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NOMENCLATURE

A wrinkle amplitude

AR wrinkle aspect ratio
CD cross-machine direction
D flexural rigidity

E Young's Modulus value
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M bending moment

MD _ machine direction

n/a not applicable

mil 0.001 inches
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RD roller diameter
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t thickness value
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WA wrap angle
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CHAPTER I

INTRODUCTION

Many products and materials in common use today are
processed or handled in the form of large thin sheets.
Examples include plastic film, paper, textiles, and even
metals. Materials which are very thin compared to their
length or width are referred to as webs. Some webs, plastic
film for example, may begin in widths of ten feet or more
and several miles of the web may be wound onto a single
roll. This form allows for convenient subsequent
processing, such as slitting, coating or labeling, and
shipment. In order for the web industry to prosper it is
not unusual to have web line speeds of many thousands of
feet per minute. The web process line speed is heavily
dependent upon the web material. Paper, for example is
typically wound at speeds much higher than that of plastics
because of the permeability of paper. This permeability
allows entrained air to escape through the web as it is
being wound, giving a harder and higher quality wound roll.
As might be expected, the demand for web quality and
productivity has presented many problems in web handling.
These problems arise from the fact that it is desirable to
handle and manipulate a material that might be very fragile.

This fragility may be material oriented, such as the ease at



which aluminum foil or a web material as thin as 0.00006
inches creases, or product oriented, such as the special
handling requirements of photographic film or magnetic
media. An ideal web processing line would allow the web to
operate at a minimum tension but with maximum web control.
In most instances, tension and control are inversely
proportional. In addition to this, webs are a planar
material. The lack of thickness in a web makes it
especially prone to unwanted behavior arising from in-plane
compressive or transverse shear forces. Both of these modes
of structural loading can lead to localized out-of-plane
deformations, or wrinkling. A web wrinkle in the free span
(the unsupported region between rollers or guiding devices)
is not, in itself, a situation which is damaging to the web.
However, a free span wrinkle may well detract from web
processes such as coating. The structural problem arises
when a web wrinkle encounters a roller or other device which
might cause out-of-plane guiding. The presence of a greatly
increased section modulus in the web wrinkle creates a
resistance to out-of-plane bending. This resistance shows
up as increased strains which can cause web material damage
or failure. This situation is illustrated in Figure 1.
Because the wrinkling problem is related to many of the
material and geometric properties of the subject web, an
overview of the research in this general area is presented.
The tension in a moving web must be within certain

limits for proper operation. A high tension is desirable
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for good roller contact, guiding, steering, winding, and
dynamic behavior. Too high a tension may cause creeping,
plastic yielding, tearing, or wrinkling of the web. This is
especially true of plastic webs which are exposed to heat,
such as a drying oven during the web processing. 1In
addition, an uneven tension profile in the cross-machine
direction (CD) may lead to poor quality coating or winding
of the web into large rolls (l). In order to know at what
magnitude the tension may be maintained, the process
engineer must be familiar with the web material and how it
behaves at various tensions. An example of web wrinkle
creation is shown in Figure 2.

A considerable amount of research has been conducted
dealing with the mechanical properties of paper webs.
Hollmark, et al. (2) investigated the mechanical properties
of paper sheets as related to the iength of the fibers and
the degree of adjacent fiber bonding. In a similar study,
Williams (3) investigated paper strength as related to fiber
bending stiffness, length, and perimeter. Other studies
into paper strength have been conducted by Claudio-da-Silva,
et al. (4), Pecht and Johnson (5), and Kimura and Shimizu
(6). Other various studies have been performed by Seth (7)
on paper's resistance to crack propagation, by Fellers and
Carlsson (8) on measuring the pure bending properties of
paper, and by Pecht and Johnson (9) on the creep of paper.
The major area of published research appears to be on the

elastic properties of paper. Mann, et al. (10,11),
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Habeger, et al. (12), Baum and Bornhoeft (13), and Baum, et
al. (14) used acoustic wave dispersion techniques to
measure many of the three dimensional elastic properties of
paper webs. These properties included tensile modulus,
shear modulus, and Poisson's ratio. Other similar studies
into the theory and measurement of elastic properties were
made by Craver and Taylor (15), Papadakis (16), Perkins and
Mark (17), Page, et al. (18), Senko and Thorpe (19), and
Jones (20). The plastics industry appears to be concerned
with a web's mechanical properties as related to the drawing
direction of the film. Dhingra, et al. (21) reports that
cold rolling of polyethylene, polypropylene, and nylon films
may have significant effects on the tensile and yield
strength. Similarly, DeVries (22) notes that biaxial
stretching of polypropylene, during processing, will greatly
increase the material's toughness and impact strength. |
Polymer properties may also be tailored during the melting
and extruding process, as reported by Zeichner and Macosko
(23). Several of the instrumentation schemes for measuring
web tension and properties include ultrasonics, photo-
elasticity, and direct displacement measurement (24) (25)
(26). Of course many of these technologies may be assisted
by the computer (27) (28).

After the web properties have been assessed, the
dynamic behavior of a web, when influenced by various line
components, must be studied. A diagram of a simplified web

process line is shown in Figure 3. The primary components
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are the winder-unwinder, steering and guide rollers, and
whatever process may be performed on the web such as
coating, slitting, etc. Some of the techniques for
measuring properties of a static web have been applied to
moving webs. Lu (29) and Baum and Habeger (30), for
example, investigated a sonic contact method which relates
sonic velocity in the moving web to both machine direction
(MD) and CD tensile strength. A similar but contactless
method was used by Luukkala, et al. (31) to study the
on-line eiastic properties of paper webs. Hauptmann and
Cutshall (32) studied wet paper webs from a viscoelastic
standpoint. Their conclusions were that such webs will be
greatly affected by certain vibrational frequencies in the
web free spans. These effects can lead to wrinkling and
frequency dependent mechanical properties. Jartti and
Luukkala (33) also investigatéd an ultrasonic Doppler shift
method for on-line measurement of web speed. The CD web
parameters are also important in processing lines. Gess and
Segre (34) and Hering (35) contend that sensors and control
methods for CD tension profile, roll hardness, moisture
content, and moisture free weight are all in demand while
Smith (36) notes that CD control systems are being widely
developed.

The need for increasing web tension in the drying of
textiles has been shown by Westhead (37) and a methodology
for real-time web tension measurement has been explored by

Al- Sayed (38). The interaction of the web and roller also



creates specialized situations. The effect of tension
measuring dancer rolls and paired traction rollers, Figure
4, on web dynamics has been modelled by Marhauer (39). Daly
(40) reports that traction.between a web and rollers is
increased with web tension and wrap angle, and that traction
as a function of web speed and roll diameter is heavily
dependent upon web porosity. Fluid effects of web traction
on rollers have also been addressed by Knox and Sweeney
(41) . Chinick (42) notes that traction and other
interaction parameters, such as guiding, are also affected
by roll alignment. In some winding or guiding applications,
it is customary to have the web pass between two very
closely spaced rollers or to have a nip roller apply an out
of plane force on the web. This latter application is
widely used in the winding operation as shown in Figure 5.
Pfeiffer (43) has investigated the strain induced in webs
because of the presence of a nip roller.

Rollers are used in process lines not only for
tensioning and web support but also for steering and guiding
the web. Because a moving web seeks normal entry to a
roller, as shown in Figure 6, a steering effect can be
produced by adjusting the roller angle relative to the
direction of web travel. Shelton and Reid developed
mathematical models for idealized webs (44) and tested real
webs (45). These models are still used to predict the
lateral dynamic behavior of a web when it encounters an

in-plane roller. This work was expanded upon by Soong and
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Li (46) to include rollers tilted in an out-of-plane
orientation. Many of these concepts have been summarized by
Pfeiffer (47).

It might be thought that a web is most vulnerable to
damage in the free span or where it is being steered. This
is not necessarily the case. Pfeiffer (48,49,50,51) has
reported on roll defects during winding and unwinding. 1In
winding, air entrapment between web layers can lead to a
soft roll which may be subject to damage in handling. In
addition, the slippage between the outer and inner web
layers in the machine direction, may cause a permanent
wrinkling or "starring" pattern in the roll cross section.
Slippage in the cross-machine direction can lead to
"telescoping"” and end damage of the roll. If a roll is not
wound tightly enough, layer slippage can occur during the
unwind process if the unwind tension is too high. Among
others, Daly (52) has indicated that a wound roll consists
of inner layers in compression with overlying layers of the
web in tension. Frye (53,54,55) has also investigated the
effect of winding on roll quality and hardness, while Rand
and Eriksson (56) and Hussain and Farrell (57) have
specifically addressed the winding problems associated with
newsprint. Many other authors have noted on web quality
variables and winding, such as Walbaum and Lisnyansky
(58,59), Burgeson and Crawford (60), Cox (61), Smith and

Meihofer (62), Sjoberg (63), and Green (64).
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The Wrinkling Problem

This thesis is concerned with the situation illustrated
in Figure 7, namely a machine direction wrinkle encountering
a curved roller. As the wrinkle wraps around the roller,
there are several possible outcomes. First, for wrinkles of
low amplitude, large width, or made of stiff material, and
where there is a low traction between the wrinkle and
roller, the wrinkle may be pushed back into the plane of the
roller with no permanent web damage. Secondly, the web
wrinkle may have sufficient section modulus so that it
begins behaving like a structural beam or tube and large
stresses may be present which result in web damage in the
form of a tear or blister. Thirdly, the wrinkle amplitude
may be large enough, or the wrinkle width small enough, and
the web material may have sufficiently‘low elastic modulus
so that the wrinkle actually collapses on itself causing
creasing or tearing of the web. The present investigation
will determine how large a wrinkle of assumed cross section
may pass over a roller of given diameter and not cause
damage to a web having given physical and geometric
properties. This problem involves the stability of elastic
plates and elastic shells of arbitrary cross section
subjected to external tension and bending, and therefore a
brief literature review in this area is presented.

Several classic references on structural plates have

been authored by Timoshenko and Woinowsky-Kreiger (65) and
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Szilard (66). A few of the many more recent investigations
have been published by Caldersmith and Rossing (67), Azimi,
et al. (68), Warburton and Edney (69), and Gutierrez and
Laura (70). These works are primarily directed to the
behavior of large rectangular plates with various edge
conditions. Johnson and Urbanik (71) went on to model thin
plates with physical nonlinearities to match theory to
compressive data from paperboard. A paper by Tvergaard (72)
is representative of many in the area of compression of
cylindrical panels. Although these works address both small
and large deflections, they are primarily concerned with
structural materials. Webs, on the other hand, are capable
of transmitting very little, if any, bending moment.
Instead, webs behave much more like membranes where the
primary structural mode is in-plane, such as tension and
in-plane shear. Again the literature abounds with papers on
large deflections of membranes. These include annular
membranes as investigated by Schmidt (73), circular
membranes as reported by Kao and Perrones (74) and Storakers
(75) . Yang and Lu (76) develop equations for hyperelastic
membranes, Fenner and Wu (77) allow for membrane inclusions,
and Storakers (78,79) uses variation principles and
viscoelastic theory for the solution of membranes subjected
to lateral pressure. Jones (80) and Seide (81l) have altered
the classical plate equations to make the plate stiffness
zero and solve the resultant set of equations numerically.

There also exists a vast amount of literature on the
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subject of buckling and as it relates to curved cross
sections. Budiansky and Hutchinson (82), Bushnell (83),
Babcock (84), and von Karman, et al. (85) are among many
papers describing generalized buckling of structures of
various shapes and curvature. Among papers dealing
specifically with cylindrical shapes are those by von Karman
and Tsein (86), Batdorf, et al. (87,88,89), Bijlaard and
Gallagher (90), Tamura and Babcock (91) Tvergaard (92), and
Zimcik and Tennyson (93). Previous to these papers,
however, Donnell (94) had addressed cylinder buckling due to
compression and bending in structural tubes and found that
experimentation did not agree with the then present theory.
Still other studies have been done by Ueng and Sun (95) on
inflatable membranes, by Jones and Hennemann (96), Wilson
and Orgill (97,98), and Tylikowski (99) on composite and
nonlinear cylindrical shells, and Plaut and Johnson (100)
and Sinharay and Banerjee (101) on spherical shells.
Approaching the shape of the web wrinkle in the present
study, but still in the structural regime, are pipes and
tubes. These studies include those by Wang and Watson (102)
on the equilibrium of elastic cylinders resting on a flat
surface, Clark and Reissner (103) on bending of curved
tubes, Reissner (104) on bending of curved tubes with
internal pressure, Stephens, et al. (105) on tubes with
bending and pressure, and Fabian (106) on tubes with
bending, pressure, and axial loads. Other associated papers

include Rimrott (107) on bending of slit tubes, Seide and
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Weingarten (108) on cylindrical buckling due to bending, and
Whatham (109) on pipe bend analysis using shell theory.

With the wide usage of shells in the aerospace industry,
Baker, et al. (110) have compiled many shell equations and
solutions for NASA. Still other references address the
situation of shells without bending capability, namely
membrane shells. These references include Timoshenko (65),
Novozhilov (111), Cox (112), and Gol'denveizer (113).
Because a web wrinkle is very elastic and only somewhat
stable to outside forces, the elastic stability of shells is
included with references such as Batdorf (114, 115),
Timoshenko and Gere (116), Thompson and Hunt (117), and

Budiansky (118).

Summary

Although the literature abounds with papers on the
subject of shell behavior, a web wrinkle presents a unique
situation. Because the web is so flexible, its original
shape may become grossly deformed aé it passes over a roller
but still does not fail in a structural sense and no
creasing or tearing takes place. Such deformations are not
in the realm of engineering design for most shells and
similarly shaped structures. Secondly, as the web passes
over a roller the boundary conditions of friction and
web-roller contact at individual points on the web indicate
that an iterative solution is necessary to account for

subsequent deformations of the web and wrinkle points. For
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these two main reasons, it seems that a closed form solution
using the classical approaches may not be possible.

Instead, a solution using numerical methods will allow for
the rapid and economical alteration of boundary conditions
as well as the physical and material parameters associated

with the web wrinkle.



CHAPTER II

ANALYTICAL STUDY

The purpose of the analytical study is to produce
generated output in the form of stress values and deformed
shapes of web wrinkles under a wide variety of physical and
geometric parameters. By investigating the stresses created
by these parameters it should be possible to make some
qualitative and quantitative conclusions concerning the
relative sensitivity of the stress about each of the
parameters. The output is from a finite element study using
the NASTRAN (NAsa STRuctural ANalysis) computer code
developed by the National Aeronautics and Space
Administration. The version of NASTRAN used is COSMIC
release 1985 and 1986. The input to this finite element
program is generated by an automatic mesh generation program
developed by this author. A source code listing for the
mesh generator is given in Appendix A of this thesis. The
mesh generator was purposely made to be very general so that
a wide variety of cases could be handled with a minimum
effort in changing the mesh generator. With minimal input
the mesh generator produces web tension, boundary frictional
forces, and web-roller constraints which are subsequently
used as input to NASTRAN. This approach provides a

versatile method for solving many iterations of the web

19
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problem simultaneously.

A typical undeformed web wrinkle as produced by the
mesh generator and the NASTRAN plotting procedure NASPREV is
shown in Figure 8. After discussion with representatives of
the industrial members of the Web Handling Research Center
at Oklahoma State University, the parameters and their range
of values are used as listed in Table I. 1In a typical web
process line, guiding and steering rollers are in the range
of two to eight inches in diameter. A 24-inch diameter
roller is included in the study to simulate the winding of
smaller diameter web rolls. The ranges for wrinkle width
and height are such based on personal inspection of wrinkles
in both plastic and paper processing lines. Although
wrinkles may be encountered outside this range, these values
should be representative of a great many wrinkles and the
wrinkle aspect ratio (wrinkle height divided by wrinkle
width) will be representative of wrinkles outside the given
ranges. Web thickness and web tension ranges are the result
of consultation with industry representatives. A web-roller
frictional coefficient of zero is used to simulate the lower
bound of an "air-bearing" roller which uses air pressure to
lift the web off of the roller or guide. This is typically
used for coated webs which must be steered but which must
not come into physical contact with a roller until the
coating has dried. A coefficient of infinity is simply
defined as that coefficient which allows no web-roller

slippage. The two material parameter (Young's modulus and



SIDE OF THE WRINKLE ARE
CONSTRAINED TO THE ROLLER

N ‘\‘\ TWO BOUNDARY ELEMENTS ON EACH
N
RS
SN

\\\~ APPROPRIATE TENSION APPLIED AT
MACBINE DIRECTION BOUNDARY POINTS

N4



22

Poisson's ratio) ranges are selected to include
polypropylene, polyethylene, polyester, paper, and metals,

to name a few.

TABLE T

WRINKLE GEOMETRIC AND MATERIAL VARIABLES

VARIABLE RANGE
Roller Diameter .......... téessesasecccccene 2 - 24 inches
Wrinkle Width ...t ieeeeeneeeancnns 0.5 - 6 inches
Wrinkle Height ...ccieieeeeeeeeeieceeccananns 0.025 - 1 inches
Web Thickness ..cceeeeeceenns ceeesss 0.00005 - 0.06 inches
Web-Roller Friction Coefficient ............. 0 - infinity
Tension ..ceeeeeaee ceeeseccens 0.25 - 50 pounds/inch width
Wrap Angle ..ciiiiieeeeeecceccccccccncnsnas 0 - 180 degrees
Young's ModulusS ....ccece.. ceeceenn 2,000 - 30,000,000 psi
Poisson's Ratio .....cccce... cevesssccssas eee.. 0.01 - 0.5

The finite element model is composed of triangular
elements which are capable of both in-plane and bending
stiffness. Although a thin membrane can offer little
bending resistance, this capability is included in the
element to accomodate relatively thick webs. The NASTRAN

TRIA2 element was selected and its local coordinate system
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is shown in Figure 9 and the positive sign convention for
stress and displacement is shown in Figure 10 for computed
output. The TRIA2 element is a planar element with both
in-plane and bending stiffness and a solid homogeneous cross
section is assumed. Because the TRIA2 is a planar element,
it is also assumed that no change in the element's thickness
takes place. Each element is bounded by grid points which
may have up to three translational and up to two rotational
degrees of freedom in the local element coordinate system.
The TRIA2 element does not permit rotations about the axis
normal to the element surface. It is necessary to constrain
this degree of freedom to zero. With these degrees of
freedom and the planar element, it might be thought that
this web model is composed of many triangular plates as
shown in Figure 11.

The first step in the analyses is to input the material
and geometric parameters for a given situation. These
parameters typically consist of wrinkle width, wrinkle
height, roll diameter, web thickness, Young's modulus, and
Poisson's ratio. Initially the web tension is input as zero
so as to investigate the deformation of the wrinkle onto the
roller. This step is necessary to help determine which web
wrinkle points will deform onto the roller surface first.
After observation of the deformed shape without tension, an
appropriate tension is added to the mesh generator program.
After the tension is applied, it is necessary to constrain

to the roller surface those points which deformed to that
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surface when there was no tension. Two elements on each
side of the wrinkle cross section are arbitrarily chosen to
be appropriately constrained to the roller's circular shape
causing the wrinkle to deform. This process is illustrated
in Figure 11. Both a plot and printed output are obtained
at this point for analysis. A typical plot for step one is
shown in Figure 12. The printed output consists of the
translational and rotational displacement vectors for each
grid point, the necessary force applied to constrain the
boundary elements to the roller shape, the normal and shear
stress at the web material surface, and the principal normal
stress and, maximum shear stress. It is easily seen that
many points fall below the roller surface due to the
boundary constraints and the fact that the interior wrinkle
points have not been constrained from deforming below the
roller surface.

At this point, the displacement vectors are examined
and the necessary constraints applied so that any points
which fall below the roller surface are constrained to the
roller surface. In addition the boundary forces of
constraint are examined and if the necessary force to
constrain the point exceeds that which friction can supply,
using the frictional coefficient under consideration, then
the static frictional force is applied at that point. If
the necessary force to constrain the point does not exceed
that available from friction, the computed force of

constraint is applied to that point. This process is



UNCONSTRAINED WRINKLE POINTS
MAY DEFORM BELOW ROLLER SURFACE

~

!Ii‘E!EEJ\

‘:L‘.‘ "l lb(." 711 a’

‘hi.‘)*/? 'Q':
A R D '\ Y R ’

2 NS NN

e
P
' ‘ﬁ\‘\{,{‘

BOUNDARY POINTS CONSTRAINED
TO THE ROLLER

OPERATING
\ TENSION

Figure 12. Deformed Wrinkle Without Constraints

Le



28

illustrated in Figure 13. It should be noted here that the
mesh generator also computes the normal force at each
boundary grid point due to web tension.

The second step in the analyses is to iteratively
constrain the wrinkle points which fall below the roller
surface in step one until an equilibrium deformation is
produced. This also includes allowing the boundary points
to move if the necessary force of constraint exceeds the
frictional force ava<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>