characterized by wave type pattern on the
edge of the roll. This defect is caused by loose winding followed by tighter winding on
top of the looser layers. Common causes for buckling are loss of tension, that might
possibly originate from splice, other cause might be stop and restart with loose web,
sudden speed changes or faulty tension control. Buckles can be remedied by providing
smooth and continuous curve of wound-in-tension to radius, tightening the web before

restarting the winding and making splices under constant tension. [25 pp.136-137]
2.6.2 Interlayer slippage

Interlayer slippage is used to describe the movement of the layers of the reel when they
slip relatively to each other during winding or unwinding. Evidence for this slippage is the
J-line testing. Slippage in the roll is mostly caused by nip during winding. This makes the

rolls harder than with only tension control. Slippage can happen on any kind of web, but
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the details of slippage are different depending on the material of the web. Despite dec-
ades of studies and research, all the details of nip induced slippage are still poorly un-
derstood. Main ideas of the slippage have been studied by researching J-line formation
on rolls. The J-line test measures amount of interlayer slippage at the core or at outside
of the roll during winding or unwinding. An initially straight radial line is drawn on the roll
and after sufficient time of winding the line may be bent into a J shape. The slope of the

J-line is a direct measure of the interlayer slippage.

Figure 14. Example of J-line testing. Initially straight line is drawn to the end of the
roll, this line can curve during winding or unwinding. Red curve presents the outside
tightening and blue curve presents the layers near core loosen.

Slippage is more common at the outside of the roll during winding or unwinding, but it is
not confined to the outer layers. Slippage can also occur at the core during these pro-
cesses. Any nip or direction can cause slippage. Slippage during winding can cause the
outside to tighten or cause the inside near the core to loosen. These same issues can
occur during unwinding. The place and direction of the slippage is determined largely by
friction and bulk of the material. Bulk is used to measure materials thickness to its weight
in cubic centimeters per gram, example of bulky material is paper. Bulky materials will
tighten throughout all layers of the roll where motion takes place. Dense slippery mate-
rials will loosen through much of the outer layers of the roll, except possible tightening
on the outermost couple of wraps. For slippery materials such as films the loosening
causes crepe wrinkles and the tightening causes bursts. [3 pp. 133-139] These are called

nip induced defects that are discussed next.
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2.6.3 Nip induced defects

Nip induced defects are usually hidden inside the roll, this makes their detection hard or
nearly impossible. Many times, the rolls look good at the manufacturing plant after wind-
ing but the defects will not appear until at customers unwinding unit. Non uniform slip-
page is undesired type of slippage because it can lead to sudden unwanted changes in
the roll. Unlike the other nip induced defects non uniform slippage can be seen from the
roll ends. Non uniform slippage happens when the layer with least frictional restraint will
break loose. Movement of on layer might be enough to relieve the shear stresses im-
posed by the rolling nip. The layer that has broken loose is subject to dynamic friction
instead of the usually higher static friction. Because of this the already moving layer is
even freer to move more. In the process of sliding, the coefficient of web-to-web friction
can decrease because possible surface roughness is deformed and skewed in the di-
rection that favors more movement. Interlayer slippage has two ways of being nonuni-
form. The slippage can be discontinuous with diameter, one layer can slip differently than
others. This is caused by nonuniformity of compressive and tensile failure modes. Other
reason for the uniform slippage can be the position in cross direction caused by shear
mode failure, and this can be caused by cross direction profile problem. Once a layer
has broken loose it will be the favored slippage point until it has gone far enough from
the outer surface and is not influenced by the nip. Then this process starts again on
another layer slightly farther out. This results in cyclic appearance of the defect rather
than a random appearance. Web-to-web friction plays major role on the tendency of

slippage defects that can also be seen as roll edge defects.[3 pp.140-144]

The other nip induced defects are bursts and crepes. These defects are common with
slippery web materials. Burst tend to appear on the outer layers of the roll where the roll
is being cinched tighter by the nip. Slippage causes the material to wind too tightly which
might even lead into a web break. Bursts usually happen very quickly, or they don’t hap-
pen at all. Crepe wrinkles occur deeper in the roll, where the uncinching happens be-
cause of the nip, and where tangential stresses become more compressive. Crepe wrin-
kles tend to accumulate, possibly by one bump per revolution over the course of several
revolutions. Once a crepe wrinkle is formed, it causes jam to subsequent uniform motion,
and this leads to buckles forming just downstream of the last buckle. The difference of
these two defects is merely one movement detail rather than principle. Both defects can
be found within same roll. This is possible because all layers will see both cinching zone

and uncinching zone in rapid succession during the winding process. Remedies for both
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defects are to reduce nip, increase web-to-web coefficient of friction or increase web
caliper. [3 pp. 145-146]

2.6.4 Wound roll edge defects

The identification what kind of edge defect is in question starts by looking how the wraps
on the edges of the roll look like. Offsets are defects that can be seen from the edges of
the roll. These are identified by wraps that stick out of the roll ends or are deeper in the
roll than other layers. This stick out or inset can be then used to determine what has
happened during the winding process that has led to formation of these defects. Offsets
can be caused by various factors during winding, few of these offset types are presented

here that are closely related to telescoping.

Air entrainment can be seen as abrupt offset at the edge of the roll. The resulting feather
like pattern can be present constantly or develop suddenly. If the feather develops during
the winding, it usually appears at the latter part of the winding process, because the
amount of air entrained increases with roll diameter. This defect is more common with
smooth materials that are wound at high speeds, print patterns can make this defect
occur more frequently. Main cause for air entrainment is ineffective nip control combined

with high operating speeds and large roll diameters. [25 pp 109]

2.6.5 Edge dishing

Edge dishing with erratic edges, happens when roll body and roll edges start to move
axially during winding, but the incoming web does not move. Once the layers are laid
down over the moved layers, they do not move. Therefore, the portion of the roll edge
that has been formed does not change shape, but only that portion which is laid on top
of it. In other words, the core and roll body move in cross-machine direction during wind-
ing, which causes the incoming web to wind in different cross-machine locations. There
are no machine-direction slippage or cross-machine direction slippage involved during
the formation of this defect. [25 pp. 117-118]
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Figure 15. Example of erratic edge dishing. [Wipak archives]

Edge dishing has two other types in addition to erratic edges. Dishing can be progressive
outward, this mainly caused by excessive tension, nip, or torque [25 pp. 119-120]. Dish-
ing might have straight edges on one end of the roll but convex on the other end. The
angle of the straight edge is equal with the angle of the convex edge. This defect is
caused by misalignment of pivoting arms or slideways that guide the roll during the roll
build up during winding. [25 pp. 121-122]

2.6.6 Coning

Coning is a defect where initially straight roll end become curved during storage, vertical
storage, or core lift. Coning during storage may develop in minutes or by days. Coning
can be mixed up with telescoping, but there is no J-line motion and therefore no interlayer
slippage. Slippage in coning occurs only in cross-machine direction and the slippage is
driven by the stored energy of winding tension. Reasons for coning to appear are low
taper tension, too tight winding at the end of winding process and too large diameter to
width ratio. [25 pp. 128-129]
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Figure 16. Example of coning during storage [Wipak archives]

Coning during vertical storage is caused by cross-machine direction slippage which is
combination of: low coefficient of friction between the layers, low winding tightness near
the core or winding with high- moisture cores, small diameter cores, large diameter rolls
or core stick-out. Remedies are the adjustment of the above-mentioned factors and their

combinations. [25 pp. 130]

i’ "" »
Figure 17. Rolls with coning most likely caused by either vertical storage or vertical
core lift. [Wipak archives]

Coning during vertical lift is a defect that has nearly identical root causes that the vertical
storage coning has. The only different cause is jerky lift that might cause coning. The
remedies are identical with vertical coning and in addition the rolls must be moved gently

from the core to avoid the formation of this defect. [25 pp. 131]
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2.6.7 Telescoping

Telescoping is a defect where the ends of the roll are curved. The curve usually gets
worse toward the end of the winding, but it appears immediately during unwinding. Usu-
ally, the curve is smooth and there are three main distinctive regions: curve near of the

core, straight middle, and curve near the outside of the roll.

Figure 18. Roll at has telescoping defect [25 pp. 126].

Telescoping always has machine-direction or cross-machine direction interlayer slippage
this is indicated by J-line or by the changing shape near the core. Telescoping and dish-
ing that was discussed earlier are different defects. When the edge misalignment is pro-
gressive during winding the defect is dishing and interlayer slippage in any direction is
not involved. Coning and telescoping have many similarities, but coning is used to de-
scribe the defect that forms during storage or moving of the rolls. Telescoping is caused
by low web-to-web coefficient of friction, low taper tension, small diameter cores or large
finished roll diameter. Remedies include the adjustment of these parameters and in ad-
dition side guards can be added to the rolls. [25 pp.126-127]

These remedies are limited to taper tension control and nip control. This is because the
core diameters are customer specific. The larger, or smaller, core might not be compat-
ible with their unwinder on the packaging line. The final outer dimensions are also cus-
tomer specific, usually the customers want larger rolls to get longer production cycles on
their packaging lines. The outer diameter also affects logistics, the number of pallets
needed changes because only certain number of certain diameter rolls can be loaded on

a pallet.
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2.7 Recent research

Telescoping has been researched and studied in paper and film industry because it
causes problems on customers packaging lines where the rolls are unwound. Telescop-
ing during winding has been studied by Hashimoto et al. [11]. They also studied the effect
of optimizing nip load during winding. In their study they developed mathematical model
for optimal winding tension and did experimental testing to see if the model is correct.
The experiments included in-roll radial stress measurements and impact load test to ob-
serve if slippage will occur after winding. The radial stress distribution was measured
with force sensitive resistors. In their research the resistors were covered in film, in earlier
research works the resistors have been used without cover film. The cover film helps to
prevent stress concentration on the resistor and therefore gives more reliable radial
stress value. In impact testing the roll was dropped 10 cm down to the base, when the
core hits the base the layers of the roll might move in direction of gravity. Their research
concludes that by optimizing the winding tension and nip load there are no wrinkling or

telescoping.
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Figure 19. The setup used when measuring radial stresses, and how the cover film
effects on stress concentration formation, during winding used by Hashimoto et al. [11]

Figure 20. The result Hashimoto et al. [11] got when using optimized winding tension
on the left compared to the taper profile 0,8 on the right. As can be seen the
optimization leads into good results.

The effect of taper tension profile on telescoping during winding has been studied by Lee
et al. [4,26]. In their research they investigated how different taper profiles affect tele-
scoping. Three different models were used: linear, hyperbolic and hybrid. They also
added the effect of nip induced tension to these three models. By using these mathe-
matical models, they found out that the linear model is ideal to minimize telescoping.
They also found how increasing the taper tension minimizes excessive radial stress in
wound roll but telescoping becomes larger during this increase of taper. They did exper-
iments to confirm their mathematical models. Nip induced tension was measured using
force sensitive resistors. The taper tension was tested by using taper tension control
system where the value of tension could be seen. The telescoping during winding was
measured by edge position sensor. Their experimental work supports that their mathe-
matical models were right and linear taper profile is better than hyperbolic taper profile
to minimize telescoping in the beginning of the wind. The following figures represent the

mathematical models Lee used and the results from his experimental measurements.
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Figure 21. Top left the taper tension models and how they behave ideally during

winding. Differences between the three mathematical taper tension models and how
much telescoping (lateral displacement) they might cause during winding.edited
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Figure 22. Measured telescoping (lateral displacement) for linear taper tension
profile on the left and for hyperbolic taper tension profile on the right by Lee et al. [4].

Similar taper tension research has been done by Dehui et al. [28]. Their research only
focused on optimizing the tension during winding and mention how it effects on starring
and telescoping. In their work, they developed a mathematical model for optimizing taper
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tension and made experimental work to confirm that the model can be used. Their ex-
perimental work confirmed that the optimized taper tension leads to constant internal

stress through the whole roll.

(a) 20
T
= 1,_' Expected winding tension
:Z Actual tension of sensor roller
3
T
=
.2
17} =
= ar
¥
—
=]
8
= 0
R=!
=
-5

.50 100 150 200 250 300 350 400 450 500
Radius R / mm

Figure 23. The optimized winding tension modeled and experimented by Dehui et al.
[28].

This optimized tension profile is quite like hyperbolic tension profile that Lee et al. [4]
found to cause more telescoping than the linear model. Dehui et al. on the other hand in

their research were not specifically interested what might cause telescoping.
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3. TEST METHODS

Test methods for this research consist of measuring actual values compared to set val-
ues on the machine and roll hardness measurements, also J-line test was done on the
winder. Test methods are limited due to the non-existent data output of the winder, and

the limited access to measuring equipment. The slitter winder used in the measurements

is shown in the following figure.

Figure 24. Euromac slitter where the measurements were done.

The slitter has four shaft units where rolls are wound. Each of these four units were
measured. Shafts 1 and 3 are on the right side of the winder and shafts 2 and 4 are on
the left side of the winder. The actual machine value measurements were done with
KERN HCB 50K20 hook scale and MARK-10 series 3 Model M3i digital force gauge. The
equipment is presented in the following figure.
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Figure 25. The measuring equipment used to measure actual machine values. On
the left the KERN HCB 50K20 hook scale, MARK-10 series 3 Model M3i digital force
gauge with force sensor and a core that has socket for the force sensor. On the right
better view of the MARK-10 series 3 Model M3i digital force gauge and the force
sensor.

Shaft pressure was measured by using the force gauge and the force sensor. The force
sensor was installed to the core with socket for the sensor. The core was put between
chucks of the shaft, that hold the core during winding. The shaft presses the core and
the winding roll during the winding against opposing roll. The shaft pressure can be cal-

culated from the force that force gauge gives by simple calculations.

-2 @7)

p - A ’
where p is shaft pressure F is the measured force and A is the area of force sensor. This
measured pressure should be the same as the value set for the winder. Shaft pressure

measurement setup is illustrated in the following figure.
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Figure 26. lllustration of the measurement setup for measuring shaft pressure.

Tension the shaft gives during winding was tested by using the hook scale. The set value
for tension in the winder is given in percentage, and it can be assumed that this percent-
age is taken from the maximal tension the electrical engine can give. This was the out-
come deduced with maintenance chief at the plant, this deduction might be incorrect and
further investigation is required. The measured tension from the hook scale is given in
newtons. The measurement was done by attaching other end of the scale to a solid beam
and the other of end the scale was attached with plastic band to the core between the

shaft chucks. The measurement setup is illustrated in the following figure.

Solid beam

Scale

Plastic band

Winding direction

Shaft

Figure 27. lllustration of the measurement setup to measure shaft winding tension.
The scale aligned to same direction with the plastic band.

The roll hardness was measured with Proceq Paper Schmidt hammer. The used model

is shown in the following figure.
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Figure 28. Proceq Paper Schmidt hammer [29].

Roll hardness was measured from different films and film thicknesses. On some rolls the
hardness was tested from different diameters in the same roll. This was done by peeling
off layers from finished roll and the new diameter was measured as was the roll hard-
ness, this cycle was repeated until the core was reached. For measuring the diameter of
the roll, a steel band was used when the roll diameter was between 300 mm and 700
mm. Diameter under 300 mm was measured with tape measure. The roll hardness was
measured from three points on the roll: 5 cm from both ends of the roll and from the

middle of the roll. The measurement setup is illustrated in the following figure.

[ |

Figure 29. |lllustration of the measurement setup for roll hardness measurements.
The measurent points are 5 cm from both ends of the roll and from middle of the roll.

J-line test was done on both unwinding and winding rolls. On the unwinding side straight
line was drawn on the side of the roll before the winder was started. On the winding side
the line was drawn when enough film was wound around the core. The winder was
stopped during the drawing of the line. The measurement setup is illustrated in the fol-

lowing figure.
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Figure 30. lllustration of the measurement setup for J-line testing. The unwinding
mother roll on the left and winding customer roll on right.

The possible curvature of the drawn lines was observed on both unwinding and winding
sides. The results for the winder measurements, roll hardness measurements and J-line

testing are expressed in the next chapter.
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4. RESULTS AND DISCUSSION

Results for the actual machine values compared set values. J-line test and roll hardness
measurements are presented in this chapter. The results are discussed in their relative

chapters, how they might influence formation of telescoping defect.

4.1 Shaft pressure and shaft tension

The shaft pressure measurements were done using the equipment shown in figure 25.
The measurement setup used is shown in figure 26. The measured force was used to
calculate the pressure using the formula (27). Results for measured force and shaft pres-

sure calculations are shown in the following tables 1-4.

Table 1. Results and calculations from shaft pressure measurements shaft 1.

Set Measured Measured Calculated Calculated Average
Pressure (bar) | Shaft 1 (N) Shaft 1 (N) |pressure (bar)|pressure (bar)|pressure (bar)
0,2 -0,5 -2 -0,003 -0,010 -0,006
0,4 34 38,5 0,173 0,196 0,185
0,6 84 89,5 0,428 0,456 0,442
0,8 138,5 144 0,705 0,733 0,719
1 192 188 0,978 0,957 0,968
1,2 206 210 1,049 1,070 1,059

Table 2. Results and calculations from shaft pressure measurements shaft 2.

Set Measured Measured Calculated Calculated Average
Pressure (bar) | Shaft 2 (N) Shaft 2 (N) |pressure (bar)|pressure (bar)|pressure (bar)
0,2 -2 -1 -0,010 -0,005 -0,008
0,4 54 45 0,275 0,229 0,252
0,6 127 117 0,647 0,596 0,621
0,8 198 186 1,008 0,947 0,978
1 268 257 1,365 1,309 1,337
1,2 338 328 1,721 1,670 1,696
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Table 3. Results and calculations from shaft pressure measurements shaft 3.

Set Measured Measured Calculated Calculated Average
Pressure (bar) | Shaft 3 (N) Shaft 3 (N) |[pressure (bar)|pressure (bar)|pressure (bar)
0,2 -1 -3,5 -0,005 -0,018 -0,011
0,4 40 22 0,204 0,112 0,158
0,6 112 72 0,570 0,367 0,469
0,8 177 129 0,901 0,657 0,779
1 246 195 1,253 0,993 1,123
1,2 313 258 1,594 1,314 1,454

Table 4. Results and calculations from shaft pressure measurements shaft 4.

Set Measured Measured Calculated Calculated Average
Pressure (bar) | Shaft 4 (N) Shaft 4 (N) |[pressure (bar)|pressure (bar)|pressure (bar)
0,2 -2 -1,5 -0,010 -0,008 -0,009
0,4 72 60 0,367 0,306 0,336
0,6 140 128 0,713 0,652 0,682
0,8 210 198,5 1,070 1,011 1,040
1 281 270,5 1,431 1,378 1,404
1,2 348 342 1,772 1,742 1,757

The calculated average pressures are compared to the set value on the machine. This

comparison is shown in the following figure.

Measured pressure (bar)
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Figure 31.
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As can be seen from the figure 31 the actual pressures differ from the set value. The
pressures also differ from each other, as they should be the same. These measured
values might explain why there are telescoping on some rolls and not on others. The
pressure of the shaft represents how hard the roll is pressed against the opposing roll to
reduce air entrainment to the roll. If the pressure is too low more air could possibly be
entrained to the roll causing telescoping to be more probable. The differences in the
pressures could be explained by mechanical wear of the winder components. This is due
to different usage rates of the shafts. Shaft 1 is always in use usually coupled with shaft
4. The shaft 2 is the least used shaft of the four. The pressure differences could be
adjusted by maintenance. Possible digital or analog pressure gauges could be added to

the shafts to see if there are sudden pressure changes during operation.

The tension measurements were done using the equipment shown in figure 25. The
measurement setup used to measure the tension produced by the shafts is shown in

figure 27. The measured tensions are shown in the following table.

Table 5. The measured tensions for the shafts 1-4.

Tensions set Shaft 1 Shaft 2 Shaft 3 Shaft 4
(%) (N) (N) (N) (N)
10 9,8 30 10,6 17,6
20 12,8 46,2 23 23
30 19,2 74,2 35,6 46,2
40 30,6 105,4 56 52
50 54,4 138 71 60
100 134 148,4

These measured values are shown as function of set value in the following figure.

160
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80

—@— Tensions shaft 1

60 Tensions shaft 2

Measured tension (N)

40 Tensions shaft 3

20 Tensions shaft 4

0 20 40 60 80 100 120

Set tension (%)

Figure 32. The measured tensions as function of set tension.
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As can be seen from figure 32 the measured tension values differ from each other quite
much. The similarity between shafts 1 and 4 can be explained with their similar usage
rate, they are the most used ones. The shaft 1 being always in use usually coupled with
the shaft 4. The huge difference of tension for shaft 2 compared to the other shafts can
be explained by the usage rate. Shaft 2 is the least used of the four shafts. The differ-
ences could be explained by the mechanical wear of the components. This measurement
gives approximate values. The true tension of shafts should be measured with better
measurement setup. But these approximate values show us there might be a possible
cause for telescoping. If the tensions differ this much from each other, as they should be

the same, this might cause telescoping in some rolls and not in others.

The actual tension could be calculated by using motor readings and using formulas (1)
and (2). This method could possibly give more reliable results. These results could be
then used to calculate roll formation using the formulas presented in roll modelling chap-

ter. These calculations could possibly explain why the rolls have telescoping.

4.2 J-line test

The J-line test was done as described in the test methods chapter. The test setup is also
described in figure 30. During the testing no curvature could be observed neither in un-
winding nor winding sides. The test was done two times and curvature was not observed
on the second winding. This means that the operating parameters used at Euromac don’t

cause machine-direction slippage that is major cause of telescoping.

4.3 Roll hardness measurements

The roll hardness was measured from different film thicknesses focusing on one family
of films. The measurements were done using Proceq Schmidt paper hammer shown in
figure 28. The measurement setup used to measure roll hardness is shown in figure 29.
The first roll hardness measurements were done in belief that the data could be extracted
from the hammer and the data could be looked at in more detail on computer. This was
not the case, and the hammer only gave the average rebound hardness from the total
measurement points. But the values of these measurements are shown in the following
table.



Table 6. The first roll hardness measurements for this research.
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Film Measurement points Hardness
Film 150 black 18 46,7
Film 150 black 48 445

After these measurements the data was gathered by hand for each measurement point.

The roll hardness was studied for the whole roll by measuring the diameter of the roll

and measuring the hardness for this diameter. Then layers of the roll were peeled off

and the new diameter was measured, and the roll hardness was measured for this new

diameter. This cycle was repeated until the core of the roll was reached. Firs of these

measurements was done for film 150 black. The results are shown in the following table.

Table 7. The roll hardness for Film 150 black on different diameters.

Diameter (mm) Left Center Right Average
93,0 19,5 22,0 29,5 23,7
103,0 35,5 47,0 36,0 39,5
113,0 42,0 53,0 50,0 48,3
123,0 44,5 54,5 49,5 49,5
133,0 47,5 56,0 51,5 51,7
143,0 51,0 58,0 56,0 55,0
153,0 51,5 58,0 56,0 55,2
163,0 48,0 57,5 57,5 54,3
173,0 51,5 58,0 55,5 55,0
183,0 52,5 58,5 56,5 55,8
193,0 53,5 60,5 58,0 57,3
203,0 52,0 59,0 57,0 56,0
213,0 52,5 55,0 60,0 55,8
223,0 51,5 56,0 59,5 55,7
233,0 52,0 55,0 57,0 54,7
243,0 47,0 52,5 57,5 52,3
253,0 45,0 54,0 57,0 52,0
263,0 48,5 53,5 53,5 51,8
273,0 49,5 52,0 53,0 51,5
293,0 51,5 50,5 50,5 50,8
313,0 51,0 46,5 49,0 48,8

These hardness values are shown in the following figure as function of the diameter.
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Figure 33. Roll hardness as function of roll diameter for film 150 black with 3” core.

As can be seen from the figure 33 the roll hardness stays most of the time over 50. The
roll hardness variations between the right and left edge can be explained by possible film
profile variation. Film profile is not taken into a closer look in this research. But it can
cause this sort of hardness variation. Compared to the ideal roll hardness shown in figure
8 the difference can be seen near the core. In ideal roll the hardness should increase
near the core but, in this measurement the hardness decreases. This can be explained
by the acceleration and tension the winder operates in. For the ideal roll the tension and

acceleration to operating speeds are instant, in the real world this is not possible.

This same type of roll hardness measurement was done for four so called jumbo rolls,
this is name that is used on rolls that have a diameter over 330 mm. First the hardness
was studied on two rolls film 240 yellow v3. The second roll was rewound twice because
of the J-line measurements. The roll hardness results for these two rolls are presented

in the following tables and figures.



Table 8. The roll hardness for film 240 yellow v3 (roll 1) on different diameters.

Diameter (mm) Left Center Right Average
93 20 49 45,5 38,2
102 31 50,5 45,5 42,3
112 35 51,5 43,5 43,3
126 43,5 52,5 41 45,7
142 48,5 54 36,5 46,3
171 51,5 56 52 53,2
194 47 51 54 50,7
210 47,5 50 56 51,2
230 49,5 57 56,5 54,3
245 61 59,5 56,5 59,0
265 59,5 62,5 59,5 60,5
279 58,5 61,5 58 59,3
306 61 61,5 59 60,5
334 62 61 61,5 61,5
350 59,5 60,5 62 60,7
381 61,5 61,5 61 61,3
400 62 62 64 62,7
410 59 61,5 62 60,8
433 62 61 65 62,7
452 62,5 61,5 62,5 62,2
470 61 61,5 64 62,2
485 60,5 61 61 60,8
500 62,5 62,5 61 62,0
525 60,5 61,5 62,5 61,5
545 61 62,5 60,5 61,3
565 62 62 63 62,3
572 61,5 63,5 61 62,0
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These hardness values are presented as function of roll diameter in the following figure.
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Table 9. The roll hardness for film 240 yellow v3 (roll 2) on different diameters.
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600

The roll hardness as function of roll diameter for film 240 yellow v3 (roll 1)

Diameter (mm) Left Center Right Right2 Average
93 45 49 20 93 38,0
118 40,5 47 37,5 118 41,7
148 40 40,5 49 148 43,2
170 41,5 49,5 50,5 170 47,2
185 54 55 49,5 185 52,8
207 55 59,5 47,5 207 54,0
230 58 58,5 40,5 230 52,3
255 61,5 59,5 35,5 255 52,2
277 60,5 60,5 31 277 50,7
310 60,5 60,5 54,5 310 58,5
325 61,5 62 59 325 60,8
345 61,5 60,5 59 345 60,3
365 60,5 62 59,5 365 60,7
390 62,5 62,5 61 390 62,0
415 61 62 60,5 415 61,2
445 59,5 61,5 60 445 60,3
475 61,5 62 60,5 475 61,3
500 60 62,5 61,5 500 61,3
527 59 63 62,5 527 61,5
550 61 63 60 550 61,3
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These hardness values are presented as function of roll diameter in the following figure.

75

65

_Pen. == o=
e v = g

55 P/

/

Hardness

45 \
—@— Left
-
Center
35
Right
Average
25
15
50 100 150 200 250 300 350 400 450 500 550 600

Diameter (mm)

Figure 35. The roll hardness as function of roll diameter for film 240 yellow v3 (roll 2)
with 3” core.

Similar measurements for roll hardness were done for rolls using 6” core and the material
was film 250 orange v2. The measurements were done on two rolls and the measured

values are shown in the following tables and figures.
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Table 10. The roll hardness for film 250 orange v2 (roll 1) on different diameters.

Diameter (mm) Left Center Right Average
177 30,5 51,5 49,5 43,8
198 37 50 49 45,3
219 445 52,5 51,5 49,5
242 47 51,5 52,5 50,3
264 48,5 50,5 49 49,3
287 47 45,5 51,5 48,0
315 44 49,5 46,5 46,7
355 47 57 51,5 51,8
380 50 59,5 57,5 55,7
410 51 59,5 59 56,5
440 54 59,5 58,5 57,3
475 58 62 57,5 59,2
500 55,5 61,5 62 59,7
535 56,5 62 61 59,8
560 57 59 60 58,7
590 57 59 58 58,0
620 55,5 59 60 58,2
656 55 59 56,5 56,8
678 51,5 58 57 55,5
695 52 54,5 55 53,8

These hardness values are presented as function of roll diameter in the following figure.
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Figure 36. The roll hardness as function of roll diameter for film 250 orange v2 (roll
1) with 6” core.



Table 11. The roll hardness for film 250 orange v2 (roll 2) on different diameters.

Diameter (mm) Left Center Right Average
177 30,5 50,5 51 44,0
205 36 52 53 47,0
226 42,5 52,5 53 49,3
256 46 50 51 49,0
290 42 48,5 47,5 46,0
315 42,5 47,5 46 45,3
335 42 58,5 46 48,8
360 49,5 61,5 52,5 54,5
385 50 63,5 56 56,5
405 56 60,5 58,5 58,3
426 57,5 61,5 59 59,3
450 58,5 61,5 58,5 59,5
475 57,5 62 61 60,2
500 60 62 58,5 60,2
525 60 61,5 61 60,8
550 59,5 61,5 59 60,0
585 59,5 59,5 56,5 58,5
620 59,5 57,5 59,5 58,8
640 59,5 57,5 59,5 58,8
670 58,5 57,5 54,5 56,8
695 55 57,5 53,5 55,3
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These hardness values are presented as function of roll diameter in the following figure.
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The average roll hardness from each jumbo roll is presented in the following figure.
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Figure 38. The average roll hardness of the jumbo rolls in same graph.

As can be seen from the figures 34, 36, 37 and 38 there is a trend to be seen, a sudden
drop in hardness when diameter of the roll has grown around 100-150 mm. The excep-
tion is the film 240 yellow roll 2 that was rewound two extra times and the drop in hard-
ness is elsewhere. This sudden drop in hardness could explain possible telescoping
cases. Softer spot in a roll could mean a sudden change in the winding tension or taper
tension control does not work as intended. This softer region seems to be quite similar
with previous reclamations caused by telescoping. Few of the cases are shown in the

following figure.

Figure 39. Collection of customer rolls with reclamation due to telescoping.
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It should be noted here that the customers most likely do not distinguish coning from
telescoping due to their similar appearance. Comparing the graphs from figure 38 with
the collection of rolls with telescoping in figure 39. There can be seen the diameter to be
around 100-150 mm where the telescope occurs. This means possible reason for tele-

scoping was found.

4.4 Recommendations

This possible reason that might cause telescoping needs to be researched in the future.
The actual tensions and stress formation during runs should be measured and the taper
tension profile should be looked at. The taper tension profile that should be used is linear
if possible. The research by Hashimoto et al. [11] and Lee et al. [4] give good examples
how the measurements could be done. Other option for calculating tension is measuring
motor readings and calculating the tension from the readings. With the actual tension,
the roll formation could be possibly calculated to see why there is telescoping in the rolls.
Data gathering from winders would make it easier to pin-point possible defects. This
could be done in start of runs to ensure quality. Regular inspection and maintenance of
winder components is recommended to ensure possible defect formation is not caused

by wear of the machine components.

The TNT-program made in Nastola should be adopted to Valkeakoski. The TNT-program
uses laboratory test data of the films with desired final dimensions, and it calculates the
optimal winding tensions for each film product. It has been proven to give good results
at Nastola. It also makes it easier for operators to input correct operating values into the

winder.
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5. CONCLUSIONS

The goal of this research was to find possible reasons for telescoping of customer rolls
on slitter. Possible reasons for customer roll telescoping were found. The machine actual
values differ from the set values. This is first possible reason for the telescoping. Machine
maintenance should help with this problem. The J-line test was done, and it showed
there was no machine direction slippage caused by the winder. As there was no J-line
curvature, the telescoping is not caused by slippage on this machine. From the roll hard-
ness measurements, a softer region when the roll diameter has increased around 100-
150 mm, was found. The softer region leads to believe there is most likely something
wrong with either tension control or taper tension profile. These need to be investigated

further in future.

This research was only focused on the winder and how it might cause telescoping. The
difference with coning and telescoping was discussed in this paper, but people will not
distinguish the two at quick glance. These defects look so similar that they are spoken
as same defect. The formation of possible coning during the transportation and storage

was not considered in this research but they are mentioned here.

The machine value measurements were done in quick schedule in two days, due to pro-
duction schedule and arrangement of the measuring equipment and schedule of the
measuring expert from Nastola. If there would have been more time, the machine value
measurements could have been repeated several times to get more reliable data. But
these few measurements gave approximate idea that there are differences between the

shafts, and they might cause telescoping.

The roll hardness measurements for jumbo rolls were limited and more rolls should have
been measured to give more reliable results, but the reason for the limited number of
measured rolls is simple. As the roll hardness for different diameters is measured from
a finished roll by peeling of layers of wound film, it produces a lot of waste. The jumbo
rolls weigh around 200 kg which is a lot of waste. The hardness measurements cannot
be done during the run by stopping and starting the winder, this would lead to the roll
having several tension changes that cause roll hardness changes. The measurements
could be done on color defected rolls that are wound, because they are going to be waste
either way. But these rolls were enough to give approximate there is something possibly

wrong on the winder tension control or taper tension profile.
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