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ABSTRACT

Kurki, Matti

The Stress-Strain State and Stabilization of Viscoelastoplastic, Imperfect Moving
Web Continuum

Jyvaskyla: University of Jyvaskyld, 2014, 78 p.(+included articles)

(Jyvaskyla Studies in Computing

ISSN 1456-5390; 198)

ISBN 978-951-39-5855-8 (nid.)

ISBN 978-951-39-5856-5 (PDF)

Finnish summary

Diss.

Successful handling of different web-like materials is the key issue in their
production industry. The thesis completes the area of moving web research by
introducing a continuation, where cross-scientific web handling issues are pre-
sented.

A fundamental aspect in all moving webs is their stress-strain behavior. A
new theory for moving, viscoelastic web continuum is introduced. A system
of third-order partial differential equations is developed modelling the moving
solid continuum. The results show that strain distribution of the viscoelastic web
is no longer constant. The two-dimensional solution is always nonlinear since the
contraction couples the in-plane velocities Uy and U,

The effects of stress state to the divergence velocity limit of orthotropic mov-
ing web is presented. The minimal eigenvalue and the corresponding out-of-
buckling mode and velocity are found. The buckling modes are localized at the
edge areas of the web depending on the level of orthotropic properties. A new
model of a coupled web-fluid environment utlizing steady-state potential fluid
flow is also presented giving good results compared to the wind tunnel tests.

The thesis includes the effects of web edge imperfections on production ef-
ficiency. A new model for the fatigue life of a moving elastic web is introduced.
An optimization procedure for web stress has been developed in order to find the
optimum for maximizing the production performance of the web handling line.

In practice, the utilization of the web’s stress-strain capability is limited by
the web strength and the amount of irrecoverable strains. Additionally, a stress
relaxation occurs in web materials. A measurement method for viscoelastic mate-
rials is introduced. Results show that relaxation of the web increases the irrecov-
erable strain of the web decreasing the strain potential for upcoming processes.

An example of an adaptive web stabilization using specialized roll is in-
cluded in thesis. The air flow forming boundary layers to roll and fabric surfaces
are utilized creating a underpressurizing suction through the fabric. This type of
the roll enables a more simple web supporting arrangements.

Keywords: modelling, solid mechanics, moving continuum, continuum mechan-
ics, viscoelasticity, stability, fluid-structure, runnability
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PREFACE

The scientific activities presented in this work were conceived during the au-
thor’s employment at VTT Jyvaskyld and continued in Valmet AIR unit and later
in Metso Paper Inc. between 1996 and 2007. One of the first tasks in Valmet
Corp. was the speeding up the development of the runnability components for
Valmet AIR for high-speed paper machines. At that time, the Valmet’s Web Han-
dling Competence Group (WHCG) was formed to improve the research of vari-
ous kinds of web handling problems and to distribute that knowledge within the
company. The group, lead by the author, included selected specialists throughout
the Valmet Corp. Their expertise covered entire web handling line: from the raw
materials and furnish optimization, through web elasticity enhancement, to the
efficiency studies of different high speed printing machines.

During that time, new material measurement methods for web rheology
were developed along with the extensive usage of different numerical tools, es-
pecially the CFD (Computational Fluid Dynamics). In several projects the nu-
merical models developed increased the fundamental understanding of moving
web behavior thus shortening significantly the development work for physical
products. In several cases, the results given by the models allowed a complete
realization of selected paper machinery components without the traditional (and
expensive) physical prototype testing.

The topic of this research is motivated by a desire to understand better the
basics of viscoelastic stress-strain behavior and to create a contribution to effi-
cient production of various kinds of flat, web-like materials, where both the me-
chanical stability and the efficient use of raw materials play an important role.
This thesis extends the previous work of the research group on web handling
continuance, where different cross-scientific web handling items are thematically
connected together by using their common contributor, the web stress state.

New insights to the questions of stress-strain state of the moving viscoelastic
web, web stability, imperfectness, its viscoelastoplastic properties and adaptive
stabilization technology are generated. These items are the building blocks of a
thematic web handling continuance, which includes some of the most important
items for successful, high-efficiency web production.
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NOMENCLATURE

Notation
L(w): =D2% +2D3,a?’2g’2 +D; a «
flexural stiffness of the orthotropic plate.
ou . N .
FT partial derivative of u with respect to x
du(x,t) _ ou(x,t)  dxdu(x,t)
dt = ot dt  ox
total (material, Lagrange) derivative of u(x, t) with respect to t,
here often dx/dt = V) is constant
V: =2+ %] + 2k, gradient
AT: (small) change of T, variation of T
(.)%: matrix transpose

Latin symbols

area. Unit [A] = m?

area at the begin state. Unit [A1] = m?
area at the end state. Unit [A;] = m?

length of edge crack. Unit [a] = m

initial length of edge crack. Unit [ag] =

critical length of edge crack. Unit [ ]

width of panel or half-width of plate. Umt [b] =m
elasticity coefficient in x-direction. Unit [C11] = N/m?
elasticity coefficient in y-direction. Unit [C] = N/m?
orthotropic elasticity coefficient. Unit [C1o] = N/m?
orthotropic elasticity coefficient. Unit [Cy;] = N/m?

shear elasticity coefficient. Unit [Ces] = N/m?

flexural stiffness. For panel, D = Ei®/(12(1 — v?)). Unit [D]
flexural stiffness in x-direction. Unit [D1] = N'm

flexural stiffness in y-direction. Unit [D;] = N m

flexural shear stiffness in xy-plane. Unit [D3] = N'm

Young’s modulus of isotropic plate or panel. Unit [E] = N/m?
= N/m?
= N/m?

Young’s modulus of orthotropic plate in x-direction. Unit [E1q]
Young’s modulus of orthotropic plate in y-direction. Unit [Ep)]
functional describing out-of-displacement. Unit [F (x)] = m

body force in x-direction. Unit [Fy] = N/m3

body force in y-direction. Unit [F,] = N/m?

in-plane shear modulus of orthotropic plate in xy plane.
Unit [GlZ] = N/m?

=Nm
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in-plane shear modulus of orthotropic plate in xy plane
(geometric mean from Ej and E;). Unit [Gy] = N/m?
nondimensional flexural stiffness in x-direction.
nondimensional flexural stiffness in y-direction.
nondimensional flexural shear stiffness in xy-plane.
thickness. Unit [h] = m
stress intensity factor. Unit [K] = Pay/m
fracture toughness. Unit [K] = Pay/m
viscosity coefficient in x-direction. Unit [Ky1] = Pa-s
orthotropic viscosity coefficient. Unit [K15] = Pa-s
orthotropic viscosity coefficient. Unit [Ky ] = Pa - s
viscosity coefficient in y-direction. Unit [Ky| =Pa-s
shear viscosity coefficient. Unit [K¢| = Pa - s
material constant in Paris law
free span length parameter. For the panel submerged in flowing fluid,
the free span is taken tobe x € (—/, /).
Otherwise, as x € (0,¢). Unit /] =m
bending moment per unit length or total mass or critical mass.
Unit for bending moment [M] = Nm/m.
Unit for mass [M] = kg
mass per unit area. Unit [m] = kg/m?
normal for out-of-plane direction
number of loading cycles
critical number of loading cycles due to fatigue fracture
unit normal in x-direction. Unit [n,] = m
unit normal in y-direction. Unit [n,] = m
unit normal vector. Unit [n] = m
aerodynamic reaction pressure. Unit [q¢] = N/m?
tension. Unit [T] = N/m
constant (homogeneous) tension. Unit [Ty] = N/m
tension in x-direction. Unit [Tyx] = N/m
tension in y-direction. Unit [T,] = N/m
shear tension in xy-plane. Unit [Ty,] = N/m
time. Unit [] = s
longitudinal transport velocity. Unit [U] = m/s
transport velocity at beginning state. Unit [U;] = m/s
transport velocity at end state. Unit [Up] = m/s
velocity vector. Unit [U] = m/s
velocity in x-direction. Unit [U,] = m/s
velocity in y-direction. Unit [U,] = m/s
volume. Unit [V] = m?



Vo: axial velocity of panel or plate or initial volume.
Unit [Vp] = m/s for velocity.
Unit [Vp] = m3 for volume
Vi critical velocity of elastic instability of travelling panel or plate
Veo: free-stream velocity of surrounding fluid. Unit [V] = m/s
w: z-directional, out-of-plane displacement. Unit [w] = m
x: x-coordinate. Unit [x] = m
: y-coordinate. Unit [y] = m
z z-coordinate. Unit [z] = m
Greek symbols
: nondimensional variable for calculating the root 72 or

p2:

TR
Yy

Er:

Exy
Exy'
Eyx:
Eyy'

[

M11:

1n22:

333 A e

p2:

nondimensional web velocity for fluid-structure calculation.
nondimensional flexural stiffness in fluid-structure calculation.
Poisson ratio 1 = v1p or

nondimensional flexural stiffness in fluid-structure calculation or
geometric factor for edge crack.
modified Poisson ratio. B, = vip + 4 ,(5212 (1 —v1ov21)
nondimensional fluid mass in fluid-structure calculation.

shear strain. 7y, = —Zz(azw/axay) OF Yxy = &xy + Eyx

shear strain. yx, = —2z(9%w/9xdy) Or Yxy = €xy + Eyx
edge of the domain.
total strain applied.

x-directional component of strain. exy = —2(82w /0x?) or £xy = Ou/dx

xy-shear strain component in xy-plane. ey, = du/dy
yx-shear strain component in xy-plane. ey, = dv/0dx
y-directional component of strain. ey, = —z(0*w/dy?) or &, = dv/dy
z-directional component of strain. e, = dw/dz

viscous damping coefficient in x-direction.

Unit [1711] = N's/m? =Pa-s

viscous damping coefficient in y-direction.

Unit [1722] = N's/m? =Pa-s
nondimensional fluid velocity for fluid-structure calculation.
nondimensional variable for calculating eigenfunction.
nondimensional bending stiffness parameter.
viscous shear constant. Unit [I[T] = N's/m? = Pa-s

density. Unit [o] = kg/m?

density of fluid. Unit [pf] = kg/m?

density at initial state. Unit [pg] = kg/m?3

density at the begin state. Unit [p;] = kg/m3

density at the end state. Unit [p;] = kg/m3



V12:
V13:
Vo1:
Oyxx:
(Tyyt

P12t

$21:

sl

Poisson ratio of isotropic plate or panel (nondimensional).
Poisson ratio for orthotropic material. When stretched along axis 1 (x),
vy is the contraction factor along axis 2 ().
Poisson ratio for orthotropic material. When stretched along axis 1 (x),
v13 is the contraction factor along axis 3 (z).
Poisson ratio for orthotropic plate. When stretched along axis 2 (y),
171 is the contraction factor along axis 1 (x).
normal stress in x-direction. Unit [0y,] = N/m?
normal stress in y-direction. Unit [07,] = N/m?
shear stress in xy-plane. Unit [7y,] = N/m?
continuous test function (vector).
viscous Poisson ratio for orthotropic material. When stretched along
axis 1 (x), vy, is the contraction factor along axis 2 (v).
viscous Poisson ratio for orthotropic material. When stretched along
axis 2 (x), vp; is the contraction factor along axis 1 (v).
nondimensional variable for calculating eigenfunction.
continuous function for describing out-of-plane displacement or
nondimensional variable for calculating eigenfunction.
domain of the governing equation (connected open set).
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more closely to the practical high-velocity web handling environment where dif-
ferent web handling geometries and orthotropic material parameters, especially,
are important.



The edges in the web handling are under intensive research of this group. In
paper PIV, the author suggests and develops the first approaches of the fracture
mechanics to be utilized in moving web modelling. Special emphasis is placed
on edge cracks and the nature of cyclic tension since those are common in web
handling lines. The calculation applications and the multi-criteria optimization
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1 INTRODUCTION

The fundamental stress-strain behavior of continuous moving webs forms an in-
teresting area, which is relatively well- studied, but still includes aspects which
are not well-understood. Axially moving materials, such as strings, belts, beams,
membranes and plates have many applications in industry, e.g. in paper produc-
tion, and their out-of-plane mechanics have been studied widely. In processing
of different kinds of thin, laterally moving solid webs, challenges such as the ef-
ficiency of production and effects due to instability caused by high velocity are
being met. These challenges are tightly connected to the overall behavior of the
stresses and strains appearing in moving solid continua. [36, 32, 33, 59, 117].

This thesis aims to give comprehensive insight to the different sections of
web handling continuation, including theoretical stress-strain behavior of mov-
ing webs, the stabilization criteria for coupled web-air systems, the significance
of the web imperfections and edge cracks, the effects and nature of viscoelasto-
plastic materials and the principles of external stabilization applications for high
velocities. This approach will give a new, distinctive and cross-scientific structure
to this thesis, as it takes account both the theoretical and practical aspects of the
web handling in different velocity and efficiency environments.

1.1 Structure of the Thesis

The structure of this thesis is based on the cross-scientific approach described in
the introduction in Chapter 1. The principle of this thesis is to create thematic
continuance for web handling (Figure 1). Mathematical theory is followed by
the modelling of the constitutive physical features, stabilization principles and
the fatigue life of the web, this leads to the investigation of the effects of the
viscoelastoplastic material properties, which contribute to the web’s behavior,
and finally the process is concluded with a web handling application in a high-
velocity web transport environment.

These stages include essential components, which cover the creation of the
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Pl
Stress-strain Pl
relations of
viscoelastic moving
web continuum PIII

Stabilization criteria
of the tensioned web
in high-speed

environment PIV

Efficiency of
moving, imperfect
tensioned web

PV

PVI
Viscoelastoplasticity
i Fibrous Matenals

PVIL

Adaptive web
stabilization

FIGURE1 Web handling continuance: the structure and cross-scientific nature of this
thesis including the publications PI - PVII thematically located along the
continuance.

stress state inside the web thickness due to relative velocity differences used in
various continuous web handling environments. Further, the stress-strain model
for viscoelastic moving web continuum connetcs both viscous and velocity prop-
erties in moving web [52, 57]. These properties provide additional features to the
physics of the moving web: both velocity and viscoelasticity are contributing to
the in-plane stress distribution and thus also to the planar stress distribution of
the moving medium [59].

The great majority of moving webs in different practical environments are
arranged, unsupported, between the rollers that are usually the only supporting
surfaces along the web handling line. In a situation of this kind, web stress plays
an essential role in web stabilization [52, 75, 85, 3, 106].

The quality of the final fibrous product, during process the moving web, is
tightly connected to the production efficiency. The effect of the sharp geometrical
shapes to the stress concentrations of the structures is well known [105]. In practi-
cal web handling environments, these geometrical disturbances at the web edges
are common contributors to the efficiency. All geometrical disturbances appear-
ing on the edges of the web will increase the stress peaks around the disturbances.
Further, this will increase the probability of web breaks when the tension values
and fracture stiffness values are approaching the critical limit values of the mate-
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rial itself [95, 94, 39, 105, 34, 40, 5].

In practical high-velocity web handling, one very likely web instability con-
tributor is the viscous behavior of the air. To prevent the web detachment from
supporting or guiding surface at the closing pocket area of the contacting web
and roll, the excess, over-pressurized air must be removed [22, 27, 61, 53].

This thesis introduces a more recent adaptive air-control method, where air
removal is handled using special groove geometry in the roll mantle. The ge-
ometry of the grooves is designed so that the flow at both closing and opening
pockets create an active closures at the both ends of the web-roll contact (wrap)
area. The stabilizing, contact-ensuring negative pressure (suction) is adaptive:
the self-adjusting process depends on roll surface velocity, which, when increas-
ing, increases both the sealing and the suction effect with velocity increase. This
property is useful especially at places where the web stabilization is essential. The
alignment of the application space and roll alignment are tightly controlled and
can be difficult to realize with traditional web stabilizing methods using external
suction fan installation.

The structure of this thesis presented in Figure 1 illustrates only one possible
path starting from the theoretical foundation of the web’s stress-strain behavior
and leading to the actual application of web stabilization by using external forces
directed against the web. Especially at the latter part of the path there exist many
different web handling applications for the needs of the web material and web
handling process [53]. The creation of the stress inside the moving web, however,
is a common contributor in all web handling applications.

1.2 Objectives

The main objective of this thesis is to create and demonstrate a conceptual web
handling continuance using mathematical modelling approaches for moving vis-
coelastic, possibly imperfect web continuum. The common contributor of this
continuance is web stress ¢ (or web tension T).

In Figure 2, an exemplary web tension level T, is created using the relative
speed difference. This usage for the purpose of stability is mandatory in open,
unsupported web spans, but if uncontrolled, this method can cause decreased
efficiency. Therefore, a new adaptive web stabilizing application is introduced to
supported web handling environments to reduce the dependence from the web
stress.

The benefit of this cross-scientific approach is to bring front the develop-
mental path from theory to practice forwarded by finding how theoretical con-
siderations and practical applications are affecting in real-life web handling envi-
ronments. Additionally, with the help of new principles of continuum modelling,
it is possible to find similarities between other transport phenomena where fluid
is the transport medium.



20

250 '
% 200 1 ﬁ MD —A 100 mm/s
N e 5 Jomm
g 00 4//{ —C 1 mm/s _
o
-

CD ™

0 | . |
0.0 1'0 20 3.0 40 5.0
Strain from Strain. %
relative ’
velocity
difference

FIGURE 2 The creation of web tension in MD (Machine Direction) in wet LWC paper
with 1.0% strain. Redraw from PVI.



2 LITERATURE REVIEW AND CONTRIBUTION OF
THE PUBLICATIONS

2.1 Stress-strain relations of viscoelastic moving web continuum

The origin and structure of the in-plane tension distribution in a moving solid
web seems to be an area of which very little is known. The models that are often
used with the heterogenous web materials are based on assumptions of isotropic
or orthotropic material properties [24, 69, 86, 82]. Also, the web materials are
often considered as viscoelastic or viscoplastic but there is no coupling between
in-plane strain and web velocity effects.

The building up of the stress and strain in moving solids is closely related to
the advance of the strain waves inside the solids. In this area, valuable work has
been performed by Mann et al. who studied the advance of waves in fibrous ma-
terials. In their case, the main focus was in the determination of elastic constants
of the fibrous materials [69]. Time-dependent, in-plane vibrations of a moving
continuous membrane were studied by Shin et al. [96]. In their work, in-plane vi-
bration modes of an isotropic web were studied between the traction lines. Also
Guan et. al. have studied viscoelastic web behavior in both steady-state and
unsteady-state cases [32, 33].

Usually, in the viscoelastic constitutive relations, instead of the material
derivative the partial time derivative is used. The first applications using the
material derivatives with the in-plane moving web continuum were presented
by Kurki [52]. Later, Mockensturm and Guo suggested that the material deriva-
tive should be used [72]. In their work, non-linear, out-of-plane vibrations and
dynamic response of axially moving viscoelastic strings was studied. Kurki and
Lehtinen suggested, independently, that the material derivative in the constitu-
tive relations should be used in their study concerning the in-plane displacement
field of a travelling viscoelastic plate [59] which is also one of the main themes
in PI and PII. In the study by Chen et al., the material derivative was used in
the viscoelastic constitutive relations [14]. They studied parametric, out-of-plane
vibration of axially accelerating viscoelastic strings. Chen and Ding studied the
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stability of axially accelerating viscoelastic beams using the method of multiple
scales and the material derivative in the viscoelastic constitutive relations [16].
Chen and Wang the studied stability of axially accelerating viscoelastic beams us-
ing asymptotic perturbation analysis and the material derivative in the viscoelas-
tic relations [17]. In a recent research by Chen and Ding, the material derivative
was also used to study the dynamic response of vibrations of axially moving vis-
coelastic beams [16]. In their study, a non-linear model was used and the coupling
of the transverse displacement with the longitudinal (in-plane) displacement was
taken into account. However, their main focus was on the out-of-plane bending
behavior of the beam.

2.2 Stabilization criteria of the tensioned web in high-speed envi-
ronment

Studies performed on the area of web handling are usually connected with the
time-dependent behavior of out-of-plane displacements of the moving webs. Re-
search on vibrations of travelling elastic materials goes back to 1890’s when Skutch
made the first models dealing with tensioned, ideal strings [99]. In the 1950’s,
Sack [88] as well as Archibald and Emslie [3] studied transverse vibrations in a
traveling string. In the 1960’s and 70’s, many researchers continued studies on
moving strings and beams concentrating mainly on various aspects of free and
forced transverse vibrations [71, 106, 74, 73, 109].

Stability of small, out-of-plane vibrations of travelling two-dimensional rect-
angular membranes and plates has been studied by Ulsoy and Mote [114]. When
the web is advancing through its various processes without an external support,
the inertial forces depending on the web velocity are coupled with web tension
[88, 3]. Pramila et. al. showed that the transverse behavior of the web and the
response in the flowing fluid (air) surrounding the web are coupled if the density
of the web material is low (see e.g. [85, 12]). Lin and Mote studied an axially
moving membrane in a 2D formulation, predicting the equilibrium displacement
and stress distributions under transverse loading [66]. Later, the same authors
studied the wrinkling of axially moving rectangular webs with a small flexural
stiffness [67].

One of the first studies on transverse vibration of travelling viscoelastic ma-
terial was carried out by Fung et al. using a string model [29]. Extending their
work in their later research, they studied the effects of viscous damping [30].
Viscoelastic strings and beams have recently been studied extensively, see e.g.
[19, 14, 15]. Using the spectral element method, Oh et al. studied critical ve-
locities, eigenvalues and natural modes of the transverse displacement of axially
moving viscoelastic beams [78, 63].

Chen and Zhao [20] presented a modified finite difference method to sim-
plify a non-linear model of an axially moving string. They studied numerically
the free transverse vibrations of both elastic and viscoelastic strings. Chen and
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Yang studied free vibrations of viscoelastic beams travelling between simple sup-
ports with torsion strings [18]. They studied the viscoelastic effect by perturbing
a similar elastic problem and using the method of multiple scales. Recently, Yang
et al. have studied vibrations, bifurcation, and chaos of axially moving viscoelas-
tic plates using finite differences and a non-linear model for transverse displace-
ments [21].

2.3 Production Efficiency with Moving, Imperfect Tensioned Web

Production efficiency has been and still is very important item in different web
handling environments and becomes emphasized when web velocities are high.
This is closely linked with the tension levels used in order to improve the web sta-
bility. Essentially, the core of the efficiency problem is often with the edges of the
web. After web forming, the edges are corrected first time with edge trimming,
high-pressure water jets are cutting a narrow strips from the edges. This, largely
unstudied area gives rise to one of the many edge handling problems, especially
in paper- and board making. These problems become even more apparent later
at the production line when the paper dries and advances to the finishing stage.

Problems in the edge trimming are usually visible only with the use high-
speed imaging together with an appropriate lighting system [103]. Edge trim-
ming can have significant effect in the creation of edge cracks leading to possible
fractures and web breaks. Figure 3 clearly reveals these effects often unseen with
bare eyes. One of the main items contributing on this is the web’s stress behav-
ior at the roll contact areas, especially where roll friction prevents the web from
contracting in cross direction, thus creating stress peaks in longitudinal transport
direction at the roll-web detachment area [37].

The field of fracture mechanics was developed by Irwin [43], whose research
was based on the early papers of Inglis, Griffith, and Westergaard [42, 31, 120].
Linear elastic fracture mechanics was first applied to paper materials by Seth and
Page, who measured fracture toughness for different paper materials [94]. Swine-
hart and Broek determined the fracture toughness of paper with the help of both
the stress intensity factor and the strain energy release rate [105]. They found that
the measured crack length and fracture toughness were in a good agreement with
the LEFM theory.

Wathén has discussed how paper that has undergone damage affects the
web breaks in paper making [119]. Tryding has studied crack growth evolution in
paper material using experiments and a cohesive crack model with finite element
analysis [112]. Fatigue of wood-pulp fibers on micro-structural level has been
studied by Hamad [35, 34].

Various analyses of vibrations and stability of stationary beams and plates
exists in the literature. An extensive review of fractures in cracked materials and
of challenges in such models was carried out by Dimarogonas [23]. Finite element
analysis has often been applied to analyze the vibrations and stability of cracked
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FIGURE 3 Edge trimming quality photographed with long exposure time a) and using
high-speed imaging b) [103].

rectangular plates in the case centre- or edge-located cracks. Bachene et al. used
the extended finite element method and Liew et al. developed an efficient decom-
position method to study vibrations of cracked plates [4, 64]. Brighenti examined
buckling failure of cracked plates for different crack orientations with the help of
finite element analysis [9]. Both buckling and vibration analysis were covered in
the finite element studies of cracked plates by Prabhakara and Datta [83, 84].

With the help of dual series equations, Stahl and Keer studied vibrations
and stability of rectangular plates [102]. Vafai et al. studied parametric instability
of plates having one crack at an edge [115]. They considered simply supported
rectangular plates under periodic loadings using an integral equation method.
Effects of cracks on the eigenfrequencies and eigenmodes of axially moving beams
at sub-critical transport velocities was studied by Murphy and Zhang [76].

Hristopulos and Uesaka studied the variations in web velocity that cause
fluctuations in the relative velocity difference responsible for creating the strain
and stress to the web. These were found to be important for web breaks and
production efficiency where the high strain fluctuations appear due to large out-
of-roll deformations [40].
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2.4 Viscoelastoplasticity in Fibrous Web Materials

Many real-life amorphous materials do not behave according to linear elasticity,
and depending on the level of the loading, the degree of nonlinear elasticity in-
creases. Especially with fibrous materials such as paper, the nature of the elasto-
plasticity depends both of the connections between the fibers, i.e. the bonds, and
on the fiber elasticity itself [1].

Generally, different possibilities to the topochemical modification of fibers
using different mechanical or chemical aids are myriad and will not be discussed
here. Briefly we can state that both paper elasticity and strength are based on
fibrillar structure of fiber cell wall, which is essentially a structure of cellulose
chains. These chains are linear polymers of D-glucose residues bound together
with beta-(1,4) glycosidic linkages and these are also responsible for the attach-
ments (bonds) between the fiber surfaces [48, 118].

Strength and elasticity properties are further modified by the fiber network
structure. Vainio studied both fiber segments between the bonding areas and
their alignment which are contributing to the overall elastoplastic behavior of the
paper through a fiber activation process [116].

Both nonlinear elasticity and viscoelasticity of different polymers have been
known for a long time. First known studies on paper viscoelasticity has made
Andersson et al. who measured basic viscoelastic properties of paper using dif-
ferent strain rates [2]. Basic studies on nonlinear plasticity in fibrous, wood-based
materials have been carried out by Sanborn [91]. Skowronski et al. continued the
research of irrecoverable strains and in their study one of the important findings
was the coupling between the time-dependent creep and the increase of plastic
irrecoverable strain in material [98]. Additionally, the modelling of nonlinear or-
thotropic behavior of the fibrous materials has been studied by Ostoja-Starzewski
et al. However, the models developed by several authors do not include the ir-
recoverable properties of the material. [113, 108, 46, 10, 101, 89]. From the mod-
elling point of view, an important finding was reported by Subramanian et al.
showed that geometrical mean of in-plane orthotropic moduli of elasticity does
not change even if the anisotropy of the paper changes [104].

An important connection between the viscoelasticity and stress behavior is
brought up in PV and PVI. The emphasis of the research was on fast, step-like
straining of the fibrous, paper structures. During the production, a paper web un-
dergoes different velocity increase steps in order to create the adequate strain and
stress levels for web stability. In these occasions, viscoelastic stress response has a
significant effect on stress levels that appear in different web handling processes
[37]. A special emphasis in these studies was on the determination of viscoelasto-
plastic properties of a paper web when which had not been dried completely
and the strength of which in wet state was only 15...30% of the final dried paper
[68, 56, 53, 26].
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FIGURE 4 Air flows at closing and opening pockets [57, 77].

2.5 Adaptive web stabilization

Aerodynamical over- and underpressure effects in the paper machine are one of
the key contributors to the development of runnability disturbances at high web
velocity levels. The origin of these effects is the viscosity of the surrounding air
which further causes the formation of turbulent boundary layers [93, 22, 27, 49,
61].

Web forms both closing and opening pockets with different types of rolls
throughout the web processing line. Due to transported air by the boundary lay-
ers, an excess air flows out from the closing pockets, which causes overpressure
effects (see Figure 4). At the opening pocket area, the detachment of the web from
the roll forms a closed, sharp pocket area, from where the forming boundary lay-
ers transport air away, creating an underpressure. Furthermore, these pressures
cause web displacements, which can be divergent, apparently steady-state -type
stable deflections or unstable time-dependent web flutter [22, 75, 107, 13].

Web stabilization is always needed in fast web handling environments when-
ever the elasticity or the strength of the web is at low level. Moreover, in the case
of paper making, low elasticity leads to high strain levels which further can cause
the quality degradation to finished, dry paper [39, 53]. In paper making, web ve-
locities were increasing over 1000 m/min at the end of 1980’s [107, 11, 49]. At
that time, web detachment and runnability disturbances were becoming more
common restricting the increase of production velocities.

To overcome these difficulties, several different inventions were made to
ensure the attachment between the web and the roll. Kankaanpaa et. al. made the
first approach to eliminate the effect of overpressurizing closing the pocket area;
they created an additional space for the excess air by grooving the roll surface
[50, 11].

The development of the overpressure in the closing pocket area is approxi-
mately quadratically dependent on the web velocity, and therefore an additonal
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stabilization technique was needed for web velocities approaching 1200 m/min
[51, 49]. The next step in the development was the implementation of active air
removal from the pocket area by using an external, blower-assisted vacuum sys-
tem, which is still the most common web stabilization installation in high veloc-
ity paper and board machines. This air removal is made possible by a drilled roll
mantle or a grooved roll with the drillings at the bottom of the grooves. Suction
can be arranged through the axle of the roll or with the help of a separate suc-
tion box attached in the immediate vicinity of the roll [50, 11]. However, since
the overpressure levels in the pocket areas between the roll and the web are in-
creasing quadratically with respect to web velocity, also the fan power used for
creating the necessary suction increases rapidly.

The first application of the adaptive, self-underpressurizing roll was devel-
oped during 1990’s. In that construction, the special feature was the arrangement
of parallel discs and the hollow center area of the roll so that the opening area for
air penetration in the closing pocket to groove volume area is high enough. This
roll was capable of creating its own underpressure when used with permeable
dryer fabric but the groove structure of the roll was not optimized [87].



3 STRESS-STRAIN RELATIONS OF A
VISCOELASTIC MOVING WEB CONTINUUM

3.1 The continuum of the moving web

A continuous, moving web creates a solid continuum which can be treated as a
flowing medium. In this derivation, the web continuum is assumed to be under
a stress state, which is caused by a strain state and can be expressed in terms
of the velocity difference between supporting rollers, by the means of a mass
conservation law.

Let us consider an orthotropic material with initial (i.e. in the undeformed
state) constant density pg, undergoing steady-state longitudinal transport at ve-
locity U = (U, 0,0), depicted in Figure 5. Let us assume that the material axes 1,
2 and 3 are aligned with the x, y and z axes, respectively. The continuity equation,
in the Eulerian frame, is )

S V-(u) =0, M
which, in a steady state, reduces to

V- (pU)=0. ©)

Mass conservation requires that the flow rates at the incoming and outgoing flow
control areas are equal; this requirement is readily obtained from equation (2).
Let us consider a stationary control volume

Q={(x,yz):0<x<{l,0<y<b,0<z<h}

where /¢ is the length of the span between the rollers, b is the width of the span,
and h is the thickness of the sheet of material. Integrating equation (2) over the
control volume (), applying the divergence theorem, and noting that p is a scalar,
we have

/QV-(pU)dQ:/an(n-U)dF. 3)

Material flows in and out of the control volume only occur at the surfaces A
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FIGURE 5 Schematic representation of the setup for modelling a moving viscoelastic
web, stressed at the traction lines represented by the rollers form PI. The
arrows depict axial motion.

and Aj (see Figure 6). Let us assume that p and U are constant across these inflow
and outflow surfaces, but that their values may change between these surfaces.
In practice, there always are small variations in the velocity at the outlet due to
technical difficulties of realizing accurate velocity, but for small strains and high
velocity, constant velocity along these surfaces is a reasonable approximation [40].
Under these assumptions, the mass balance becomes

—01A1U; + ppAUr = 0. 4)

The subscripts 1 and 2 for p and U refer to the (constant) values on the surfaces A,
and Aj, respectively. Note the form of the velocity field, U = (U,,0,0). Finally, it
is convenient to rewrite (4) as

Ui (p1/p2) (A1/Az) = Uy =0. (5)

In order to manipulate equation (5) further, we must consider the ratios of the
densities and the cross-sectional areas. When subjected to a small-displacement
deformation u = (1, v, w), the volume V of a differential element initially (in the
undeformed state) having volume Vj becomes

V=W[1+V- u] =V[l+ewx+ey+ez], (6)

as is known from the theory of elasticity. Because the total mass M of the differ-
ential element is conserved in the small deformation, it follows for the density p
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FIGURE 6 Solid web continuum flowing between the incoming and outgoing flow con-
trol areas (two-dimensional surfaces) A1 and A, at longitudinal velocities U;
and U, at the beginning and ending traction lines respectively (from PI) .

that

M 1 M M 1 -1
v = = P0 [1 +Exx +Eyy + szz] ’ ()

PEV =WV W Vv

where (6) and the definition pg = M/ V) have been used. Let us assume that the
material is subjected to pure axial stress. This induces an axial strain e, and via
the Poisson effect, also the strains ¢, and ¢; in the two orthogonal directions:

Eyy = —V12€xx , €2z = —V13€xx - 8)

where 15 and /13 are Poisson parameters including both elastic and viscoelastic
effects. The cross-sectional area of the web is

A = (1+ez)h(1+eyy)b =~ bh(14ey +ez2), )

where second-order small terms have been neglected. Combining (8) and (9), we

have
A~ bh(l— (1712+1713)3xx) = bh(l—lesxx) , (10)

where the effective Poisson ratio for change of cross-sectional area, when stretched
along material axis 1, is defined as

via =V + 13 . (11)
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Note that it also follows from (6) and (8) that
V=V[1+(1—va)ex - (12)

The effective Poisson ratio contains the material parameters 7, and 43. Finally,
for the density, by combining (7), (8) and (11), we obtain

0= pPo [1 + (1 - VlA)Sxx} o 00 [Sxx + (1 - VlAgxx)} - ’ (13)

where py is the density in the initial (unstressed) state.

In the following, we will assume that the material, subjected to constant ax-
ial tension at the rollers (traction lines), has zero strain at A;, and experiences
some nonzero axial strain ey, at Ay, due to the applied axial stress. Preliminary
one-dimensional results indicate that such a strain state occurs at least for an ax-
ially travelling Kelvin—Voigt viscoelastic material (see the section concerning the
one-dimensional case further below). By (10), the cross-sectional areas become

Al == bh y A2 = bh(l - VlASxx) 7 (14)

and by (14), the densities are:

Lo
— , = . 15
o Po P2 [1 + (1 - VlA)Sxx] ( )

By inserting (14) and (15) into the mass balance (4), simplifying, and solving for
£yx, We obtain the result

(16)

Exx =

142221
+{U1 ]Vm

Equation (16) can be used for setting up a strain-based boundary condition (at
the traction line at x = /) for the problem of in-plane (visco-)elastic deformation,
corresponding to given roller velocities U; and U,. Obviously, in order for the
model to remain valid, the given velocities must be such that the strain according
to (16) remains in the small-deformation range.

The transport velocity of the flowing solid continuum in the above case
is assumed to be controlled only in the x (longitudinal) direction; all in-plane
deformations in the y (widthwise) direction are determined by the viscoelastic
response. It should also be kept in mind that equation (16) only applies in a
steady-state flow, i.e. when the web flows smoothly without time-dependent dis-
turbances [33].

The traction lines at the cross-sectional areas A; and A; affect only the sur-
faces of the web, which implies that stress and strain waves advancing inside the
web thickness can cross the traction lines. Therefore in the boundary conditions
of moving continuous webs, in reality, one should consider rather complicated
friction-based force transmission phenomena at web-roll contact areas [57].
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3.2 Constitutive equations

In this section we will define the stresses and strains, deformations, material as-
sumptions and velocity dependent in-plane inertial forces for moving web. This
leads to both one- and two-dimensional equations for the moving viscoelastic
continuum.

A usual approach for describing structural deformations is the Lagrangean
description. However, longitudinally moving in-plane deformations are more
challenging. One possibility is to actually move the medium at the desired veloc-
ity, and update the boundary conditions at each timestep [100]. Another possibil-
ity is to use an "Eulerian’ flow description, and then the actual deformation of the
moving continuum can be handled using a mixed Lagrange-Euler description
[54]. The Eulerian description is a standard approach in fluid dynamics where
the observer is ‘'watching” a control volume, where possible deformations will
appear [100, 62].

In this thesis, we consider two-dimensional in-plane membrane behavior.
Based on Figure 7, one can derive the following well-known force balance [110]:

Jdoy aTyx i .

gy E=0 O (17)
Wy Iy _p 5 mQ (18)
ay ox Y

where Q) is an open, connected set in R?. The linear Cauchy strains are

€ _ ou € _ % € _ou € _ % = a—u+a—v (19)
T ox ) W oy Y T oy T o T T dy ox/)
In the mixed Lagrange—Euler description, the strains
€jj = &jj (x,y,1) (20)
are written as
dey _dk;  deydr ey o

dt ot  ox dt oy dt
881’]* a&‘,’]* aﬁl’]'
= Tty

Uy,

where (Uy, Uy) is the velocity field and the indexes i and j refer to spatial coor-
dinates. We will use the material assumption of orthotropic viscoelasticity. With
fibrous, composite-type materials, the elastic properties are the result of compli-
cated material preprocessing, which further results in orthotropic anisotropy and
material time-dependency (see e.g. [69, 113, 46, 82, 10, 116]).
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FIGURE 7 Differential parallelepiped and assumed stresses acting in the in-plane direc-
tions x and y, from PI.

It is possible to derive a vast number of different rheological models for
time-dependent material behavior, but the fundamental behavior of continuous
flow of a solid viscoelastic web can be analyzed using the simple Kelvin—Voigt
model shown in Figure 8. More complicated rheological models rapidly increase
the complexity of the continuum model without additional benefit.

The stress-strain behavior of one-dimensional Kelvin-Voigt material (see e.g.
[28]) is:
de
=E —. 22
o=Eetng (22)

Based on observations mentioned in previous chapters of fibrous web materials,
we will apply a two-dimensional, orthotropic plane stress extension of the above
model [108, 113]:

E1q M1 deyy deyy
= - —Z 23
Ox = 7 P (exx +v216yy) + [p—— < Ty (23)
_ Ex 122 deyy dery
- V12V21 (e + vizeas) + 1—guen ( a 29
dyay

Tyx = Tay = GroYay +11 (25)

dt
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FIGURE 8 Schematic representation of the classical Kelvin-Voigt rheological model in
one dimension. E is Young’s modulus, # is the material viscosity, from PI.

Here ¢17 and ¢y are the viscous analogues of the orthotropic in-plane Poisson
ratios v1p and vy, and IT is the shear viscosity of the material. We assume for
simplicity, that the main axes of the orthotropic material coincide with the main
axes of the control volume ().

Often, plane stress applications are written using only an elastic model, in-
volving the moduli of elasticity Eq; and Ej;, and the strain variables ey, and e,
However, in practice all the elastic-related material properties are measured with
some definite velocity, and therefore apparent elasticity includes both elastic and
viscous material properties [28]. Fundamentally, all materials exhibit some form
of viscoelasticity, typically measured by normal and complex moduli E and E’,
respectively. It should also be pointed out that the viscoelastic Poisson ratios ¢12
and ¢ cannot be calculated using compliances from the theory of elasticity [38].

The force balance equations (17) and (18) include also the body forces F;
and F,, which are important especially with fibrous cellulose-based materials.
Moisture-dependent dimension changes can be significant: they generate stresses
in addition to those related to the strains based on external velocity differences,
as was presented in equation (16) [44].

According to the D’alembert’s principle, time-dependent kinematic behav-
ior always includes inertial forces. Two-dimensional force balance in in-plane
membrane behavior can be presented with the following equilibrium equations
(see e.g. [97]):

doy aTyx B d?u
ox Ty T Pap (26)
doy  OdTyy d%v
oy T T Pae @7)

Note that the operator d?/d#? describes the inertial behavior in the Lagrangean
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reference frame. Thus the inertial terms depending on the displacements u and
v, in the Eulerian frame, must be presented by using the material derivative:

du Ju ou dx;
ar "ot T X o dr (28)
dv 9v dv dy;
ETARE TR Do )

In above equations 28 and 29 above, both i and j are indexes referring to spatial
coordinates. The second material derivatives of the displacements 1 and v are

Pu_Pu o Pu P 2a2 az 29
qu (AU, U AU\  ou (ol auy au,
ax<a ux+8yuy+8t> ay(a et 5, Uy + 5
d?v 9% 0%v 0%v 0%v 0%v 0%v
= 2 2 2 2 2 1
az ~ar T T uiayaﬁuxa 2 HoUdllyg s, tUigat G
ov (ol ol U, dv (dUy ouy, Blly
ax<a et 5 Uy 8t>+8y<a e 5, o+ =5

By substituting (30) — (31) and (23) — (25) into equations (26) and (27), we will ob-
tain the final, time-dependent two-dimensional equations for the in-plane, plane
stress membrane behavior of the moving viscoelastic web:

(Cn—p2) T4 1 (Cog - p122) 22;2‘ +Crz af;’y + Cos aﬁ,* (32)

Klluxgig‘ + Klluyaxiay e a?;at + (Kup + Keg) uya?j;yﬁ
Keauyg?; + (K12 + Kes) Uxaa3 + (K12 + Kes) e Ejyat + 66uxaa?;l;2+
K66a?at —F = p?;—tl; + 2pUnyaEfay + ZpUx% + 2plly;;gt+

du (oU, . U, oU,\  ou /ol U,  al,
‘08x<axux+8yuy+at>+pay<axux E 8t>
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and:
9% 9% %u 9%
o) 9P o
<C22 pUy) ay? * (C66 pux) 9x2 * C21a xay * C668x8y (33)
%0 %o %0 u
K22Uyays + Kolxy 5 2y Koy o + (K21 + Kes) UxmﬂL
% u 3u 9%
K66ux$ + (Ka1 + Ke) UyW + (K1 + Keg) Fxayor + Kééuym‘i‘
9% 9% 9% 9% 920
Keogoar ~fv = Pop T2Ulgg, T2etlggy 20ty 50t

o (U, Uy AU\ | dv(dU, AU, 3l
Pax<ax“x+ay”y+at>+f’ay<ax et 57Uy + 8t>’

The orthotropic coefficients are:

En Ex»n

Chi=—21  Cp=— 2 4

U T v 2T Ty 34

Cio = Ciivog = Covip = Co1,  Coe = Gi2, (35)

Ky = T , Kpn= S (36)
1— 1292 1— 91pn

Kip = Kj1921 = Kopg1p = Kp1,  Kgg =11 (37)

Equations (32) and (33) are nonlinear. Nonlinearity appears in the velocity
Uy, which is dependent on the contraction controlled by both elastic and viscous
Poisson’s ratios. There are also nonlinear Navier—Stokes type convection terms,
the significance of which is small if the strains defined in the equation (19) can be
considered small Cauchy strains.

The steady-state solution describing the movement of smooth, undisturbed
web is possible to obtain by omitting the time-dependent terms from equations
(32) and (33):

0%u o%u 0%v 820
2 2

(C“ PU: ) (C66 pu ) a2 T 125y T Cosgay T
Bu 3 3 a3u
%3 + KHUya Zay + (K12 + Keg) U, Y392 ayz + KeeUy=— ay3

3 ’u

0°v
(K12 + K66) Uxa ay -+ K66uxa ayz —F, =

0%u oU, oU, ou (oUy ouy,
ZPUXinaxay +pax < ox ux ay Uy> +p@ <axux+ ayUy>

(38)

KUy
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and:
0% 5\ 0%V o%u 0%
(Co—pt5) 55+ (Coo = PUE) 55+ Carg o+ Congot (39)
v 3p 2 3u 0%v
KzzuyTﬁ + Kzzuxm + (Ka1 + Kee) uxm + Kééuxﬁ‘i‘

3 %0

°u
+ (K21 + K66) UyW + K66Uym - Fy -

az'Z) dv BUX BUx dv auy auy
20Uy 5, T Pox ( ox gy ”y> Pay (ax””ay”y)-

Often a good understanding of the basic physical behavior of the mod-
eled system can be achieved by one-dimensional approach. Using (32), one-
dimensional, time-dependent equation for viscoelastic moving web in x-direction
is:

9%u Pu u
(cll - pui) 5o+ Kull s + Kis o — Fe = (40)
o%u 9%u du (ol U,
patz 20U 50 TPy (MUX+8t>

Further, the steady-state form of the above equation is:

*u Ju olly

5 F—pg-=>
ox ox ox
The interpretation of displacements 1 and v in equations (32) and (33) are a in
vital part of understanding of the nature of the displacements in a moving web.
Displacements should be understood as instantaneous snapshots of a specific sit-
uation in an Eulerian coordinate system. They are changing the magnitude at
each situation according to the transfer velocities U, and Uy,.

Q2u
(c11 — U2 ) KU sl Uy =0 (41)

3.3 Solution and results of the in-plane equations

As mentioned earlier, the presented in-plane equations are nonlinear since there
exist in certain terms velocity U, which is further dependent on the y-directional
displacement v. An analytical solution is presented in PI. It is possible to achieve
that solution with a linearized, one-dimensional equation formed with the help
of equation (42):

du

55— Fe=0 (42)

(C]l pU ) a +K11U

This is a third-order linear differential equation, with a convective nature, includ-
ing an internal body force F,.



38

3.3.1 Analytical solution of 1-D viscoelastic equations

Recall (19), which states that ey, = du/9dx. The form of the equation (42) without

the body force term F,will be:

%6y
ox?

Oexy
ox

U5+ (Cn = pl) S =0, (43)

Equation (43) can be solved with analytical methods. First, as a special case, if
only pure elasticity is present (117 = 0), the solution is of the form:

(Cr—pU2) e =C. (44)

In this case the solution describes Hookean behavior, i.e., the strain ey, is con-
stant along the whole span regardless of the magnitude of the transport velocity
U,. Now, consider the general case with nonzero viscosity 711, which is the more
natural case since majority of solid materials possess viscous properties. Equa-
tion (43) becomes,

azsxx Ci1 — Pu§ Oexx
=0. 4
a2 < 711 Ux ) ox 0 (45)

With the boundary conditions ey, (0) = 0 and e,x(¢) = er, the analytical solution
of equation (46) is [57, 59]:

1 —ekx Ei1 — pUz
Exx(X) = eTW , where k= Tux" .

(46)
That is, for a moving viscoelastic material loaded only by tension at the ends of
the span, the strain is not constant, but grows logarithmically along the span.
Finally, let us find the corresponding x-directional stress field.

The stress is a superposition of elastic and viscous stress components:

de
oy = Cr1€xx + 711 d;(x . (47)

A straightforward analytical solution of the stress is easy to obtain only in a the
linearized, one-dimensional, steady-state case. Using equations (20) and (22), the
time derivative of the strain, in mixed Lagrange-Euler form, can be written for
the steady-state solution as follows:

deyy  dexy
dt ~ ox

(48)
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FIGURE 9 Stresses of the one-dimensional, viscoelastic web with span length £ = 1.0m
and with applied strain e, from PI

Using (46) in (48), and then inserting (47), we obtain the stress field as

1—ekx ke kx
Ox = CllsTm + WlluxETm . (49)

Expanding the k in the second term of (49) by using (46) obtains

__fr 2,k
Oy = m (El] — puxe x) . (50)

An example solution of equation (50) is presented in Figure 9. Total stress appear-
ing in the web (span length = 1.0 m) is due to elastic and viscous components.
Even though the stress appears to be constant, it has slightly increasing tendency
(not visible in Figure 9) due the acceleration from velocity increase between start-
ing and ending points (see also Equation (17)).

A numerical FEM solution of the nonlinear equation (42) is presented in PI.

3.3.2 Numerical solution of 2-D elastic equations

A numerical solution for the two-dimensional, orthotropic, elastic moving contin-
uum plane stress problem was realized with the help of the finite element method
(FEM). Although the above treatment was extremely useful for handling the one-
dimensional case, a correct derivation requires tensor derivation in a Cartesian
coordinate system.

Starting from (32) and (33) in a Cartesian tensor form we will get:
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d2u
Par
where (... )T denotes the transpose of a rank-2 tensor. The second material deriva-
tive expands as:

~V-oT=F, (51)

du _d (ou *u
il 2 . . ) 2
iz = <8t+U V) FTo uU- V(at)—i—(U V)(U-Vu) (52)
In steady state, only the last term remains. Hence (51), for a steady state, becomes
p(U-V)(U-Vu)-V- -0l =F. (53)

Next, we will use the principle of virtual work. Let us take the dot product of
(53) with a vector-valued test function (virtual displacement) ¢, and integrate
the equation over the two-dimensional domain

Q={(xy):0<x<l,0<y<b}. (54)

Assuming that p can be approximated as a constant (i.e. that the small strains do
not significantly affect the density), we obtain:

p/Q(p~(U~V)(U~Vu)dQ—/ngo[V.aT]dQ:/Qcp~FdQ. (55)

In order to integrate by parts in (55), we make use of the following two identities:

/([)VU’dQ/([)(nO’dF/V([)UdQ (36)

[¢-(U-V)(U-Vu) = [ n-[(U-Vu)-(p@U)]dr 7)
—/Q(U-Vu)-[v-(U@(p)] o

where n is the outer unit normal, and the notational conventions are
(Va),»]» = E)iaj, (V : A)] = aiA,‘]‘ (a ® b),] = [/ll'b‘, A:B= Al']'B]',‘ . (58)

Here a and b are vectors, and A and B are rank-2 tensors. The summation conven-
tion for repeated indices applies. The integration-by-parts formula (56) is stan-
dard in the theory of elasticity, but the formula (57) is new and must be handled
in the following manner:

Observe that for any differentiable vector fields a, b and c,

V-(a-(b®c))=b-(c-Va)+a-(V-(c®b)). (59)
By integrating (58) over (), applying the divergence theorem to the left-hand side,
and choosing a = (U-Vu), b = ¢, and ¢ = U, relation (57) follows. Using (56)
and (57) in (55), we obtain
—p/ (U-Vu)-[V- (U ¢)] dQ+/ V¢ : o dO

+p/ [(U-Vu) - (¢ ®U)] dr — / ¢-(n-oT)dl = /¢-FdQ. (60)
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By using the identity
V- (Uo¢)=(V - U)p+U Ve 61)
we will obtain the final form:
—p/ (U-Vu)-[(V-U)p+U- Vg dQ+/QV¢:adQ
+p/ [(U-Vu) (¢ ®U)] dr — /m ¢(n-¢rT)dF:/Q¢~FdQ. 62)

Note that (62) also gives the natural boundary conditions, when the boundary

terms are gathered under one integral sign.
When expanded to the component form, (62) gives following two equations

ou d¢
2
/Q{ o+ pU2 2 +puyuxay} a0
ou 28u ¢
au ouy

u
+p/{ Ux +uyay][ax + ay]}q)dn

+/ e | o — uza” pU U5 ]<pdl“

ou ou
+/mny[rxy—puxuya oU;=— ]¢dr

F¢p=0. 63
+ [ Fo (63)
and
v P
_ 2
/Q[ T+ pUES +puyuxay} P a0
I ,90] 3y
+/[ oy + pUnya +pU, ay} 3y dQ)
ou, adly
+p/{ ux uyayHax + ]}wdn
5,00
+/mnx Tyx — pUxa —pUy Ux 1de
0v v
— pUyUy=— — pUy == | dT
+/aﬂny[‘fy pU Uy~ }IP
(64)

F¢ =0,
+ [ Eg

where the outer unit normal n has the components n = (71,1, ). We now have
moved all terms to the left-hand side and multiplied each equation by —1.
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Equations (63) and (64) represent the two-dimensional steady-state equation
of any moving Lagrangian-Euler continuum. Applying pure orthotropic elastic-
ity we will get the following equations in a weak form:

ou dv 20U el
/[ {C”a +C1zay]+pll +pUyUxay} 40

Yox ox
u v ou »0u | 0P
+/ [ |:C66 a )] + plUy uya pu ay:| 3y dQ
ou 0 ou, ol
o f {2 0] [ 2
ou v ’ ) ) y&) (©)
u u
+/aQ”"HC“ax+C“ay} puzax pUy U= }pdr

Ju  0Jv ou ou
+/{mnyHc66(ay+ax)}—puxuya ou2t }pdr

FipdQy =0
+/Q 0
and
ou dv 200 oY
/Q — C66(ay+ax)] pUz +pllyuxay}a dQ

ol

wu ]2

v E)Ux ou,
o {fods ) [ +aA}Wm
v v
ou | ov 2
+/80anC66(ay +ax)} olUy 3y pllyux }gbdf
ou v v 500
+/annyHC21ax+C228}/} _Puxuyax ply }gbdl—'

(66)

+/F d0=0.
Qy¢

For the results presented, we use the numerical finite element method. In
the examples, the simulation area is 1.0 m x 1.0 m and Dirichlet boundary condi-
tions # = 0 and u = 0.03 are applied at the vertical incoming and outgoing edges
respectively; upper and lower edges are assumed to be free (zero Neumann con-
dition).

In the case of isotropic material assumption, the modulus of elasticity is
E=E; =E» =25-10"N/m?andv = vjp = v5; = 0.3 describing the properties
of isotropic wet paper. The basis weight of the wet paper is m = 0.18 kg/m? and
the thickness of the web is 0.2 mm.

With orthotropic assumption, the Maxwell law of orthotropic materials is
assumed to be apply here even though it is known that paper or board does not
satisfy this rule completely [57]:

V12 V21
Az 721 67
En  Ex (67)
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FIGURE 10 Setup for the two-dimensional numerical investigation. Elastic material
flows in from the left at velocity Uj,. From PII.

Thus, the orthotropic material values here are chosen so that the geometric
mean of the values Ej; and Ep; is equal with isotropic material values. If the
elasticity ratio E11/Eyy = 4.0, then E;; = 5.0 10" N/m?2, Eyp = 1.25-10” N/m? at
the x- and y-direction respectively. The Poisson’s ratios, vi, = 0.6 and vp; = 0.15,
are following same Maxwell law of orthotropic materials.

The two-dimensional setup for numerical analysis is presented in Figure 10.
Web flows in at speed Uj, from the left side through traction line A1, where the
Dirichlet boundary conditions u = v = 0 are assigned. Since the area under
observation is open, unsupported, two-dimensional web span, both upper and
lower edges are free.

The coupling between the Eulerian displacements and velocity field can be
presented using the Cauchy strains. In this case, we obtain for velocities U, and
Uy:

d )
uX:(1+£)ux+£uy,
uy = Lu,+ 1+ Dy o
Yoot ay’ Y

At the outflow edge, edge contraction in y-direction must be allowed since
the transport velocity ||U|| affecting in the area contributes not only to the web
contraction along the normal in-plane contraction, but also constantly regener-
ates the web material in the span. The web, therefore, is capable to perform v-
directional displacements.
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FIGURE 11 Reference behavior of 2-dimensional, unsupported web with U;, = 0. As-
pect ratio b/¢ = 5. From left to right: Displacement u, displacement v,
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FIGURE 12 Displacement v, normalized to ug, along the free edge 0 < x < {, y = b.
Left: isotropic. Right: orthotropic. Line style indicates inflow velocity Uiy,
darkness indicates span width b. From PII.

The numerical results are presented in Figures 11 — 14. In Figure 11 typical
displacements and strain fields become apparent with the boundary conditions
used; the computed values are (must be) symmetrical according to the x-axis at
the centerline of the web height.
Figure 12 shows the effect of the inflow velocity: the contraction of the web
in y-direction increases with a higher web width, but also the velocity accelerates
this contraction. This effect is easy to understand since the also the y-directional
velocity component U, increases with contraction levels through increased cen-
trifugal force appearing on the web plane.
The consequences of the increased centrifugal force are visible in Figure 13.
The velocity-assisted contraction decreases web stress in y-direction, softening
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the web, thus slightly increasing the low-stress areas at web edges.

Finally, the velocity field appearing in the moving continua is presented
in Figure 14. The highest relative velocity values are reached at the corner ar-
eas where the contraction gradient is highest. A small difference exists between
isotropic and orthotropic material assumptions; lower y-directional elasticity with
orthotropic material is contributing to higher contraction but also slightly higher
relative velocity values towards the centerline of the web.



4 STABILIZATION AND PRODUCTION EFFICIENCY
OF THE TENSIONED IMPERFECT WEB IN HIGH
VELOCITY ENVIRONMENT

One of the most fundamental web handling problem arises from the stressing of
the web. By applying the relative velocity difference to the extremes of an open
web span, one can increase the tension, thus improving the stability of the web.
However, this tensioning has an upper limit. Web break probability increases
rapidly as a function of this straining [40]. In this chapter we discuss two im-
portant but severely contradictory items related to web stability and production
efficiency of the web.

4.1 Stability of a tensioned, orthotropic web in high velocity envi-
ronment

Moving, low-grammage webs in high velocity board and paper making are sus-
ceptible to stability loss. Web behavior in unsupported, open draws is well known
but often the studies have focused on coupled, time-dependent air-web frequency
behavior [85, 12]. In PIII, the main focus is on the primary limit velocity analysis
of stability loss of an orthotropic web. Additionally, the importance of the fluid
coupling with the web and its effects to the buckling speed are brought up [58].

Consider an elastic, orthotropic web moving with constant velocity Vp in
the x-direction supported by the rollers located at x = 0 and x = ¢ in cartesian
coordinate system presented in Figure 15:

O={(x,y) ER*:0<x<¥ —b<y<b} (69)

The web is represented by a rectangular elastic orthotropic plate with bend-
ing rigidities D1, D, and D3, or by a rectangular orthotropic membrane with zero
bending rigidities. The “1” axis of the orthotropic material is aligned with the x
direction, while the ”2” axis is aligned with the y direction (see Figure 15). The
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Material orientation

FIGURE 15 Axially moving elastic orthotropic web under homogenous tension from
PIII.

web is subjected to homogeneous tension, acting in the x direction. The sides of
theband x =0, —b <y < band x = ¢, —b < y < b are simply supported, and
thesidesy = —b,0 < x < landy = b, 0 < x < { are free of tractions.

The transverse displacement of the travelling band is described by the deflection

function w, which depends on the coordinates x and y and time f. The differential
equation for small transverse vibrations has the form

o*w Pw 0w 0%w *w 0*w
" <8‘t2 +2Vograr T Vg | = T T 2Tugg, + Twgz — L) (0)
where . . .
o*w 0*w do*w
=Di1—+4+2D3—5—= + Dr— 71
‘C(w) 1 oxt + 38x28y2 + Do ay4 ’ ( )

in the case of a plate. For the bending rigidities in (71), we have the expres-
sions [111]

e e e
Di=35Cu, D2=35Cn, D=5 (Ca+2Cs) (72)

where C;; are the elastic moduli. These can be expressed in terms of the Young
moduli Ej, E; and Poisson’s ratios vy, 11 (see also equations (34) - (35)).

E E E
! 2 , Co=Cy = 22

-, Cp=—= —==— , C¢¢ =G1o. (73
T—vpuy 2 1— vy, T—vpvy 12 (73)

We assume that the deflection function w and its partial derivatives are small,
and that they satisfy the boundary conditions corresponding to simply supported
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boundariesat x =0, —=b <y < band x = ¢, —b < y < b, and free boundaries
at —=b <y < b, 0 < x < /. In the case of an orthotropic plate, the boundary
conditions read

2w
(w)x:o,é =0, <ax2> =0, —-b < y < b, (74)
x=0,0
%w 2w
+/31> =0, 0<x<Y, (75)
(ayZ axz y==+b
’w ?Pw >
= T b5 =0, 0<x<Y, (76)
<8y3 p dx2dy y=tb

where 81 and B, are mechanical parameters defined as
4G
pr=v2, Pr=vi2+ ?212(1 — Vio¥21) - (77)

As is well known, in the isotropic case we have Ey = E; = E, v;p = 131 = v,
G2 =G =E/(2(1+4v)) and, consequently, 1 = vand B, =2 —v.

If the material is orthotropic, then the shear modulus G, is possible to ap-
proximate using the geometric average Gy developed by Huber [41]:

Gy=-—Y—= vVEiE (78)

2(1+ fviavan)

The in-plane stresses in PIII are the same as in PII, namely, 0y, Ty and 0y, and
they are assumed to satisfy the standard equilibrium equations (17) - (18) where
body forces Fy and F, are assumed to be zero:

Now the boundary conditions are:

(0xx)y=0,¢ = To, (Txy)xzo,f =0, —-b<y<bp, (79)

(Uyy)y:ib =0, (Txy)y:ib =0, O<x<¢, (80)
where tension Ty creating the stabilizing stress in the web is:

o (o ChY) _u
7bhg<q1 o= =hpEr. (81)

The equation for solving the minimal eigenvalue problem of the moving,
steady-state plate (from PIII) is:

o

(mVOZ B TO) ox?

Using the boundary conditions (74) - (76), the minimal eigenvalue is [7]:

+ D1Lo(w) = 0. (82)
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2
7'C2D1

The corresponding eigenfunction can be found by assuming that the solu-
tion for (82) is:

A=t = (mvo2 _ TO) . (83)

w=w(xy) = f(y) sin(77) , (54

where f () is an unknown function.
The root of the nondimensional form of the (82) is (see PIII):

=5 (BB as2H — (B2 —4p1 o+ p27) Ha—2piHs) . (55)

where
§ = \/8 B1 Ha Hs + (/512 —6B1B2+ /522) Hy? . (86)
and b D b
_ _ 2 _ =3
Hl - Dlr HZ Dlr H3 Dl . (87)

The numerical solution process is based below Equations depending on the na-
ture of the eigenfunctions (symmetric or antisymmetric):

1
®—-Y=0 or ®—?—O (88)
where
o = tanhK—_cothKi, (89)
H M
v iy (k3 — B2) (k2 — B1) 90)
= 2 _ 2 _ ’
K (k3 — B1) (k2 — B2)
and
» _ H; Hy(1— 1)
== |14+,/1-———1, 91
a- i 1)

Finally, the shape of the eigenfunction is found by using the nondimensional
form of (84).

Results showing the effect of the orthotropic material properties one the
shape of the web are presented in Figures 16 and 17.
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FIGURE 16 Symmetric buckling shape for isotropic material, E = 5 GPa and v = 0.2.
Aspect ratio ¢/2b = 0.01, from PIIL
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FIGURE 17 Shape of the profile on the bold line of the Figure 16. The solid line cor-
responds to the picture on the left. The dotted lines show the shape of the
resulting profile if the isotropic material is replaced with an orthotropic one,
while keeping E; = 5 GPa and v1p = 0.2, from PIIL
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The free, unsupported edges are the basis of the shape of the buckled web;
the buckling displacements are concentrating at the edges even though the length-
width aspect ratio of the two-dimensional web is quite small, £//2b = 0.01. The
increase of the elasticity E; using the same strain ¢, (see equation (81)) results in
higher web stress in x-direction and thus in lower absolute w(x,y) displacement
field.

If the coupling effect with the fluid surrounding the moving web is included
to the buckling analysis, fundamental stability studies use one-dimensional ten-
sioned web. The web’s tension is assumed to be constant and the effect of the
surrounding air during out-of-plane movement is described as reaction force ¢
[8]. Now the problem can be simplified using equation (82) [58, 45]:

*w o*w
2 _ e - =
(mVg - 1) 52 + D3 =4, (92)
where D is the flexural rigidity of the web:
_ Enh?
D_ilz(l—vz)' (93)

Reaction force g can be further presented as aerodynamic lift:

oF (x 9 !
95 = —prfo% = —pfVar /_1 N (¢, x)

dw ()
5 de. (94)

In equation (94) N (&, x) is a kernel function describing local aerodynamic force
directed to the web. Combining (92) and (94) we will get [8, 58, 45]:

0%w o*w g 1 dw (&)
2 _ e 27— 2 -
<mVO T) 922 +D8x4 prooax /_1N(§,x) P d¢. (95)

Equation (95) describes a situation, where a web moving with velocity Vj is im-
mersed in fluid with the density of py and velocity V. The lift force g is quadrat-
ically proportional to fluid velocity V. Basically, the right side of the (95) is a
Bernoulli-type dynamical fluid pressure, where functional F(x) in (95) takes into
account the local shape of the web. Thus, equation (95) predicts a local lift force
using N (¢, x) for pressure effect at a local slope of the web dw/dx.

Equation (95) can not be solved analytically. One solution possibility is to
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apply the Galerkin numerical method by assuming that the shape of the web is

some continuous function ¥, [8, 58, 45]

= ifn‘fn (x),

(96)

97)

where
¥, (x) =sin (% (x + 1)) .

If we scale the solving area according to (95) to —1 < x < 1, substitute (96) and

(97) to (95) and perform the integration, we will obtain

(S+/3K—792N>f:((S+7N)a2)—279Noc>f (98)

where matrices S, K and N are:
6ot = (5) o (00
Njn = / / ‘N” (¢ x) d‘lziix)dg (101)

u is the Kronecker delta and indexes j and n are refer-

In equations (99) - (101) ¢;
ring to the usage of the delta value (0 or 1). The nondimensional parameters in

(98) «, B,y and 0 are:
(102)

The applicability of (98) was tested with wind tunnel measurements carried out
by Chang et. al. in [12]. In Figure 18 presents a comparison between the experi-

mental results and the two theories.
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Comparison with Chang & Moretti 1991, 2L = 20 in = 0.508 m
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FIGURE 18 Wind tunnel test results of limit divergence velocity Vj;,, and thoretical pre-
dictions from [12] and Equation (98) [58, 45].

4.2 Efficiency optimization of moving, imperfect tensioned web

Successful web handling creates contradictory demands to the controlling vari-
ables of the we handling environment. On one hand, there must be a high enough
stress (tension) level enough to stabilize the web but, on the other, the level must
be optimized according to the web breaks. Depending on the parameters to be
used, there are many different means to overcome this problem [57, 53, 90, 79].
When seeking the optimal value of tension while having opposing objectives, we
encounter a multi-objective optimization problem, which usually has no unique
optimal solution but a set of "equally optimal", Pareto optimal solutions. In this
optimization analysis, we may apply the solutions from stability analysis for the
critical velocities.

The critical velocity corresponding to the loss of stability of the transverse
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vibrations of the web is analyzed here by the linearized Kirchhoff plate theory,
in which we assume that the transverse vibrations are small [111]. The critical
velocity can be found by solving the buckling problem for dynamic transverse
deflections of the plate [65]. Each span (); is defined as

Qi={(xy):il<x<(i+1)l,-b<y<b}i=123,... (103)

Consider an axially moving elastic isotropic plate, travelling at a constant
velocity V) and having an initial crack, between a system of subsequent supports
(rollers). The plate undergoes open draws between the supports, the open draws
being assumed to be equal in length.

For each span there are tensions T acting at simply supported sides in x-
direction:

liy={x=il,-b<y<b} and (104)
[,={x=(G{+1){,-b<y<b}

In y-direction, the span edges are assumed to be free:

Ii ={y=-b,it<x<(i+1){} and (105)
Iip={y=0b,il<x<(i+1){}
For the problem setup, see Figure 19. Stationary equations describing the

behavior of the web with applied boundary conditions form the following eigen-
value problem (a buckling problem):

(mV@—TO)E§;§+D(§;:+2£;UyZ+g§:> —0, inQ (106)
w=0, 32;5:0, onl;,andT;,,
(32;5 +ya;73; =0, onl;_andT;,,
33};’+(2_V)§;gy—0, onl;_andT;.,

where D = Eh®/(12(1 — v?)), and we denote the eigenvalue

2 £2

= %(mVOZ —Tp). (107)

A=vy

The traveling plate subjected to a constant tension experiences divergence insta-
bility at a critical velocity [6]:

(V)P =—+2—— (108)
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FIGURE 19 An axially moving plate having an initial crack and supported by a system
of rollers delivering force balance for each web spans (from PIV).

where 42 = A, is the minimal eigenvalue of problem (4.2).

Assume that the value of tension is constant T = Tj and that the plate has
small surface cracks that arise at the free boundaries of the plate and have length
a with upper bound a*, i.e.

a<a*<?2b, (109)

The stress intensity factor K can be expressed as (see [43], [94] or [120])

K = Boy/rta = /3%\/%. (110)

Here B = 1.12 is a geometric factor for a small edge crack (a/2b is small) and
o = 0y is a component of a stress tensor. We express the brittle fracture condition
as

K = Kc, (111)

where K is the fracture toughness of material. If we define the biggest admissible
crack length as a critical crack length a, based on (110) we can write the critical
value for tension:

Kch
B/

Consequently, we can now combine (108) and (112) to obtain a safe velocity
limit where web divergence limit coincides at critical web tension T¢,:

« 7T2D Kch
0<V0<V0:\/7*m£2+ﬁm\/ﬁ. (113)

Tgr = (To)a:ucr = (112)
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Next we assume that the travelling plate is subjected to small cyclic tension
variations during the process. For one cycle, the tension increases from T = T,
up to T = Tyuax (the loading process) and then decreases from T = T}, down
to T = Ty, (the unloading process) depending on some external contributor
such as edge contraction of the web near the detachment rollers [37]. We suppose
quasi-static processes meaning that the dynamic effects are excluded.

We define parameters Ty (average tension) and AT (small tension variation)
such that

Toin = To — AT and  Tmax = To + AT, Tmin < T < Thnax, (114)

and

AT
To-AT>0 and —— <1. (115)
0

Using these assumptions (112) can be rewritten:
2 2
g — L ( Kch ) ~ L <Kch> . (116)
7T \ BTmax T \ BTo

The process of fatigue crack growth under cyclic tension (loading) can be de-
scribed by the Paris” law [81]. The describing equation and initial condition are

da
o= C(AK)*,  (a)p— = a0, (117)

where the variation AK of the stress intensity factor K can be expressed as

Ak = 2P ﬁAT. (118)

In equation (117), C and k are material constants and 7 is the number of cycles.
The critical number of stress cycles n“ can be found out by solving n from (117)
and applying (116):

n = (n)a:acr =A
272 Kch

1 (ﬁﬁTo)“] _ 119)

The process optimization of the cracked, imperfect web can be done using above
parameters by finding solution to the following multi-optimization problem:

] =1(Ty) = max J(To), (120)
where:
Jv(To) Vst (To)
J(To) =4 In(To) p =4 n(To) ¢, (121)

Jm(To) M (Tp)
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where:

M = mgVtg, my = 2bm. (122)

Equations (120) — (122) state, that we are maximizing web stress (tension) T find-
ing a Pareto optimum using the critical velocity V', longevity n" and process
effectiveness M.

To solve this multi-objective optimization problem, we apply the weighting
method, which is one of the most relevant substitutes for vector optimization
problems. The preference function is formulated as a sum of the single objective
functions Jy, In, Jm associated with the weighting factors Cy, Cn;, Cum:

Je = CvJv + CNIN A Cvm, (123)
where we suppose that
Cv=20,Cn=0,Cn =0,
Cy+Cn+Cy=1. (124)

If we assume that the process engineering is "fixed", i.e. the number of the
critical stress changes that the web must withstand is n” = 100, we can per-
form web tension maximization according velocity criteria Jy (critical velocity
criterion) and ]y (process effectiveness criterion). Based on (123) the weighting
method problem is

Jo = CyJv + Cmlm,
Cyv+Cu=1, (125)
so that we study

max  Cy(To +d)/2 4 Cu(To +d)Y2(1 - Tp). (126)
0<Tp<1

where nondimensional values Tj and d are:

- Bymag - Y22 DB/Ttag -
Ty = K To, d= PKch , 0<To<1. (127)

Using process parameter and paper property values v = 0.3, E = 10° Pa, m =
0.08 kg/m?, h = 107* m, £ = 01 m,2b = 10 m, B = 1.12, and Kc = 2.8-
10° Pay/m (see [94], and [121]) we can present a Pareto front according web ten-
sion Ty in Figure 20.

Results show that weighting of the Cys results in very steep dependence
between web tension and the initial crack length, i.e. all the cracks appearing at
the web edges should be eliminated with high web tension (stress) levels if high
production efficiency is sought. The weighting of the Cyy = 1 — C gives slightly
more freedom to maximize the production speed according to the web tension if
the web stability limit is not violated.
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FIGURE 20 Dependence of the optimal tension Ty on the initial crack length ag and the
weight Cyy, from PIV



5 VISCOELASTOPLASTICITY IN FIBROUS,
TENSIONED WEB MATERIALS

Viscous properties of fibrous web materials have great significance in the creation
of web stress. Production of the web material in paper and board industry is still
water-oriented. Water removal in the process is realized at several different pro-
cess stages, where the free, unbound water inside the fiber network is removed
(in the forming and pressing sections) followed by paper drying, which removes
the majority of the bound water inside the fiber walls.

The development of the web’s strength on and along the production line
must be taken into account in designing the runnability machinery for a specific
paper or board making machine. It is notable that the strength of the web at the
end of the free water removal stage (press section) is still only 10...15% of the
final dry paper [68, 36, 56, 90]. However, as pointed out in PV, the production
velocity is still essentially the same throughout the line. This means that both the
viscoelastic and viscoelastoplastic properties of the wet paper web are in essential
position in creating the web tension needed for ensured production efficiency.

The creation of the needed web stress (or web tension) is based on the cre-
ation a relative velocity difference between the starting and ending points of the
web span to be stressed (see chapter 3.1). With the assumption of ideally elastic
material assumption, the modulus of the elasticity is assumed to be constant, but
with the fibrous materials, there is usually only small of elastic strain in the ma-
terials. At this elastic strain area, also the behavior of the fibrous webs is close to
the viscoelastic behavior [55].

The straining of the wet, undried fibrous material presents different tensile
results compared to dry paper. Elasticity of the wet paper is only 10% compared
to dry paper and therefore the stress response with strain used is always signif-
icantly lower compared to dry paper. This is one of the greatest web handling
challenges in paper and board making. Also, viscoelastic stress relaxation plays
an increasingly important role because even a small decrease of stress loss can
deteriorate the web stability in high velocity production environment [55, 53, 90].
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FIGURE 21 Tension relaxation appearing in paper machine press section, from PV.

Figure 21 illustrates the importance of the relaxation phenomena in the wet end
of the papermaking. At this stage (the ending of wet pressing stage), the water
content of the paper is still approximately 50%, and the straining between points
A and B creates the tension to the web (see also Figure 9). At point B, the web
enters to the lower surface of the drying fabric, where it is advancing, supported,
to the dryer section. However, the strain (and velocity) does not change after the
point B, and the fibrous web starts to lose its stress through relaxation [53].

Relaxation of the wet fibrous material generally is not measured from the
pulp or paper samples. The measurement procedure, which is described in PV,
is more demanding, when compared to standard tensile measurement, due to
rapid drying tendency of the wet samples. A special measurement device and
method were developed in order to study this rheological bottleneck of the paper
production line.

In the laboratory measurement, a fibrous wet sample is attached between
the jaws, and a desired strain is produced in the sample very rapidly in order to
get realistic viscoelastoplastic response from the sample. The transform between
the straining in moving web environment and static strain can be calculated by
applying (48):

destutic agvelocity dif ference

= Upep - (128)
dt axdmw length v

Since the wet tensile properties are usually exponentially dependent on the amount
of water in the sample (i.e. dry solids content, see Figure 21 a), this measurement
was always carried out at least with two dry solids content levels.

One important finding was that the raw material -based dependencies be-
tween wet and dry paper elasticity and strength are different. This was giving
valuable information for the designing of a machine with different paper grades
and production velocities [56, 90] .
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FIGURE 22 The development of stress relaxation in wet paper as a function of strain
rate applied with different absolute strains from PVI.

Fibrous web travelling along a production line must be strained multiple
times due to the mentioned tension relaxation phenomenon. Therefore, the web
goes through several re-straining sequences, where the negative straining caused
by drying shrinkage is possible [80].

One of the main findings in PVI was the significance of the tensile relax-
ation. Even though the phenomenon of the increased irrecoverable straining due
to relaxation was known, wet fibrous material is mostly viscoelastoplastic, since
both the amount of the relaxation and the straining velocity de/dt increase the
amount of the plasticity not only of the wet web but also the final dried paper
[2, 55].

These findings further directed the development of the paper and board
production lines to the direction where the stabilization of the web at the wet state
becomes more benefical with external, supporting devices equipped with suitable
underpressure which further stabilize the web against a supporting, permeable
surface [47, 53].



6 ADAPTIVE WEB STABILIZATION

The basis of the adaptive web handling is the creation and optimization of phys-
ical, surface-dependent fluid drag effect on the roll surface. This is possible by
utilizing the viscous properties of the air, which further are responsible for the
boundary layer behavior in fluid flow [93].

Without roll grooving, boundary layers create the undesired overpressure
effects especially to the closing pocket area. This is further emphasized by the
rough surfaces of felts or fabrics [27, 61]. Due to this, the web will lose its contact
with the roll if the web velocity is high enough. This can be avoided by grooving
the roll surface in the optimized manner presented in PVII.

The fundamental principle in an adaptive, self-underpressurizing roll is to
optimize roll geometry in a manner where the boundary layers attached to the
groove walls are transporting exactly the right amount of the air forward, as the
roll rotates. In the optimization, the groove volume is essential. On one hand,
boundary layer air must have enough space to go to the grooves, but on the other,
the groove walls must be close enough to each other to prevent air leakage from
the wrap zone to become underpressurized.

10

- 2

a b

FIGURE 23 The adaptive, self-underpressurizing roll after manufacturing a) and draw-
ing from the cross section of roll surface b) [60].
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FIGURE 24 Rotational pressure curves measured from the bottom of the groove with
and without the web [60].
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FIGURE 25 Measured rotational underpressure levels stabilizing the web during roll
wrap area at three different web velocity levels [60].

During the wrap area stage, underpressure along the wrap slightly increases.
When the point of rotation is approaching the opening pocket area (point B), air
flow velocity increases as the opening pocket geometry is forming boundary lay-
ers starting from the detachment point which amplifies the underpressurization

effect by removing the air from the grooves.
Optimal functioning of the roll demands that there exists a pocket geome-

try where a permeable fabric is in contact with the roll forming a wrap zone (see
Figure 24, length A — B around the roll surface). When permeable, dryer sec-
tion fabric is used, the boundary layers in the closing pocket area create a vortex,
which improves sealing zone, partially preventing air from penetrating to the
grooves. The air arriving to the grooves is accelerated by the boundary layers of
the groove walls. This acceleration area is the starting point of the underpressur-
ized area (see point A in Figure 24) [60]. If the rotational velocity (surface velocity)
is increased, all these effects are amplified, causing increases in underpressure at
the roll wrap zone. The effect of machine velocity (surface velocity) is shown in
Figure 25.



64

With this roll configuration, it is possible to overcome the energy increase
coming from external web stabilization arrangements. The adaptive roll applica-
tion considered further helps to stabilize the web at areas where permeable fab-
rics are used. Also, with the adaptive technology makes it possible to minimize
the stress needed in web and to optimize the raw materials used in improving
the production economy.



7 CONCLUSION

Moving, viscous web continuum forms a physical entity, the research of which is
typically divided into different subareas. Depending on the needs or ideas pre-
sented to the researchers, these subareas concern usually external surroundings
of the web, i.e. the physical forces directed to the web and changing its visible
behavior, or the contribution of different material components in the production
of the web.

Suprisingly, modelling of the flow phenomenon of the in-plane solid con-
tinuum web has received limited interest. The traditional method to study the
stress-strain behavior is the Lagrangian formulation, where material is stationary
(no transport velocity) and the web model is completed using Dirichlet, Neu-
mann or Robin boundary conditions. The Euler-Lagrangian formulation com-
pletes this modelling approach. Assuming the web to be a moving web contin-
uum with material flow properties, it is possible to extend new features to the
model.

The solution of a two-dimensional, viscoelastic third-order system of partial
differential equations creates additional challenges. The nature of the third-order
terms is convective, and therefore a numerical solution should be carefully de-
signed. If a finite element method is applied, streamline upwinding methods
should be used in order to avoid instabilities during numerical solution [25].

In modelling, special emphasis should be placed on the boundary condi-
tions. The Dirichlet boundary condition is actually suitable in a stationary La-
grangian formulation, i.e. no information is going through the Dirichlet con-
straint. With the continuous moving web model, boundary conditions should be
effective only at the surfaces, i.e. information flow should be allowed outside the
area under observation. From the modelling point of view, the third-order par-
tial differential equations developed give a new perspectives to this stress-strain
formulation and solution of a continuum with convection created by transport
velocity.

One of the more active research area concerns the effects of out-of-plane be-
havior of one- or two-dimensional moving web models. Especially challenging
is the behavior of the thin webs with a large, unsupported surface area where the
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thickness and density are low. In these cases, the modelling approach should be
multiphysical, coupled fluid-structure model where tension is the main stabiliz-
ing contributor in the model. It should be noted that this same phenomenon is
present in the vibration of stationary plate and should be paid careful attention
to, in order to get reliable results based on the object’s vibration characteristics
[70,92].

In a practical web handling environment, observable web handling items
can be very different compared to the research. The first observable stability lim-
its appearing in different positions in web handling processes are usually the
formations of the out-of-plane deflections. This unwanted phenomenon occurs
especially at the pocket areas near web-roll contact area and usually those are
not accepted since those are prone to change their nature to time-dependent web
vibration or unstable flutter. For this reason, both the modelling of the web di-
vergence limits and effects of edge cracks on the fatigue strength of moving web
are valuable.

Different models for fibrous-based materials are numerous. The primary
motivation for the modelling is the finding the most economically benefical raw
material components for the production of the web. Unfortunately, the connec-
tion between the dynamical, moving web behavior and material elasticity under
study is often limited. The need of cheaper raw materials means in practise of-
ten lower web elasticity, tensile strength and decreased sustainability to strains
applied during the production.

From this viewpoint, in design of the machinery for web handling, we al-
ways aim to the elimination of all steady-state or time-dependent deflections and
out-of-plane disturbances. The reason for this is the need for efficiency and higher
productivity. If the daily production of the machine including the moving web
is high, then even very complex web handling techniques can be economically
justified since few web breaks during one day can cause remarkable economical
losses. It should be noted that this applies to the situation even when the web
velocities are not at their highest level. One of the most important connection
to be notified is between the web handling and raw material used. Essentially
those two are the sides of the same coin: almost all engineered web handling
improvements can utilized in raw material optimization for the production and
vice versa. If possible, the physical environment itself should be utilized to en-
sure good web stability. In this sense, adaptive stability should be studied more
carefully in order to minimize the external disturbances affecting the web.

Regardless of the subject under study, the tensile behavior of the moving
web is always one of the essential items to be included. In this thesis, the stress-
strain theme is considered from different viewpoints along the web handling con-
tinuation. Thus the mentioned different subareas of the web handling research
are combined. By combining these areas further, possibilities arise to optimize
the performance of the web handling line as a single multiphysical entity.
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YHTEENVETO (FINNISH SUMMARY)

Suurella nopeudella liikkuvien, eri materiaaleista valmistettavien rainojen hallin-
ta ja sen avulla saavutettava tuotantotehokkuus on yksi tirkeimmista tekijoista
niitd valmistavassa teollisuudessa. Riippumatta kdytetystd materiaalista (pape-
rit, kartongit, muovit, kuljettimet, hihnat, kuitukankaat jne.), fysikaalinen mallin-
nusympadristd on kaikille sama. Muista vastaavista tutkimuksista poiketen tés-
sd vaitoskirjassa kasitellddn sekd liikkuvan rainan fysikaalista ympéristod ettd
itse rainan materiaalia kokonaisuudessaan temaattisena jatkumona jossa uusia,
poikkitieteellisesti teoreettisia ja kdytannollisid rainan hallinnan tutkimustulok-
sia tuodaan esille.

Yhteisend nimittdjand esitetylle jatkumolle on rainaan vaikuttava jannitys-
venymd kéyttdytyminen, joka on keskeisessd asemassa kaikissa rainan hallin-
nan tilanteissa. Viditoskirjassa esitetddn uusi, liikkuvan viskoelastisen kontinuu-
min teoria. Materiaalin viskoottisuudesta johtuen tuloksena saadaan kolmannen
asteen osittaisdifferentiaaliyhtaloryhmd, jossa materiaaliderivaattaa hyodyntden
on mahdollista luoda Lagrange-Euler -tyypin liikkkuva materiaalikontinuumi. Joh-
detut viskoottiseen Kelvin-Voigt materiaalimalliin pohjautuvat yhtilot ratkais-
taan ensin yhdessd ulottuvuudessa, jossa sekd analyyttinen ettd numeerinen ele-
menttimenetelmén antama ratkaisu ovat yhtenevit lineaarisessa tapauksessa. Kak-
siulotteinen ratkaisu on aina epélineaarinen koska sekd elastinen ettd viskootti-
nen kuroutuminen kytkeytyy rainan kulkutasossa esiintyviin x- ja y-suuntaisiin
nopeuksiin.

Yleisend teemana viskoelastisessa ratkaisussa on se, ettei liikkuvan rainan
venyma ole vakio vélin pituudella. Télloin jannitystila syntyy elastisen venyméan
ja viskoottisen venymanopeuden yhdistelméstd. Esitetty kolmatta astetta oleva
yhtdloryhma sisiltdd myods ensimmadisen asteen Navier-Stokes -yhtédldiden kal-
taiset konvektiotermit jotka ovat merkittdvid vain suurten siirtymien tapaukses-
sa.

Esitetyssd temaattisessa jatkumossa rainan jannitystilalla on suuri merkitys
rainan stabiiliudelle. Keskeisend tekijdnd on rainan divergoitumisen rajanopeus,
jossa stabiilius menetetddn. Suuressa osassa teollisesti valmistettuja rainoja ma-
teriaaliominaisuudet x- ja y-suunnissa poikkeavat toisistaan. Téalloin usein mal-
linnuksessa sovelletaan ortotrooppista materiaalioletusta, jolloin sen matemaat-
tinen kasittely helpottuu. Tulosten mukaan ortotrooppisen materiaalin stabiili-
suuden menetys poikkeaa isotrooppisesta materiaalista siten, ettd isotrooppisen
materiaalin epdstabiili muoto keskittyy enemmaén radan reunaosiin.

Kytkettyd potentiaalivirtaus-rakennemallia hyodyntden esitetddn téssa tyos-
sd ratkaisu yksidimensionaalisen liikkuvan rainan rajanopeudelle. Kun oletetaan
rainaa ympardivan virtauksen olevan samansuuntainen rainan liikkeen kanssa,
kytketty ongelma voidaan ratkaista numeerisesti Galerkinin menetelmalld. Mal-
lin tulokset osoittavat mallin antavan tarkkoja tuloksia sovellettaessa niita testei-
hin, joissa kdytettiin tuulitunneliin asetettua, kiristettya stationdaristd rainaa.

Liikkuvien rainojen reunat muodostavat tairkedn, mutta harvoin mallinnuk-
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sen avulla tutkitun rainan hallinnan osa-alueen. Murtumismekaniikkaa sovel-
taen esitetddn Paris'n lakia hyodyntdmalld liikkkuvan rainan kestoidlle malli, jon-
ka avulla rainassa esiintyvien reunasirojen vaikutusta ratakatkoherkkyyteen voi-
daan tarkastella. Kehitettyd mallia on sovellettu monitavoiteoptimointiin, jossa
rainan kireydelle on mahdollista muodostaa Pareto-optimaali tuotantotehokkuu-
den, rainan kestoidn ja sen nopeuden avulla.

Kéytannon rainan hallinnassa materiaalin jannitys-venymad -ominaisuuksia
voidaan hyodyntda vain rajallisesti johtuen materiaaliin syntyvistd palautumat-
tomista, rainan laatua heikentédvistd venymistd. Kuitenkin suurissa nopeuksissa
rainaan kohdistuu toisaalta ulkoisia voimavaikutuksia, joista aiheutuva stabiiliu-
den menetys heikentda tuotantotehokkuutta. Lisidksi kaikissa viskoelastisissa ma-
teriaaleissa tapahtuu sisdistd jannityksen laskua, relaksaatiota, jota esiintyy myos
liikkkuvassa radassa aina kun se ei ole aktiivisen kiristyksen kohteena. Tata silmal-
lapitden on kehitetty mittausmenetelmd, jonka avulla materiaalien nopeaa relak-
saatiota on mahdollista mitata myos kidytdnnossa. Tulosten mukaan tilanteissa,
joissa aktiivisen venymaén avulla rainan jannitystilaa on kohotettu, alkaa erittdin
nopea jannitystilan lasku sen saavuttua tuetulle rainanvientiosuudelle jossa rataa
ei ole mahdollista kiristdd. Relaksaation seurauksena materiaalin oma, palautu-
mattoman venymaén suhteellinen osuus myos kasvaa. Mikali tuotantonopeuksia
kasvatetaan, tdmaé johtaa rainaa kiristettdessa myohemman relaksaation aikana
entistd suurempien palautumattomien venymien muodostumiseen, mikéa voi vai-
keuttaa rainan hallintaa myohemmissda mahdollisissa rainan kasittelyissa lisdten
taten ratakatkojen todenndkoisyytta.

Tilanteissa, joissa rainaa ei voida kiristdd, se on stabiloitava liikkuvaa, tu-
kevaa pintaa vasten ulkoisia voimavaikutuksia apuna kdyttden. Stabiloitava, al-
haisen kireyden rata voidaan tukea ldpdisevdd kudosta vasten hyodyntamalla
adaptiivista alipaineen muodostusta. Tdssd tyossd esitelty, omasta pyorimisliik-
keestddn alipaineen muodostava tela on mahdollista toteuttaa optimoimalla te-
lan pinnan urarakenne niin, ettd urien muodostaman tilavuuden on mahdollista
ottaa vastaan rajakerrosten mukaan tuoma ilma ja samalla kuljettaa se kudok-
sen muodostaman peittoalueen ldpi siten, ettd kudoksen ldpi tapahtuu virtausta
telan pinnan urarakenteeseen. Alipaineen tuottoa vahvistaa edelleen kudoksen
ja telan vilinen avautuva taskutila, jossa syntyva alipainevaikutus poistaa ilmaa
uratilavuudesta. Yhdessa nima tekijit saavat aikaan sen, ettd optimoidulla urara-
kenteella telan alipaine tehostuu nopeuden funktiona saaden aikaan adaptiivisen
stabiloinnin.
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uous, high-speed webs. In the case of thin, slender webs a typical modeling approach is the
application of static in-plane stress approximation without considering the effects of in-plane
velocity field. In the case of one-dimensional equations, we will study the effects of material
viscoelasticity and Eulerian non-linearity of the transport velocity. Finite element solutions of
the non-linear equation are presented with both elastic and viscoelastic material assumptions.
Despite the limitations of the Kelvin-Voigt material assumption, fundamental coupling effects
between viscoelasticity and velocity are visible. The strain behavior in the span under study is
examined, and from both analytical and numerical results it is seen that the web strain is not
constant during the span length. Results also indicate that the viscous properties of the material
are closely connected to the overall tension level behavior in the stretched web span. Material
time-dependency changes the web stress behavior: the span length, material viscosity and the
web velocity cause significant effects, which are observed in the in-plane dynamics of the web.
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1 Introduction

In the handling of continuous, high-speed webs the origin of in-plane stresses creates a sci-
entific problem, which is not yet completely understood. Especially, the type of the web ma-
terial has a significant effect on both qualitative and quantitative characteristics of the in-plane
stresses. Web tension in the moving continuous web systems can usually be controlled in the
direction of the transport velocity, the tension being generated by a velocity difference between
the starting and ending lines of the span. With high transport velocities, both web stress and
web stability are under concern not only in this longitudinal direction but also in the direction
perpendicular to the velocity in the plane of the web.

Since axially moving materials, such as strings, belts, beams, membranes and plates, have
many applications in industry, e.g. in paper production, their mechanics have been studied
widely. In processing of different kinds of thin, laterally moving solid webs, such challenges as
efficiency of production and effects caused by high processing speed are met.

Research history of vibrations of travelling elastic materials goes back to the 1950’s, when
Sack [40] and Archibald and Emslie [1] studied transverse vibrations in a traveling string. In the
1960s and 70’s, many researchers continued studies on moving strings and beams concentrating
mainly on various aspects of free and forced transverse vibrations [31, 33, 34, 35, 43, 46].
Stability of small transverse vibrations of travelling two-dimensional rectangular membranes
and plates have been studied by Ulsoy and Mote [51], and Lin [26]. When the web is advancing
through processes without an external support, the inertial forces depending on the web speed
are coupled with web tension. Also the transverse behavior of the web and the response in the
flowing fluid (air) surrounding the web are coupled (see e.g. [7, 38]).

Lin and Mote studied an axially moving membrane in a 2D formulation, predicting the equi-
librium displacement and stress distributions under transverse loading [27]. Later, the same
authors studied the wrinkling of axially moving rectangular webs with a small flexural stiffness
[28]. They predicted the critical value of the non-linear component of the edge loading after
which the web wrinkles and the corresponding wrinkled shape of a web. It is also known, that
lack of web tension will result in loss of stability in the moving web, which from the applica-
tion viewpoint, disturbs required smooth advancing of the web (see e.g. [3, 4]). From the other
hand, web tension too high may cause web breaks, which deteriorate production efficiency and
the strength properties of the processeed material (see e.g. [2, 39, 41, 44]).

Considering wet paper material, the viscoelastic properties play an important role in the
behavior of the web and, thus, are to be included in the model. The first study on transverse
vibration of travelling viscoelastic material was carried out by Fung et. al. using a string model
[15]. Extending their work, they studied the material damping effect in their later research [16].

Viscoelastic strings and beams have been studied recently exceedingly, see e.g. [30, 53].
Oh et al. studied critical speeds, eigenvalues and natural modes of the transverse displacement
of axially moving viscoelastic beams using the spectral element model [25, 36]. Chen and
Zhao [12] represented a modified finite difference method to simplify a non-linear model of an
axially moving string. They studied numerically the free transverse vibrations of both elastic
and viscoelastic strings. Chen and Yang studied free vibrations of viscoelastic beams travelling
between simple supports with torsion strings [11]. They studied the viscoelastic effect by per-
turbing the similar elastic problem and using the method of multiple scales. Very recently, Yang
et al. studied vibrations, bifurcation, and chaos of axially moving viscoelastic plates using finite
differences and a non-linear model for transverse displacements [52].

Marynowski and Kapitaniak studied differences between the Kelvin-Voigt and Biirgers mod-
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els in modeling of internal damping of axially viscoelastic moving beams. They found out that
both models gave accurate results with small damping coefficients, but with a large damping
coefficient, the Biirgers model was more accurate [29]. In 2007, they compared the models with
the Zener model studying the dynamic behavior of an axially moving viscoelastic beam [30].
They found out that the Biirgers and Zener model gave similar results for the critical transport
speed whereas the Kelvin-Voigt model gave a greater transport speed compared to the other two
models.

The origin and structure of the tension distribution in a moving solid web seems to be an
exceptionally unknown area. The often used models with the web materials are based on as-
sumptions of isotropic or orthotropic material properties (see e.g. [5, 48]). Also, the web
materials are often considered as viscoelastic or viscoplastic but there is no coupling between
in-plane strain and web velocity effects (see e.g. [19, 37, 50]). Time-dependent, in-plane vibra-
tions of a moving continuous membrane were studied by Shin et al. [42]. In their work, in-plane
vibration modes of an isotropic web were studied between the traction lines. Also Guan et. al.
have studied viscoelastic web behavior in both steady state and unsteady state cases [17, 18].

Usually, the partial time derivative has been used instead of the material derivative in the
viscoelastic constitutive relations. Mockensturm and Guo suggested that the material deriva-
tive should be used [32]. They studied non-linear vibrations and dynamic response of axially
moving viscoelastic strings. Kurki and Lehtinen suggested, independently, that the material
derivative in the constitutive relations should be used in their study concerning the in-plane dis-
placement field of a travelling viscoelastic plate [23]. In the study by Chen et al., the material
derivative was used in the viscoelastic constitutive relations [8]. They studied parametric vi-
bration of axially accelerating viscoelastic strings. Chen and Ding studied stability of axially
accelerating viscoelastic beams using the method of multiple scales and the material derivative
in the viscoelastic constitutive relations [13]. Chen and Wang studied stability of axially accel-
erating viscoelastic beams using asymptotic perturbation analysis and the material derivative in
the viscoelastic relations [10]. In a recent research by Chen and Ding, the material derivative
was also used to study dynamic response of vibrations of axially moving viscoelastic beams [9].
In their study, a non-linear model was used taking into account the coupling of the transverse
displacement with the longitudinal (in-plane) displacement. However, the transverse behavior
of the beam was their main focus.

In this paper, we will represent a study where the effects of material viscoelasticity and Eule-
rian non-linearity of the transport velocity U in are considered in the following one-dimensional
equation:

0 0%u oU du

nUJ + (E — pU?)

B =0 ey

a2 P ooz
where 7) is viscosity, p is density of material, z is axial coordinate and w is the in-plane displace-
ment. One fundamental observation of this study is the significance of strain-based boundary
conditions; in the case on one-dimensional model, the strain (Dirichlet) boundary condition af-
fects throughout the web thickness isolating the span under observation from other preceding
or succeeding web spans.

2 Continuous web flow phenomenon

Continuous, moving web creates a flow continuum, which may be considered as a solid flow
medium. Due to its solid nature, web continuum is always under the stress state, which is caused
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by the strain state. Using the conservation of mass, we get the following equation:

Ip
— +pVU =0. 2
5 TP 2)
with web density p and longitudinal velocity U.

Assuming the density p to be constant, using Eq. (2) we may construct the mass conservation
law for the situation described in Figure 1. Because there is a longitudinal strain component €
in the web span under observation, Eq. (2) can be represented as follows:

pAlUl - /)AQUQ = O, (3)
where
A
Ay = )
e

and e is the strain at the end of the span, i.e at the area A, in Figure 1. From Egs. (3) and (4),
we obtain

ep =2 1. 5)

Flowing solid continuum in the case above is assumed to be controlled only in the direction
of the transport speed, i.e. in the longitudinal z-direction. Note that Eq. (3) can be applied only
in the steady-state situation of the flow, i.e. the web is assumed to flow smoothly and without
time-dependent disturbances [18]. Also, the traction lines at the cross-sectional areas A; and As
are assumed to affect only at the surfaces of the web, i.e. the stress and strain waves advancing
inside the web thickness can cross the traction lines. Therefore the boundary conditions of
the moving continuous webs in reality are consisting rather complicated friction-based force
transmission phenomena at web-roll contact areas [22].

3 One-dimensional viscoelastic in-plane moving continuum equations

In this article, material assumption of the web continuum is based on viscoelasticity. With
fibrous, composite-type materials, the elasticity properties are result of complicated material
pre-processing, which further results in orthotropic anisotropy with material time-dependency
(see e.g. [6, 20, 37, 50]). One can derive a vast number of different rheological models for
the time-dependent material behavior but fundamental behavior of continuous flow of the solid
viscoelastic web can be analyzed by using the simple Kelvin-Voigt model. The principle of the
Kelvin-Voigt model is described in Figure 2.

Stress-strain behavior of one-dimensional Kelvin-Voigt material is (see e.g. [14])

d
a:Es—i—nd—i., (6)

where o denotes the stress, € the strain, F the Young’s modulus, and 7 the viscosity coefficient.

In the following, we represent a description of the strains and deformations. A standard
method to describe the structural deformations is to use material assumption with static medium
according to the placement of observer. Longitudinal movement of material creates in-plane
deformations, the modelling of which is a real challenge, since the actual deformation is to be
handled using spatial or mixed Lagrange-Euler description[24, 45]. This description is standard

4
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Figure 1: Solid web continuum flowing between the incoming and outgoing flow control areas A; and A, with
longitudinal speeds U; and Us between the beginning and ending tractions lines, respectively.
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Figure 2: Kelvin-Voigt rheological model.

in fluid dynamics where the observer is watching a control volume where possible deformations
will appear [21]. Using the same principle, we may construct a constitutive flow model for
solid, anisotropic viscoelastic moving continuum. Therefore the strain ¢ is to be written in the
Lagrange-Euler form:

e =¢e(z,1). (N

The material derivative of strain ¢ is then
de  Oedr  Oe Oe  Oe

T § I 8
& " ordt Tat Vox o ®
For time-dependent solid continuum flow, the following equation may be derived:
0%u 4 0%u ou . U@U ou
Por T oa at o2 P\ ot T 0x ) o T
02u Fu u
Eowz T (8:1:2615 * Uaﬁ) ‘ ®

If we assume that there is no time-dependent fluctuation in x-directional displacement u, we can
represent a steady-state equation for ideal, undisturbed axial narrow web flow in the following
form:

83 0%u oU ou
E—pU?) 5 — pU———— =0. 10
Vo T F =) g = s o (10
With the assumption of linear Cauchy strains states
e = Ou/ox (11)
and based on the linearized form of Eq. (10) ,we will get the equation
82 Oe
pU*)— =0. 12
3 oz T(E )ax (12)
The similarity between Eq. (12) and the heat convection equation
o0*T or
kTa 5 pcPU% =0 (13)

in one dimension is apparent. In Eq. (13), 7" is temperature, U the spatial motion of the media
surrounding the object under heat transfer, ¢, the specific heat of the object, and %kt the heat
diffusion coefficient [47].
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4 Algebraic solution of the linearized steady-state case

The solution of Eq. (12) can be achieved using algebraic methods. If only pure elasticity is
present, solution is of the form:

(E—pU%e=C, (14)

where C' is constant. Thus, the solution obeys Hookean behavior, i.e. the strain ¢ is constant
regardless of the level of the transport velocity U.
However, with nonzero viscosity, Eq. (12) becomes

0% <E—pU2> Oe

With the boundary conditions £(0) = 0, e(¢) = e, the algebraic solution of Eq. (15) is [22]

1 — ek
6(%) = ng’ (16)
where
E — pU?
k= —r-— 17
U (17)

and / is the length of the span under observation.
Analytical solution of the strain can be obtained only for the linearized one-dimensional
case. Based on Eq. (8), we define the spatial strain in the steady-state case:

de Oe

— =U_—.

dt ox
Now the z-directional stress o appearing in the moving viscoelastic span based on the strain in
Eq. (16) is a superposition of the elastic and viscous stress components:

(18)

1— efka: keka
o= Ber—  tver T (19)
Substitution of (17) into (19), one gets
(S —kx

5 Numerical results by FEM

Numerical solution of the viscoelastic moving continuum problem is realized using the finite
element method (FEM). The derivation of the FEM matrices is performed using the principle
of virtual work. Virtual work 51V can be calculated using the virtual strain de”" as follows [54]:

SW :/ 5eT7 AV | 1)
1%
In the finite element method, the connection between the strain vector ¢ and displacements

U in the element nodes are defined by using strain-displacement approximation in a matrix B

¢ = Bu, where B= QNG. (22)
ox
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In Eq. (22), N, is a shape function matrix defining the displacement approximations inside the
element. If the element is undergoing a virtual displacement du., we can write using Eq. (21)
(see e.g. [54]):

oW =du. [ BTz av. (23)

Jv
However, the stress ¢ inside the volume is calculated using the stress strain behaviour of the
viscoelastic in-plane moving continuum model. One-dimensional non-linear equation (10) will

be solved using the finite element method.
While the velocity U is a function of x, the terms in Eq. (10) may be regrouped as follows:

7] 0u Ju oU du oU d*u
S Y S § o BN o e e gy | 24
Oz 77(]8;1:2 *( v )81} U oz 0 Oz D2 0 @)
We denote
_ 0*u o OU
a—nU@—&—(E—pU)ax. (25)

Using the finite element method approximation presented in Eq. (22), the displacement
operators in Eq. (25) can be written as

o= [nUBy + (E = pU)B] . , (26)
where
0 0?
B1 = %N and BQ = @N (27)

On the other hand, & can be expressed with the help of strains (see Eq. (11))
G= {nUB1 +(E - pUQ)N} Ee (28)

where ¢, are the strains in the element nodes.
The substitution of Eq. (28) to Eq. (23) will result in

SW = bu, [ /V B” [yjUB, + (E — pU?)N| d\/} ... (29)

However, inside the element area the virtual energy 6W = du.F,., where F, is the force
vector, affecting on the element. The forces affecting the element can be represented as

F. =K., )
where K. is the following element stiffness matrix:
Ze
K.= A / [B"UB, + B (E — pU*)N| du . (30)
0

The element used in the analysis is a 3-node quadratic rod element with three axial degrees
of freedom. See Figure 3.
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Figure 3: Quadratic 3-node rod element and its corresponding shape functions.

The final global finite element equation is
F=Ku. 31

Vector u includes the displacements based on the boundary conditions presented in the Section
4. Boundary conditions for the axial system of Figure 1 are

Up—o = 0 and Upey = ETl = (% - 1) (. (32)
U
The solution of Eq. (31) is now realized by substituting the displacements of Eq. (32) to
appropriate places in the displacement vector u. The corresponding forces are calculated to
force vector F' by using elimination. Finally, the rest unsolved displacements are computed
using v = K~'F. The non-linear term in Eq. (24) is handled as a body force applied to the
element nodes. By this, the effect of the non-linear term can be solved as a non-linear force

Fy, = / NTE, dV . 33)
1%

The force F},; originating from the non-linear term, will be calculated for each element:

ou__ v
8.2:8 n@m@z"

The final nodal forces Fz, for each element are individual and take into account the current
displacement, velocity and velocity gradient inside of each element. The problem with these
body forces is solved via the Newton—Raphson method.

Using Egs. (16), (18), and (19), the strain and stress states of the one-dimensional viscoelas-
tic beam can be calculated.We have used parameter values £ = 2.5 - 10" N/m?, n = 4.0 - 10°
Ns/m2, U = 10 m/s, span length ¢ = 1.0 m and strain e = 0.03. The cross-directional area,
which is under draw, is A = 2.0 m?, and the web density is 0.16 kg/m?.

For the exemplary parameter values above, the results obtained are shown in the Figures 4
— 7. The analytical solution (with a constant velocity U) is obtained from Eq. (12), and the
FEM solutions from the discretized form of Eq. (10) with velocity depending on z. For the first
Newton—Raphson iteration, the U was set constant, but U was updated during the iteration with
the help of nodal strains. The number of nodal points used in the FEM was 600.

The strain distribution during the draw differs from the constant-strain presented in theory
of elasticity [49]. See Figure 4. In this figure, one may also notice a slight difference between
the analytical solution with constant U and the numerical iterated solution where the velocity U
depends on z. However, the FEM solution from the first iteration (having constant /) and the
analytical solution coincided as desired.

o =pU (34)



Matti J. Kurki, Juha M. Jeronen, Tytti J. Saksa, and Tero T. Tuovinen

Figure 5: Analytical (left) and numerical (FEM) (right) solution of the stress distribution during the length of the

span.
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Figure 4: Analytical and numerical (FEM) solution of strain distribution during the length of the span.
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Figure 6: Effect of the span length to the web stress with different web speed levels.
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Figure 7: Strain distribution in the span and the effect of non-linearity. The strain at the end of the spanis et = 0.1.
On the right-hand side, the Newton—Raphson iteration is shown for some values of x.
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Even though the strain distribution is not constant, the stress distribution is a combination of
elastic and viscous forces based on Eq. (6) and it is almost constant. See Figure 5 and compare
with the analytical solution in Eq. (20). The stress increases very slightly towards the traction
line A,.

The effect of the span length on the web stress state is visible in Figure 6. As seen, the shorter
the processing time of the viscoelastic span, the higher the response of the time-dependent
viscous force component. The effect of non-linearity is seen in Figure 7. However, the effect of
non-linearity is relatively small.

In Table 1, numerical data in the case e = 0.1 is shown for some numbers of iterations. The
value of the strain ¢ is collected for x = 0.25 m, 0.50 m, and 0.75 m (when the length of the
span is £ = 1 m). Also here, it is seen that the first iteration with constant velocity gives results
that coincide with the analytical solution. This shows the accuracy of the FEM solution. When
U is not constant, the strains seems to be slightly smaller than in the case when U is constant.
See also Figure 7.

Table 1: Numerical data from the Newton—Raphson iteration. The value of the strain € for some selected values
of x and numbers of iterations (Iter.). At the first row, the analytical solution for the case of constant velocity is
shown. The strain at the end of the span is e = 0.1. Compare with Figure 7.

Iter. x (m)
0.25 0.50 0.75
Anal. | 7.9082-1072 9.5768-1072 9.9266-102
1 7.9081-1072 9.5768-1072 9.9266-10~2
4 7.7957-1072  9.5119-1072 9.9076-10~2
16 | 7.7683-1072 9.4955-1072 9.9026-102
64 | 776151072 9.4914.1072 9.9014-102

6 Conclusions

In this paper, we presented models for handling of continuous, high-speed webs. We also
took into consideration the type of the web material, which has a significant effect on both
qualitative and quantitative characteristics of the in-plane stresses.

In this study, the effects of the material viscoelasticity and the Eulerian non-linearity were
considered as a function of the transport velocity. Solutions of the one-dimensional non-linear
equation were presented both with elastic and viscoelastic material assumptions. Finite element
method (FEM) was used in the solution of the group of the second order PDEs.

Despite the limitations of the Kelvin-Voigt material assumption, fundamental coupling ef-
fects between viscoelasticity and the velocity field were visible. From the numerical solutions,
the effect of the strain behavior in the span under study was seen: the web strain is not con-
stant during the span length. In the case of pure elastic web material, the non-linear Euler term
seemed to cause a qualitatively similar effect. The strain being non-constant originates from the
velocity difference and the longitudinal strain wave velocity in the elastic material.

One fundamental observation on the significance of the strain-based boundary conditions
was made. In the case of an one-dimensional model, the strain (Dirichlet) boundary condition
affects throughout the web thickness isolating the span under observation from the (possibly)
preceeding or succeeding web spans. Based on the Figure 1, this, however, is not the situation
in reality. Even if the web was considered as slender, there would always be a possibility of the
time-dependent strain waves advancing through the control areas A; and A;. Therefore, one

12
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of the future challenges in developing realistic in-plane moving web models are the boundary
conditions applied.
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Abstract

In this paper, we address the problem of the origin of in-plane stresses in
continuous, two-dimensional high-speed webs. In the case of thin, slender
webs, a typical modeling approach is the application of a stationary in-plane
model, without considering the effects of in-plane velocity field. However, for
high-speed webs this approach is insufficient, because it neglects the coupling
between the total material velocity and the deformation experienced by the ma-
terial. By using a mixed Lagrange-Euler approach in model derivation, the
solid continuum problem can be transformed to solid a continuum flow prob-
lem. Mass conservation in the flow problem, and the behaviour of free edges
in the two-dimensional case, are both seen to influence the velocity field. We
concentrate on the steady-state solutions of the model, and study briefly the
coupled nature of material viscoelasticity and transport velocity in one dimen-
sion. Analytical solutions of the one-dimensional equation are presented with
both elastic and viscoelastic material assumptions. Numerical solution of the
two-dimensional elastic problem is also presented. Due to the nature of the
velocity-dependent contraction, a nonlinear FEM solution procedure is used.
The results indicate that inertial effects produce an additional contribution to
elastic contraction in unsupported, free webs.

Keywords: axially moving, orthotropic, viscoelastic, elastic, one-dimensional, two-
dimensional, free edges

1 Introduction

In the handling of continuous, high-speed webs the origin of in-plane stresses cre-
ates a scientific problem, which is not yet completely understood. Especially, the

*This research was supported by the Finnish Cultural Foundation.



type of the web material has a significant effect on both qualitative and quantitative
characteristics of the in-plane stresses. Web tension in the moving continuous web
systems can usually be controlled in the direction of the transport velocity, the ten-
sion being generated by a velocity difference between the starting and ending lines
of the span. At high transport velocities, both web stress and web stability are of
concern, not only in this longitudinal direction, but also in the direction perpendic-
ular to the main transport velocity in the plane of the web.

Axially moving materials have many applications in industry, e.g. in paper pro-
duction, and their mechanics have been studied widely. In the processing of dif-
ferent kinds of thin, laterally moving solid webs, challenges are met, such as the
efficiency of production and effects caused by the high processing speed. The first
studies of the vibrations of travelling elastic materials date back to the end of the
19th century (Skutch, 1897 [62]) and to the middle of the 20th century (Sack, 1954
[56]; Archibald and Emslie, 1958 [1]). A string model for the moving material was
used in all of these studies. Later on, in the 1960s and 1970s, many researchers con-
tinued studies on moving strings and beams, concentrating mainly on various as-
pects of free and forced transverse vibrations (e.g. Miranker [45], Swope and Ames
[65], Mote et. al. [47, 48, 49] and Simpson [60]).

The stability of small transverse vibrations of travelling two-dimensional rectan-
gular membranes and plates have been studied by Ulsoy and Mote [70], and Lin
[39]. When the web is advancing through a process without external support, the
inertial forces depending on the web speed are coupled with web tension. Also the
transverse behaviour of the web and the response of the fluid (air) surrounding the
web are coupled (see e.g. [9, 53]). Studies modelling the moving web coupled with
the surrounding air have been made by Pramila et al. [50, 54, 32]. In their stud-
ies, it was found that the surrounding air significantly reduces the eigenfrequencies
and critical velocities of the web, when compared to the vacuum case. Chang and
Moretti [9] studied membranes using potential flow theory, and Banichuk et al. [5, 6]
used the flat panel model coupled with potential flow. This research was extended
by Jeronen [30], where the eigenfrequency spectra were investigated for this model
and for the moving string with damping. In Watanabe et al. [71], two different
methods of analysis were developed for the phenomenon of paper flutter. One of
these was a flutter simulation using a Navier-Stokes code, and the other method
was based on a potential flow analysis of an oscillating thin airfoil.

Lin and Mote studied an axially moving membrane in a 2D formulation, predict-
ing the equilibria of the displacement and the stress distribution under transverse
loading [40]. Later, they continued studying the wrinkling of axially moving rect-
angular webs with a small flexural stiffness [41]. They predicted the critical value of
the non-linear component of the edge loading after which the web wrinkles, and the
corresponding wrinkled shape of the web. It is also known that the lack of web ten-
sion will result in a loss of stability of the moving web, which from the application
viewpoint, disturbs the required smooth advancing of the web (see e.g. [4, 3]). On
the other hand, high tension may cause web breaks, which deteriorates production
efficiency (see e.g. [2, 55, 57, 61]).



Paper has often been modelled as an orthotropic elastic solid. Elastic constants
have been measured for some paper-like materials by Mann, Baum and Habeger
[42]; and Baum, Brennan and Habeger [7]. Recently, for anisotropic solids, Erkkild et
al. [17] have studied competent parameters based on modeled stress-strain curves
for further construction of a material model. Out-of-plane Poisson ratios, specifi-
cally, have been recently studied by Stenberg and Fellers [64], who reported that
paper is an auxetic material: stretching in the machine direction will cause the pa-
per web to thicken in the out-of-plane direction. The relevant Poisson ratio, 143, is
negative, and |v3| may be as large as 3.0. Incompressible and slightly compressible
orthotropic and transversely isotropic materials have been investigated by Itskov
and Aksel [29], who discovered nontrivial conditions that the elastic constants must
satisfy in order to obtain incompressible or slightly compressible behaviour.

Considering wet paper material, the viscoelastic properties play an important
role in the behaviour of the web, and thus, need to be included in the model. The
first study on transverse vibration of travelling viscoelastic material was carried out
by Fung et. al. using a string model [19]. Extending their work, they studied the vis-
cous damping effect in their later research [20]. Viscoelastic strings and beams have
recently been studied extensively, see e.g. [44, 73]. Oh et al. studied critical speeds,
eigenvalues and natural modes of the transverse displacement of axially moving
viscoelastic beams using the spectral element method [38, 51]. Chen and Zhao [14]
presented a modified finite difference method to simplify a non-linear model of an
axially moving string. They studied numerically the free transverse vibrations of
both elastic and viscoelastic strings. Chen and Yang studied free vibrations of vis-
coelastic beams travelling between simple supports with torsion strings [13]. They
studied the viscoelastic effect by perturbing the similar elastic problem and using
the method of multiple scales. Very recently, Yang et al. studied vibrations, bifur-
cation, and chaos of axially moving viscoelastic plates using finite differences and a
non-linear model for transverse displacements [72].

Marynowski and Kapitaniak studied differences between the Kelvin-Voigt and
Burgers models in the modelling of the internal damping of axially moving vis-
coelastic beams. They found out that both models gave accurate results with small
damping coefficients, but with a large damping coefficient, the Burgers model was
more accurate [43]. In 2007, they compared the models with the Zener model study-
ing the dynamic behaviour of an axially moving viscoelastic beam [44]. They found
out that the Burgers and Zener models gave similar results for the critical transport
speed whereas, the Kelvin-Voigt model gave a greater critical speed compared to
the other two models.

The origin and structure of the in-plane stress and strain distribution in a moving
solid web seems to be an exceptionally unknown area. The models used with web
materials are often based on assumptions of isotropic or orthotropic material prop-
erties (see e.g. [7, 67]). The material is considered as viscoelastic or viscoplastic, but
in the models, there is usually no coupling between the in-plane strain and the web
velocity effects (see e.g. [23, 52, 69]).

Time-dependent, in-plane vibrations of a moving continuous membrane were



studied by Shin et al. [58]. In their work, in-plane vibration modes of an isotropic
web were studied between the traction lines. Also Guan et. al. have studied vis-
coelastic web behaviour in both steady state and unsteady state cases [21, 22].

Traditionally, the partial time derivative has been used instead of the material
derivative in the viscoelastic constitutive relations, but Mockensturm and Guo sug-
gested that the material derivative should be used [46]. They studied non-linear
vibrations and the dynamic response of axially moving viscoelastic strings. Kurki
and Lehtinen also independently suggested that the material derivative should be
used in the constitutive relations, in their study concerning the in-plane displace-
ment field of a travelling viscoelastic plate [36, 34].

In a study by Chen et al., the material derivative was used in the viscoelastic
constitutive relations [10]. They studied parametric vibration of axially accelerat-
ing viscoelastic strings. Chen and Ding studied the stability of axially accelerating
viscoelastic beams using the method of multiple scales, and the material deriva-
tive was used in the viscoelastic constitutive relations [15]. Chen and Wang studied
the stability of axially accelerating viscoelastic beams using asymptotic perturba-
tion analysis and the material derivative in the viscoelastic relations [12]. The ma-
terial derivative was also used in a recent paper by Chen and Ding, where the dy-
namic vibration response of axially moving viscoelastic beams was studied [11]. A
non-linear model was used, taking into account the coupling of the transverse dis-
placement with the longitudinal (in-plane) displacement. However, the transverse
behaviour of the beam was their main focus.

In this paper, we propose to modify the classical two-dimensional model of a
moving viscoelastic web by accounting for the coupling between the velocity field
and the in-plane strain. A two-dimensional, thin open loop (non-conservative sys-
tem) made of orthotropic membrane is stretched using a relative speed difference
between the traction lines. The orthotropic viscoelastic material assumption is ap-
plied, using a viscoelastic model of the Kelvin—Voigt type. An originally Lagrange-
based "material” deformation formulation is used as the control volume, to which
the mixed Lagrange-Euler-based “spatial” formulation is then applied (see e.g. [66,
33]). With this method it is possible to handle solid, moving web behaviour using
a control volume approach similar to the treatment of fluid flows. Preliminary one-
dimensional studies have been reported in the paper [35]. In the present paper, the
steady state of the two-dimensional moving continuum, in the pure elastic case, is
solved using the nonlinear finite element method.

2 Strain generated by velocity difference of subsequent
rollers

A continuous, moving web creates a flow continuum which is possible to consider
as a solid medium experiencing flow. Due to its solid nature, the web continuum is
always under a stress state, which is caused by a strain state, which further can be
expressed in terms of the velocity difference between subsequent supporting rollers,



Figure 1: Schematic representation of the setup for modelling a moving viscoelastic
web, stressed at the traction lines represented by the rollers. The arrows depict axial
motion.

by the means of a mass conservation argument.

Consider an orthotropic material having initially (i.e. in the undeformed state)
constant density p,, undergoing steady-state longitudinal transport at velocity U =
(U,,0,0), depicted in Figure 1. Let us assume that the material axes 1, 2 and 3 are
aligned with the global coordinate axes z, y and z, respectively. The continuity
equation, as expressed in the Eulerian frame, is

dp
—+V-(pU)=0 1
5 TV (PU)=0, )
where p is density of the material, and 0/0t is the partial time derivative in the
Eulerian frame. In a steady state, the equation reduces to

V- (pU)=0. 2)

Mass conservation requires that the flow rates at the incoming and outgoing flow
control areas match; this requirement is readily obtained from equation (2). Let us
consider a stationary control volume

Q={(x,y,2): 0<ax<l,0<y<b,0<z<h},

where / is the length of the span between the rollers, b is the width of the span, and
h is the thickness of the sheet of material. Integrating equation (2) over the control
volume (), applying the divergence theorem, and noting that p is a scalar, we have

[v-euae= [ pmvar. ®)
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Figure 2: Solid web continuum flowing between the incoming and outgoing flow
control areas (two-dimensional surfaces) A; and A,, at longitudinal speeds U; and
U, at the beginning and ending traction lines (respectively).

where 0(2 is the closed surface delimiting the control volume 2, and n represents
outer unit normal vector. The differential dI' refers to integration over a surface.

As is shown in Figure 2, flows in and out of the control volume occur only at
the surfaces A; and A,. Let us assume that p and U are constant across these in-
and outflow surfaces, but that their values may change between these surfaces. In
practice, there may exist small variations in the velocity at the outlet due to mate-
rial straining, but for small strains and high velocity, constant velocity along these
surfaces is a reasonable approximation.

Under these assumptions, the mass balance in the equation (3) becomes

—p1A1U1 + pQAQUQ =0. (4)

The subscripts 1 and 2 for p and U refer to the (constant) values on the surfaces A4,
and A,, respectively. Note the form of the velocity field, U = (U,,0,0). Finally, it is
convenient to rewrite (4) as
pré
paAa
In order to manipulate equation (5) further, we must consider the ratios of the
densities and the cross-sectional areas. When subjected to a small-displacement
deformation u = (u,v,w), the volume V" of a differential element initially (in the
undeformed state) having volume 1}, becomes

U

—Uy=0. )

V=V[1+V-u=Vl+te,+e, +e.], (6)

as is known from the theory of elasticity. Here ¢,, ¢, and ¢, are the axial strains with
respect to z, y and z -directions. Because the total mass M of the differential element



is conserved in the small deformation, it follows for the density p that

M 1 M M 1

-1
—_— = — = — = ]_ T 2 s 7
VSRV Vs VI po[l+ ez +ey+e.] )

P =

by (6) and the definition py = M /Vj.

Let us assume that the material is subjected to pure axial stress. This induces
an axial strain ¢,, and via the Poisson effect, also the strains ¢, and ¢, in the two
orthogonal directions:

Ey = V12, €z = —V13&s (8)

where 145 and 143 are the (orthotropic) Poisson ratios for stretching in the direction
of the material axis 1, describing the resulting contraction on material axes 2 and 3,
respectively. This purely elastic approximation neglects all viscous effects, but since
a steady state is being considered, this is reasonable. The cross-sectional area of the
web is

A= (1+e)h(l+¢e)b ~ bh(l+e,+¢,), 9)

where second-order small terms have been neglected. Combining equations (8) and
(9), we have
A:bh(l—(l/lz—‘rl/lg)&‘x)Ebh(l—VlAEI), (10)

where the effective Poisson ratio for the change in cross-sectional area, when stretched
along material axis 1, is defined as

VA =Vig+ 3. (11)

As was noted in the introduction, for paper materials, it is known (see e.g. the
study by Stenberg and Fellers [64]) that 113 < 0, and that |v;3| may be as large as
3.0. Typically, we will thus have 114 < 0: the cross-sectional area may actually
increase under tension, because the thickness increases. Even though the thickness
itself is typically small, it may undergo a large relative change, and therefore must
be considered when calculating the area of the cross-section.

It also follows from equations (6), (8) and (11) that

V=Vo[1+ (1 —-ria)e.] . (12)

It should be pointed out that if for some particular material 114 = 1, then V' = 1,
and such a material behaves incompressibly when stretched along material axis 1.
The effective Poisson ratio contains the directional Poisson ratios vy, and v3. The
only requirement for incompressibility under uniaxial stretching is that the sum of
v12 and vy3 is unity; unlike the isotropic case, neither of them needs to be 0.5.

Furthermore, the values of 13, 191, 131 and vy still remain free. Elastic com-
patibility is required, but this brings in additional free parameters, because elastic
compatibility involves not only the Poisson ratios, but also the Young moduli; e.g.
Eyv91 = Esvy9. Depending on the set of parameter values chosen, it is possible that
an orthotropic material behaves incompressibly in axial stretching only when the
deformation is applied along some particular axis.

7



It is thus evident that the conditions of incompressibility for anisotropic materials
are more complicated than for isotropic materials, where the only requirement is
v = 0.5. For a more thorough consideration of incompressibility in orthotropic and
transversely isotropic materials, see the study by Itskov and Aksel [29].

By combining equations (7), (8) and (11), we obtain

4

P T - (13
In the following, we shall assume that the material, subjected to constant axial
tension at the rollers (traction lines), has zero strain at A;, and experiences some
nonzero axial strain ¢, at A,, due to the applied axial stress. Preliminary one-
dimensional results [35] indicate that such a strain state occurs at least for an axi-
ally travelling Kelvin—Voigt viscoelastic material; see also the treatment of the one-
dimensional case further below, where we will show this briefly. By equation (10),
the cross-sectional areas at the inflow and outflow surfaces A; and A; become

Al = bh s A2 = bh(l - VIAEx) ; (14)

and by equation (13), the material densities on these surfaces are

Po
. S E— 15
P1 = Po P2 =7 T (1= via)es (15)

By inserting equations (14) and (15) into the mass balance equation (5), simplifying,
and solving for ,, we obtain the result

Uy
- gl . (16)
1+ L]j—l] Via

Equation (16) gives the axial strain, at the traction line at = ¢, for the problem of
in-plane (visco-)elastic deformation, corresponding to given roller speeds U; and Us.
Obviously, in order for the model to remain valid, the given velocities must be such
that the strain according to (16) remains in the small-deformation range.

The transport velocity of the flowing solid continuum in the above case is as-
sumed to be controlled only in the = (longitudinal) direction; all in-plane deforma-
tions in the y (widthwise) direction are determined by the (visco-)elastic response.
It should also be kept in mind that equation (16) only applies in a steady-state flow,
i.e. when the web flows smoothly without time-dependent disturbances.

The traction lines at the cross-sectional areas A; and A, affect only the surfaces of
the web, which implies that stress and strain waves advancing inside the web thick-
ness can cross the traction lines. Therefore in the boundary conditions of moving
continuous webs, in reality, one should consider rather complicated friction-based
force transmission phenomena at web-roll contact areas [34].
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Figure 3: Roller-induced axial strain ¢, as a function of velocity ratio Us/U;, based
on equations (16)—(18). Left: Overall behaviour of the functions, showing their cur-
vature (only the line for 114 = 0 is straight). Right: Zoomed-in view. Location of the
zoomed area is shown by the dashed box in the left subfigure.

In the special case of a material which behaves incompressibly when stretched
along axis 1, we have v14 = 1. By inserting this into (16) and simplifying, we obtain

which holds only when vy 4 = 1.
In the limit 44 — 0, equation (16) simplifies to

U,
L=1- 2 17
c 0, (17)
U,
= T — . 18
&= (18)

This corresponds to cork-like materials, which do not exhibit the Poisson effect.
Note, however, that if the material is an auxetic orthotropic one, it is possible that
V13 = —U1, also leading to 14 = 0.

The result (18) also arises in the case of a one-dimensional string model. Consider
a compressible travelling string, undergoing steady-state flow through the span 0 <
x < . Mass conservation now requires

RUy — RyU, =0, (19)

with similar definitions for the subscripts as above. Here R is the linear density,
[R] = kg/m, and the cross-sectional area of the string is assumed constant. As the
string becomes stretched or compressed, the linear density changes as

Ry

R:
1+¢,

, (20)
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Figure 4: Differential parallelepiped and forces acting in the in-plane directions x
and y.

where R, is the (constant) linear density in the initial (unstretched) state. Equation
(20) follows directly from equation (7) and the assumption that the cross-sectional
area is constant (whence ¢, = ¢, = 0).

As before, let as assume that at « = 0 the strain in the string is zero, and at z = ¢,
the string experiences some nonzero strain ¢, due to axial tension applied at the
ends of the span. As was noted above, this is consistent for a travelling Kelvin-Voigt
viscoelastic string. Hence R = Ry, and R is given by equation (20). By combining
equations (19) and (20), and solving for ¢,, the equation (18) is obtained.

The behaviour of equations (16)—(18) is illustrated in Figure 3.

3 The governing equations

In this section we will define the stresses and strains, deformations, material as-
sumptions and velocity-dependent in-plane inertial forces for the moving web. This
leads to both one- and two-dimensional models, and equations for the viscoelastic
moving web continuum application.

The standard approach for describing structural deformations is the Lagrangean
description. However, longitudinal in-plane deformations in axially moving mate-
rials are more challenging. One possibility is to actually move the medium at the
desired speed, and update the boundary conditions at each timestep [63]. Another
possibility is to use an 'Eulerian” flow description, and by this the actual deforma-
tion of the moving continuum can be handled using a mixed Lagrange-Euler de-
scription [33]. The Eulerian description is a standard approach in fluid dynamics
where the observer is ‘'watching’ a control volume, where possible deformations
will appear [63, 37].
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Figure 5: Schematic representation of the classical Kelvin-Voigt rheological model
in one dimension. E is Young’s modulus, 7 is the material viscosity.

In this paper, we consider two-dimensional in-plane membrane behaviour. Based
on Figure 4, one can derive the following well-known force balance [68]:

0oy OTys
: F, = 21
e %+mm (21)
0Ty 0oy
Ty g
8x+8y+y 0, (22)

where 7, and 7,, are shear stresses and F, and F, are (external) body forces. The
linear Cauchy strains are

ou ov ou ov ou Ov

Eex = 75 € =75 Caxy = 7y Eyz = 7 — +
or’ V" oy Yooyl Y o Oy Oz

We will use the material assumption of orthotropic viscoelasticity. In the mixed
Lagrange—Euler description, the strains

€ij = Eij (l’, Y, t) (24)

lead to the time derivatives

d&ij a€ij agij d.T 85@’ dy 862‘]' aEi]‘ agij
_ ar & _ % 2
&t o T ordt Togar ot T awltt gy U @5

where (U,, U,) is the velocity field and d/dt is the material derivative.

With fibrous, composite-type materials, the mechanical deformation response
properties are the result of complicated material preprocessing, which results in
orthotropic anisotropy and material time-dependence (see e.g. [69], [31], [52] and
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[8]). It is possible to derive a vast number of different rheological models for time-
dependent material behaviour, but the fundamental behaviour of continuous flow
of a solid viscoelastic web can be analyzed using the simple Kelvin-Voigt model
shown in Figure 5. The singular stress response to a step strain does not matter,
because we are considering a steady state where no rapidly changing strains occur;
hence the Kelvin—Voigt model is sufficient for the present application.

The stress-strain behaviour of one-dimensional Kelvin-Voigt material (see e.g.
[18]) is simply

J:EE—H]%, (26)

where E is Young’s modulus and 7 is the material viscosity. We will apply a two-
dimensional, orthotropic plane stress extension of the above model, based on prac-
tical observations of fibrous web materials [67, 69]:

E, Ne deg, dey,
7 1 — vy (e + Vi) + 1 — 12091 < dt T dt @7)
E, 1y dey, deg,
(- V1aV21 (Euy F¥1280) + 1 — oo \ dt e dt (28)
dvay

dt

Here 15 and 9; are the viscous analogues of the orthotropic in-plane Poisson ratios
v12 and 91, G is a shear modulus, « is a shear strain and II is the viscous shear
modulus.

Often, problems considering the in-plane behaviour of a continuous material are
written using only an elastic model, involving the moduli of elasticity £, and E,,
and the strain variables ¢,, and ¢,,. However, in practice all the elastic-related ma-
terial properties are measured with some definite speed, and therefore apparent
elasticity includes both elastic and viscous material properties [18]. Fundamentally,
all materials exhibit some form of viscoelasticity, typically measured by normal and
complex moduli E and E’, respectively. It should also be pointed out that the vis-
coelastic Poisson ratios ¢12 and ¢,; cannot be calculated using compliances from the
theory of elasticity [24].

The force balance equations (21) and (22) include also the body forces F, and F,,
which are important especially with fibrous cellulose-based materials. Moisture-
dependent dimension changes can be significant, which generates stresses in addi-
tion to those related to the strains based on external velocity differences (equation
(16)).

Next, let us consider the dynamic equilibrium. According to Newton’s second
law, time-dependent dynamical behaviour always includes inertial forces. Two-
dimensional inertial forces in in-plane membrane behaviour can be accounted for

12



using the following dynamic equilibrium equations (see e.g. [59]):

0o, 0Ty B d*u
ox "oy T 0
Jo,  OTys B d*v
dy o +Fy_pdt2 1)

Note that the operator d*/dt* describes the inertial behaviour in the Lagrangean
reference frame. Thus the inertial terms depending on the displacements v and v, in
the Eulerian frame, must be presented using the material derivative:

du Ou dx;
dt at &ri dt (32)
ov du;
% +Z(97¥ 3
The second material derivatives of the displacements u and v are
d*u  0%*u % d%u , 0% 0%u , 0%
@—@—&-QUOat—&—QUyaat—&-UTﬁ—FQUUyaa +Uya2 (34)
+@ ou, +% ou, +8u aUU 8UZIU+8£
or\ox “ oy Y Ot dy \ Ox dy ot
d*v 9% % % , 0% % ,0%v
@ = o+ Vet Wy + Uigar + Wl + Ui @9
+@ ou, 8U oU, v (90U, Wy, (?UyU +8£
dx \ ox " 8 ot dy \ Oz dy ot

By substituting the equations (34) — (35) and (27) - (29) into the equations (30) and
(31), we obtain the following time-dependent two-dimensional equations for the
in-plane, plane stress membrane behaviour of the moving viscoelastic web:

9u 9u 9 9*v Pu

o2 (Cﬁﬁ 7/)U ) a b} +Ol2 +C(,(, +K11U

72
(Cn = pU2) 5 820y 910y Gre]

Pu Pu v Pu
+K11Uya 20y + Kum + (Ko + Keg) Uy&T@y? + K66Uy67y3

& 03v Ou o3u
M-F(Klz—i‘f(aa + K + F,

* (Kiz 4 Koo) U ) gnagar T Kol gy + Kog g

0% 0%u d*u 0%u
2 + 2p 2
Pae T WU g, T 20 a2 g 5

u (U OV OUL\ | Ou (09U, Uy, U,
Poy\ oz =" oy v e ) TPay o ay v

(36)
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and

0% 0% 0%u 0% v
(022 - PUQ) 92 + (Co6 — pU2) — 72 +Cxy D20y + C66am8 + KzzUyaTﬁ
93y 2 0% Pu v
+ KUy =——— Dwdu 3y K22m + (Ko + Keg) Uxm + KGGUm@
APu Pu v v
+ (Ko + Kes) Uyc’)Tc’?y? + (Ka1 + Kee) Dr oyl + KGGUyaxzay + Koo B0t + F,
0%v v % 0%
= p8t2+2pUUU8 By 4—2pUa 8t+2pUy8 pr
n @ oU, 8U oU, . @ ou, Wyyr aUyU n E)l
Por \ oz = oy at ) "oy oz Ay at )
(37)
where the coefficients are
E, E
Ch=——"7"—, Cop = —4— (38)
1— V1921 1— V1221
Cia = Ciiva1 = Chovig = Coy Ces = G, (39)
K11:n7x7 K22207y7 (40)
1 — a0 1 — 120001
Ky = Kiipar = Kopio = Ko, Kgs =11 (41)

The equations (36) and (37) are nonlinear. Nonlinearity appears in the velocities U,
and U,, which are dependent on the deformation. There are also nonlinear Navier—
Stokes type convection terms, the significance of which is small if the strains defined
in the equation (23) can be considered small.

4 Steady state of one-dimensional viscoelastic moving
continuum

One-dimensional application of the equations (36) and (37) will lead to the following
time-dependent solid continuum flow equation [35]:

5211 9%*u 282u ou (oU, oU,
Vo T2 gpa TP o t Py ((’):rU‘T+ o )
(42)
0*u Pu Pu
= Pegp T <8x28t * Ua)
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In a steady state, where there is no time-dependent fluctuation in the displacement,
we can write the following equation for ideal, undisturbed axial narrow web flow:

Pu o O%u  Ou (0U,
anz% + (Ez - PU,T) o2 - Pafx (&EUI> =0. (43)

In general, equation (43) is nonlinear due to the dependence of U, on du/dz. To
see how this arises in the one-dimensional case, recall equation (16) and its one-
dimensional specialization (18), which were obtained via a mass conservation argu-
ment. There are now two possibilities. The strain ¢,, = Ju/Jz (equation (23)) either
depends on z, or is constant along the span.

Let us first investigate the case where the strain depends on z. This was a starting
assumption in the derivation of (18); if it holds, then also (18) holds. Let the velocity
Uy at the beginning of the span be fixed. By rearranging, (18) becomes

U2 = Ul[]- + Ezm] ) (44)

where we now use the notation ¢,, for the strain.

Because mass conservation must hold for any value of z, equation (44) is valid
along the whole span, and we have U, (z) = Us(x). However, because ¢,, = €,,(z) =
(Ou/0z)(x) appears on the right-hand side of (44), actually U, = U,(e,,). Thus, if the
strain varies along the span, mass conservation implies that a linear relationship
exists between the strain and velocity fields.

Because U, is now a linear function of ¢,,, all terms of (43) involving factors
of U, and its derivatives become nonlinear with respect to the unknown « and its
derivatives. Using U, from (44) as U, in (43), we see that the nonlinearity is of a
polynomial form; up to cubic terms are present. Numerical FEM solution of the
nonlinear equation has been presented in [35].

The other possibility is that the strain is a constant along the whole span, in which
case the starting assumption leading to (18) does not hold. On the other hand, a
constant value for e, = du/dx implies 9*u/0z* = 9*u/dx* = 0. Let us investigate
the nontrivial case where ¢, # 0. The first and second terms in equation (43) vanish.
Dividing by the nonzero constant strain du/0z and the material density p # 0, all
that remains is

oU,

0w
Equation (45) must hold pointwise at any . Thus for each fixed x, either OU, /0x = 0
or U, = 0. More interesting of the two is 90U, /0x = 0, which leads to U, = constant.
We conclude that if a constant strain is observed, this implies that the velocity
must also be constant. However, the reverse is not true, as we will see below. The
value of the constant strain is determined by the boundary conditions, which were
not analyzed here.
For the rest of this section, we again let ¢,, vary along the span, concentrating on
the special case where U, is approximately constant:

U,=0. (45)

Us(x) = Uy + (x) - (46)
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Here U is a constant, and the arbitrary function ¢(z) and its derivatives are con-
sidered small. If the strain variable and its derivatives are small, and the velocity
field is of the form (44), this representation is applicable. Inserting (46) into (43) and
dropping second-order small terms leads to a linear equation, namely

0% ) O0C1a
0x? ox

To obtain this form, it is not sufficient that ¢ itself is small; also d¢/0x must be
small to avoid an additional term —pe,,[0¢/0z|U on the left-hand side. Observe
that equation (47) is exact in the case where U, is (an exact) constant. Thus any con-
clusions will apply to cases with exactly constant as well as approximately constant
transport velocities.

By comparing the equation (47) and the heat equation in presence of convection
(see e.g. [66]):

+ (E,; — pUg

o*T U or
92~ "o
where 7' is the temperature and U is the velocity of the medium, ¢, is the specific heat
of the object and k7 the heat diffusion coefficient, one can observe great similarity
between the two.

The equation (47) can be solved using analytical methods. First, as a special case,
if only pure elasticity is present (1, = 0), the solution is of the form [35]

ko =0, (48)

In this case the solution describes Hookean behaviour, i.e., the strain ¢,, is constant
along the whole span regardless of the magnitude of the constant transport velocity
Up. The corresponding stress field, from equation (26) with 7, = 0 and (49), is also

constant:
E.C

(Eoc - pUg )
The values of the constants C' and C” are determined by the boundary conditions.
Because (49) is a first-order ordinary differential equation with respect to ¢,,, for
this variable we may set only one boundary condition. Choosing this boundary
condition as ,,(¢) = &7, from (49) we have C' = (E, — pU?) er, which leads to
£22(x) = er (for all z), and for the stress o, = E,er. This may seem trivial, but it
provides an important point of comparison for the following case.

Consider a material with viscosity 71, # 0. Equation (47) becomes, after division
by Nz UO/

=C. (50)

Oy = Emgmx =

2 72
s <Em on> Ocar _ o (51)

Ox? 1.Uo ox
The differential equation is of the second order in ¢,,, hence two boundary con-
ditions are required. With the choices ¢,,(0) = 0 and £,,(f) = e, the analytical
solution of the equation (51) is [34, 36]:
1 — e k= E, — pU¢

Era(X) = Ep—1 where k=

1 — ekt ’ nmUO (52)
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We have thus obtained the following result: for a Kelvin—Voigt viscoelastic material
moving at a constant or an approximately constant transport velocity, loaded only
by a prescribed strain at the ends of the span, the strain grows logarithmically along
the span. This is unlike the case of purely elastic material, where the strain along
the span is constant.

As z — /(, the strain approaches the same value it had in the elastic case, 7.
Additionally, if ¢ is large, the exponential terms approximately vanish in most of the
domain, and the strain approximately obtains its elastic value everywhere except
in a short boundary layer at the start of the span. The larger & is, the shorter is the
boundary layer. Especially, the boundary layer vanishes in the limits n, — 0 and
Up — 0, where k — oo (see definition of % in equation (52)). This agrees with the
elastic solution.

The physical conclusion is that the strain ¢,, depends on z only if both the vis-
cosity 7, and the transport velocity Uy are nonzero. In other words, in the context of
this analysis, the effect appears only if the material is both viscoelastic and subjected
to axial motion.

Finally, let us find the corresponding stress field. The stress, which is based on
the strain in the equation (52), is a superposition of elastic and viscous stress com-
ponents ([35]; see also equation (26)):

(53)

Straightforward analytical solution of the stress is easy to obtain only in the lin-
earized, one-dimensional, steady-state case having constant transport velocity [35].
Using equations (24) and (25), the time derivative of the strain, in mixed Lagrange-
Euler form, can be written for the steady-state solution as follows:
deow _ Ocan
= , 4

dt Ox Ve 4
Inserting (54) into (53), using (46) for U,, noting that both J¢,, /0x and ¢(x) are small,
and then using the analytical solution (52), we obtain the stress field as

_ efkw k,efka:
Oy = Engm + nonng . (55)

where the elastic and viscous contributions are apparent. Both contributions follow
a logarithmic curve. By expanding the multiplicative factor % in the second term of
the equation (55) (using again (52)), the result simplifies to

Er
1—eH

which shows the total stress more clearly. Equation (56) is valid for n, # 0, U, # 0.
We observe that also the total stress follows a logarithmic curve.

Unlike the strain, the stress remains always slightly smaller than its elastic value
E.er, even near the end of the span as x — (. Physically, this observation can be
interpreted as a viscous relaxation effect.

(B, — pUge™ ), (56)

Op =
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For large /, the exponentials again approximately vanish in most of the domain,
and the stress approximately obtains its elastic value, except in a short boundary
layer at the start of the span. The previous observations regarding k apply also here.

We have thus seen that for a narrow strip of Kelvin—Voigt material moving at a
constant or an approximately constant transport velocity, both the strain and stress
fields follow a logarithmic shape along the span. This effect appears only if the
material is both viscoelastic and subjected to axial motion.

5 The weak form and the natural boundary conditions

In the following, we will concentrate on the two-dimensional, steady-state, purely
elastic case. This is obtained from the equations (36) — (37) by omitting time-dependent
terms and setting the viscous coefficients to zero.

The aim in the rest of this paper is to numerically study the two-dimensional,
orthotropic, elastic moving continuum plane stress problem using the finite element
method (FEM). The above approach was extremely useful for the one-dimensional
analysis that was performed, but it is difficult to correctly derive the weak form by
starting from the equations (36) — (37).

The difficulty arises because the equations contain terms with mixed derivatives,
0*u/0xdy and 0*v/0xdy. Tt is not immediately clear how these terms should be
considered when applying integration by parts in the component-form equations.
Each such mixed term can be integrated by parts in either the = or the y direction,
and each such choice will produce different contributions to the natural boundary
conditions of the weak problem. Most combinations of choices lead to boundary
conditions which make no physical sense, and the correct combination of choices is
not obvious.

Hence, we will derive the weak form in cartesian tensor notation. Although in
the present study only a rectangular sheet will be studied, this approach provides
the additional advantage of arbitrary domain shape. We start with the general dy-
namic equilibrium equations (30) — (31), rewritten in tensor notation, and then ex-
pand the second material derivative. The dynamic equilibrium reads

d*u

where (...)T denotes the transpose of a rank-2 tensor. In the case where U is not
time-dependent, the second material derivative expands as

d’u d [/Ou 0%u du

Applying (58), the steady-state form of equation (57) becomes

p(U-V)(U-Vu)-V-o'=F. (59)
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Next, we will use the principle of virtual work. Let us take the dot product of the
equation (59) with a vector-valued test function (virtual displacement) ¢, and inte-
grate the equation over the two-dimensional domain

Q={(z,y): 0<z<l,0<y<b}. (60)

We assume that the material density p can be approximated as a constant and obtain

p/Q¢>~(U-V)(U~Vu)dQ—/Q¢~[V-aT]dQ:/Q¢>~FdQ. (61)

In order to integrate by parts in the equation (61), we make use of the following two
identities:

/¢-[V~UT]dQ: ¢-(n-o-T)dF—/V¢:a'dQ, (62)
Q Q

1)9)

[ & @-9U-vu = [ ne(U-vw-@ev)ar 63)
—/Q(U-Vu)-[V~(U®¢)] da .
where n is the outer unit normal, and the notational conventions are
(Va);; = 0ia;, (V-A);=0A; (a®b),;=ab;, A:B=A,;Bj. (64)

Here a and b are vectors, and A and B are rank-2 tensors. The summation conven-
tion for repeated indices applies. Note the ordering of indices in the gradient.

The integration-by-parts formula (62) is standard in the theory of elasticity; only
the formula (63) requires explanation. Observe that for any differentiable vector
fields a, b and c,

V-(a-(b®c))=b-(c-Va)+a-(V-(cab)). (65)

By integrating the equation (65) over the domain (2, applying the divergence theo-
rem to the left-hand side, and choosing a = (U - Vu), b = ¢, and ¢ = U, relation
(63) follows.

Using equations (62) and (63) in (61), we obtain

o [(U-Fu) [V (Usgldes [ Voiado
& Q

—&-/J/mn.[(U.Vu)-((ﬁ@U)]dF— agcﬁ'(n'UT)dF:/Qd).FdQ' (66)
By using the identity

V-U®e¢)=(V-U)p+U-Vo¢ (67)

and rearranging

¢p-n-o’)=m-0')-¢=n-(c"9), (68)
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we have
fp/(U.Vu)~[(V~U)¢+U.V¢]d§2+/v¢:ad9
Q Q
+/ no[p(U-Vu)-((b@U)faTo(b]dF:/d)oFdQ. (69)
o0 Q
We may simplify (69) with

which allows us to combine some terms on the first line:
—p/¢-(U~Vu)(V-U) d(2+/V¢: [a—p(U@U-Vu)T] dQ
Q Q
+/ n-[p(U-Vu)-(¢®U)—aT-¢]dF:/¢-FdQ. (71)
90 Q

Finally, observing that

n-[(U-Vu) (¢®U)|=(U-Vu)- (¢2U) -n=((U:-Vu)¢)(U-n)
:(DU)((UVII)Q’)) —( U (U@uk ¢k) :ni(Uiné)juk)gbk
=n-(UeU-Vu)- ¢ ¢-(UaU-Vu)' -n (72)

we obtain the result
—p ¢~(U~Vu)(V-U)dQ+/V¢>:[afp(U®U-Vu)T]dQ
Q Q

¢'[—a+p(U®U~Vu)T}'ndF:/q&FdQ. (73)

N Q

Equation (73) holds for the steady-state in-plane equilibrium of any sheet of trav-
elling material, as long as p is approximately constant. We will apply the material
model later.

We see from the equation (73) that if V - U = 0, then the first term vanishes.
In such a case, the equations have the same form as those of a stationary mem-
brane, but now the stresses obtain contributions (both inside the domain and on the
traction boundaries) from the additional term involving velocity. However, if the
velocity field has nonzero divergence, then no such analogy can be drawn.

The boundary term of the equation (73) gives the natural boundary conditions
for this problem. The natural quantity to be prescribed is the normal component of
the following rank-2 tensor:

o =0 —p(UaU-Vu)'. (74)

This can be interpreted as an effective stress tensor, where the apparent stress (in
laboratory coordinates) is modified by the centrifugal inertial effect.
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6 Component form of the weak form

For convenience of software implementation, let us split equation (73) into compo-
nent form. Let us denote the components of the virtual displacement as ¢ = (¢, ?).
In the two-dimensional case being investigated in the present study, equation (73)
gives the two equations

ou 06
— 27
/Q{ 0, + pUZ S + UUa]a do
ou %
+/J Toy + PUUy 5o+ p U;a } %
u u, 0U,  0U,
+p/g{[max+uyay][ax + ]}¢d9

+/ {a xa——pUU }zsdr
) oz

Q

ou
) y{ny pUUya ya }qﬁdf
Q

n
+ n
+ [ F,0=0. (75)
Q

/
J
J
J
J

and
o
or

o

—Ty$+prg—+ UU(,)} dQ

E
Q
dQ
}1/ dQ
(4

dr

+ 0+pUUyg+U26]

2

ov v, 0U, 0U,

8

-]

+/ Ny [Tyz T@ - pU,U, ]
P ox

v 2
—I—/mny{ay pU, Uya pUyay}l/JdF
+/wa=0, (76)
Q

where the outer unit normal n has components n = (n,,n, ). We have moved all
terms to the left-hand side and multiplied each equation by —1.

Equations (75) — (76) represent the steady state in-plane equilibrium for any sheet
of moving material. We obtain the equations for the orthotropic Kelvin-Voigt mate-
rial by inserting the viscoelastic stress-strain relations (27) — (29). Then, we insert the
mixed Lagrange—Euler representations (25) for the material derivative in the viscous
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terms, and restrict the inserted terms to the steady state (0/0t — 0). The result is

o 02 pa 5 5
/ |:_ |:0115z1: +K11(Uz€7 + U 87) + CIZEyy + KlQ(U_T €yy i U 61;1/):|
Q

Oz Y Oy ox Y0
ou ou| 0o
2
, Q
+UT8 pUUI@y]E) d
ar am a a
+/ — | Co6Vay + Koo (Us ”+U 7") +pUU— U2 ¢dQ
Q Ox Ay Yoy | Oy

Yox
ou ou| [oU, 0U,
oo [ o vog) |7+ 5 peen

O€pa 0 2a Oe Oe
+ /89 Ny |:|:0115z$ + Kll(UavW + Uy ay ) + C12€yy + KIQ(UJCT;Z/ + Uy a;y)]
Ufg“ U, U, ](b dr
0z 0z ou
+/[mny HCGGWy+Kﬁﬁ(U e Y +U, 5 y)} pU, UUa pUjay} ¢ dl’
+/ FoédQ =0
! 77)
and
0z O0Va ov 0
/ [ |:C66’7wy+K66(Uz(;;y+Uy gyy)] Uga—Jr pU,U, 5 ] 1/) dQ
Q
0 pa O0€pa Oe Oe
-l-/Q{— |:0215zz + KQl(UIi(?{): +Uy—— By )+ Caoeyy + Koo (Uy ayy +U, ayy)}
UL, g— + UQgU] gw do
ov ol [oU, aU,
w0 [ |05 o) | +ay]}““
0Ye OV 0
+/ - Hcﬁﬁ%y+Kﬁﬁ(U g”+U a“)} - Ugaz pU, U, Mdr
o9
+/ Ny | | Co1€aa + Koy (Up—— fov y Uy—— = )+ Caseyy + Koo (Uy S U, €yy)
o9 Ox dy Ox Oy
ov 9
—pU,Uy 5= = pU ay} & dl
+/ Fpd=0.
Q
(78)

Finally, by inserting into (77) and (78) the definitions of the Cauchy strains from
(23), the weak form component equations for FEM implementation are obtained.
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The final result is

ou 0%u 0%u Ov

0% 0% ]

/J {C“a e +Uiga, )+012a TR, Uy
ou ou| 0o
27
US4 pU, U ]a do
ou  Ov Pu 0% v v ]
+/Q{— {C’eﬁ(ay-kax) Kﬁﬁ(Ux(rpay @>+Uy(ﬁ+0x8y))_
ou ,0u| 0¢
+pULUy 5 + Uya]a do
ou ou| [oU, 0U,
gu gu c 0
o [{lw g 5 Sl pes
ou 0*u 0%u v 9*v v, ]
+/aQ |:|:C110 + K (Upz— 2 +Uy6x8y)+0128y+K12< zaTay"_Uyﬁ)
Ujg — U, U, ]qsdr
ou v Pu 0% 0*u 82 1
Jr/aQ 7Ly|:|:066(ay + %) + G(Um(ﬁ + w) JrUy(ain + axay))_
Ju 50U
— | dIl’ F,o dQ) =
PUUy 5 = Uyay]qs +/Q ) 0
(79)
and
ou v PPu P Pu O
/Q{— {Caa(ay+ax) 66(Ux(m @)‘F y(aiyg—’— 8x8y))]
Uig—+ U,U, g“]gw do
du 0*u &*u 0%v 0%y
+/Q[ {C’ma + Ko (U, o 2—&-Uya 9 ) + Caeyy + Koo 188+Uy52)]
v L,0v| oY
+pU, Uya + pU, V7 ]8 dQ
v ov]| [oU, 09U,
- - Q
+p/n{[Um3x +Uy3y} [3»’6 ay]}wd
ou  Ov Pu v Pu v
el Gy + )+ ot + g+ UG+ axay”]
_pygg“ U, U, ]w dr
X
du %u 02u v v v
K o+ Kao(Up—- 52
+/m HCzla + Kn(Ups— 97 +Uy8x8y)+0228y+ 22(Ux8x6y+Uy8y2)]
811 281] _
pUU, S Uya?Jq/JdF—i—/ﬂwa do=0.
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Equations (79) — (80) represent the weak form of the classical strong form equations
(36) — (37), when consideration is restricted to the steady state.

We see that the weak form contains second derivatives in the viscous terms.
Thus, to enforce integrability (see e.g. [28]), C1 continuity of basis functions across
element boundaries is required in the viscoelastic case.

The corresponding pure elastic equations are obtained by setting K1, = Ko =
Ky = Ky = K¢ = 0. Explicitly, we have

/{ {Cna +C128U} U2f+ pU,U, au]
Q

0 0 ox
ou Ov 50 (3(;5
+/Q[ [Cﬁe(a +8)}+pUUy + pU; ]a
+p/ Uxa—u+Uy@ Uy
ou ov ,0u ou
+/89 |:|:0116 +C128y:| Ua—pUU6:|¢dF
871, (911 8
—l—/FIngdQ:O
Q
and 0 0 Ov v oY
LN v
/J [C"f’(ay*a )% U5+ UUa] dQ
ou ov Ov ov| O
+A|: |:Cg1a +sza:|+pUUya + U;a]a dQ
0 ovl [oU,  oU,
+p/ U, + U, 2l + 2y do
ox dy| | Ox ay (82)
+/ Coo( 2L 1+ 20| _ 2V _ UU wdl“
o By " ox 9z F
ou ov ov 81)
+ C + C U,U, dr
L H " ”aA el ]”
+/Fy7/) dQ=0.
0

Equations (81) and (82) are the basis of the two-dimensional solutions presented in
this article. Only first derivatives of the displacements are needed. Hence, CO finite
elements are sufficient.

Once a basis is chosen for u and v, it is straightforward to insert the Galerkin
representation of both displacement variables into (81) and (82). Then, considering
that the virtual displacement ¢ is arbitrary, we use the basis functions of u as the test
functions ¢ and the basis functions of v as the test functions 1), obtaining the discrete
equation system for the classical Galerkin method. Essential and natural boundary
conditions are then applied as usual.
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If the velocity field is divergence-free, we may omit the third line in both equa-
tions, and the velocity can be allowed to have finite discontinuities across element
boundaries. In all other cases, the velocity field must have CO continuity across el-
ement boundaries, in order to enforce integrability of (81) — (82). This is because
the terms on the third line of both equations follow directly from the weak form of
the problem, and thus cannot be applied only in element interiors (as is done e.g.
when second derivatives appear in certain numerical stabilization schemes for flow
problems; see e.g. [16]).

7 Coupling between drive velocity and in-plane dis-
placement

If some edges of the domain are free, the velocity field driving the material may
cause them to move. Each free edge will move until the velocity field becomes tan-
gential to it. For small deformations, it is possible to avoid deforming the mesh, and
still account for the slightly changed direction of the free edges by using approxi-
mate methods.

When free edges are present, the effective velocity field in the material is a priori
unknown. In a sense, the driving velocity field modifies itself when the free edge
deformations are taken into account. Thus, instead of taking U as a prescribed ex-
ternal velocity, this quantity may be redefined to fulfill two tasks. First, it will still
be based on the driving velocity field, but secondly, the modified U will also take
into account the small deformations in the free edges, including the effect that the
free edge deformations have on the effective velocity field inside the domain.

We will use a deformation-based approach. Consider the differential plane el-
ement in the small-displacement regime. See Figure 6. The original, undeformed
edges are given by the vectors x = (dz,0) and y = (0,dy). After deformation by
a displacement field u = (u,v), these edges become (with the help of a first-order

o)
oy 4y

.

(1+ g—z)dx

Figure 6: Small deformation of a differential plane element.
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two-dimensional Taylor expansion of each of the fields u and v)

_ u v _ ou ov
X = <(1+6$)dx, mdx) , vy = (&ydy’ (1+8y)dy) : (83)
The projection
ux = M- uy, (84)
that is, R R
ux || x-X y-X Uy
R VRl ®

transforms any vector field u given in x = (z, y) components into X = (X,Y") com-
ponents. Here x and y (respectively X and Y) are the unit vectors giving the direc-
tions of the axes of the (x,y) (respectively (X, Y')) coordinate systems. The boldface
subscript denotes which coordinate system the quantity is given in, and the plain
subscripts denote components.
We choose

X :=(1,0), Y:=(0,1), (86)
and take x and y as the unit vectors corresponding to the edges of the deformed
differential element:

?

x=x/|xl, y:=3/I5 - (87)
Here ||. .. || denotes the euclidean norm.

Now, instead of prescribing the velocity field Ux, we prescribe Uy (along the
deformed coordinate directions), and then project it to the capital-X axes using (85).
Then we set U = Ux in equations (81) — (82).

Using (85) — (87), we obtain the corrected velocity components as

Ux = (%-X)U, + (y - X) U, = 21U, + i1 U, ,

R . (88)
Uy = (X-Y) U, + (3 - Y) U, = &2U, + U, .

Here #; denotes the jth component of the vector X, and we have used (86).
If consider not only direction changes, but also length changes, of the reference
vectors (that were originally unit vectors), it is possible to use

x:=%x/dx, y:=¥y/dy. (89)

instead of (87), using the fact that the original lengths of the sides of the differential
element were dx and dy. In this case, we obtain

ou ou

Ux =2,U, +0:U, = (1+—)U, U, ,

A e T (90)
R R ov ov

Uy = 22Uy + 92U, = %Ux +(1+ a—y)Uy )

26



Then, up to first order, the deformed reference vector lengths (squared) are

2 Ouyg Oviy ou
&I = (14 200+ (o) w1+ 2 o
20U, v 4 ov
= (— 1+—)~1+2—.
917 = (G0t + L+ 5o~ 142
In case of pure axial input flow, U, = Ui, and U, = 0, we have
Ux=(1+ @)Um ,
avU
Uy — % in -

In the present study, equations (92) have been used for computing the velocity field
Ux.

Note that the corrections (88) and (90) make the effective velocity field Ux space-
dependent, even if the original input Uy is not, due to the space dependence of u.
Hence, we cannot assume U to be constant; terms involving its derivatives must
thus be retained in the equations.

Regardless of whether one uses (88) or (90), the corrected velocity field will vio-
late mass conservation, because the calculation is based on geometric considerations
only. Thus, a correction is required to preserve mass. We will need two different ap-
proaches depending on whether the material is compressible.

For a compressible material, we may use the mass conservation equation (1) to
compute the velocity field inside the domain, using in boundary conditions the
edge data for the normal component (in (X,Y’) coordinates) of the proposed ve-
locity given by (88) or (90).

To do this, one can view the mass conservation equation as diffusion of velocity
potential. Assume that the velocity field is irrotational (V x v = 0); this is reasonable
for steady state flow of a solid. In a steady state, dp/Jt = 0. We have

V-(pv)=0. (93)

After multiplication by a test function y, integrating over the domain €2, and apply-
ing the divergence theorem, we have the weak form

/(n~v)pxde/pVX'de:O. (94)
09 Q

Note that here p does not need to be constant. Next, let us use the fact that an
irrotational vector field has a scalar potential:

v=VV, (95)
where V' is a scalar-valued function. Inserting (95) into (94) obtains

/(n~VV)pxdF—/pVX~VVdQ=O. (96)
09 Q
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which is a steady-state diffusion equation (Poisson equation) for the velocity poten-
tial V. The natural boundary condition is

(n-VV)p=gq, (97)

i.e. one can prescribe the normal component of mass flow as a known function g.
Hence, if the density at the edge is known, it is possible to prescribe the normal
component of velocity there, via use of the natural boundary condition.

Recall equation (7), which gives density in terms of the axial strains, which in
turn are easily obtained from the displacements via equations (23). Thus the density
field can be computed once the displacements are known. Any CO elements can be
used for representing V.

By computation of the scalar potential V/, the tangential velocity component at
the edges will adjust itself such that mass balance is satisfied. Furthermore, the
computed velocity field VV inside the domain will also satisfy mass balance.

Because we have a Poisson problem with purely natural boundary conditions,
the solution V' is unique only up to an arbitrary additive constant. This can be reme-
died by standard techniques. One that is easy to implement is to add a small reac-
tion term [, e x V' dQ to the left-hand side of (96), where ¢ is a small constant (e.g.
e=107%).

In the case of an incompressible material, in the steady state the mass conserva-
tion equation (1) becomes simply V-v = 0, i.e., the velocity field of an incompressible
material must be divergence-free.

Therefore, in this case we simply compute the divergence-free projection of the
proposed velocity field (88) or (90). The projection can be obtained using the stan-
dard trick based on Helmholtz decomposition. For completeness, let us review this
briefly. Let U, be the expected velocity field before the correction for mass conser-
vation. Define a scalar potential p such that

Ap=V-U,. (98)
Since the laplacian A(...) = V - V(...), equation (98) is equivalent with
V.-Vp=V-U,. (99)
By rearranging terms, we have
V- (U.—-Vp) =0, (100)
i.e. the difference U, — Vp is divergence-free. Define the final velocity field as
U=U.-Vp. (101)
Then U is the divergence-free projection of U.. As the boundary conditions, one

may require
n-Vp=0 (102)
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on all boundaries. This ensures that the normal component of the correction Vp
vanishes at the boundaries. The solution will then adjust the tangential component
at the boundaries to enforce the divergence-free property there; in the interior of the
domain, both components are allowed to change.

Again, we have a Poisson problem with purely natural boundary conditions, and
thus the solution p is unique only up to an arbitrary additive constant. This can be
worked around as above. Let ¢ be a small constant, e.g. ¢ = 107%. The final weak
form of the projection problem is

—/Vp-deQ+e/pde+/ (n-Vp)XdF:/(V~Ue)XdQ, (103)
Q Q o0 Q
where y is a test function. Any C0 elements can be used for representing p.

Strictly speaking, if u is represented by CO0 elements, the divergence of U, (which
depends on the second derivatives of u) is not integrable due to singularities at the
element boundaries. However, the right-hand side of (99) is basically arbitrary, as is
also the velocity field U when viewed as input to (81) — (82). The only requirement
is that either V - U = 0, or alternatively, that V - U is integrable. Thus, we may
choose to omit the singularities when defining the auxiliary quantity p by (99); any
practical solver code will then see U = U, — Vp as a divergence-free velocity field.

This also has implications for the compressible case treated further above. There,
nonzero divergence was allowed for the velocity field (via local variations in den-
sity). Now, however, the divergence of the velocity field is present in the original
equations (81) — (82) themselves, and we cannot ignore singularities if we are to
represent the problem correctly. If the presented free-edge approximation is used,
then « and v must be represented using elements having C1 continuity across the
element edges. In the present study, we have chosen to ignore this issue by using
a divergence-free velocity field, allowing us to omit the problematic terms in (81) —
(82).

There is one final issue that must be accounted for. The presented free-edge ap-
proximation will make the equations (81) — (82) nonlinear, since the effective ve-
locity field U depends on the displacement u. Thus an iterative process must be
introduced to find the solution.

8 Numerical results

In this section, we will present numerical results from both the one- and two dimen-
sional models. In the one-dimensional case, the full viscoelastic model is used. The
two-dimensional study is focused on the inertial contribution in the pure elastic
case.

In the one-dimensional model, the strain and stress states can be calculated an-
alytically using the equations (52) and (56). Using the parameter values E, = 2.5 -
10" N/m?, n, = 4.0 - 10° Ns/m?, U, = 10 m/s, span length L = 1.0 m and strain
er = 0.03, the results shown in Figures 7 — 9 are obtained. The numerical solutions,
also shown in Figures 7 and 8§, are reproduced from the previous study [35].
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Figure 7: Analytical and numerical finite element solution of strain distribution
along the length of the web span [35].

As was pointed out in the analysis, the strain distribution along the travelling vis-
coelastic span differs from the traditional constant strain that is observed for purely
elastic materials [68]. However, even though the strain distribution is not constant,
the stress distribution is a combination of elastic and viscous forces based on the
equation (21), and it is almost constant. The stress increases very slightly towards
the traction line A2; this is a consequence of the acceleration of the web due to higher
outlet velocity, U, > U; [35]. The effect of the span length on the web stress state
is visible. Basically, the shorter the processing time of the viscoelastic span is, the
higher is the response of time-dependent viscous force component.

In case of the two-dimensional model, a purely elastic travelling two-dimensional
sheet was investigated numerically using finite elements. See Figure 10. The un-
knowns were the displacements u and v. The element type used was Q2 (quadratic
and quadrangular). Isoparametric mapping (i.e. also Q2) was used for the coordi-
nates. The auxiliary potential p for divergence-free velocity projection was repre-
sented using Q1 (bilinear quadrangular) elements. The classical Galerkin method
was used; for each unknown quantity, its own basis functions were used as the test
functions.

The mesh was set up as a uniform cartesian grid with 16 x 16 elements for each
of the unknowns. Discretizations were produced automatically from equations (81)
- (82) and (103). Dirichlet boundary conditions, prescribing displacements, were
enforced by the elimination technique. Homogeneous natural (i.e. zero Neumann)
boundary conditions required no action on part of the implementation. The dis-
cretization lead to 32895 global degrees of freedom in the linear problem (u and v
only), and 37120 in the nonlinear problem (u, v and auxiliary potential p).

The solution of the corresponding linear problem for the stationary elastic sheet
(U = 0) was used as the initial guess for u, and fixed-point iteration was used to
refine the solution of the nonlinear problem of the moving sheet. At each fixed-
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Figure 10: Setup for the two-dimensional numerical investigation. Elastic material
enters from the left at velocity U, and flows through the domain at a velocity deter-
mined by the interaction of U;, and the approximated behaviour of the free edges.

point iteration, the linear equation system was solved by a direct solver. The velocity
field U was computed starting from a purely axial inflow, as described above. See
equations (92), (101) and (103).

A common desktop computer with 4 CPU cores was used for the finite element
computations. With MPI-parallelized matrix assembly, each nonlinear problem took
about one minute of wall time. The implementation was based on the scientific
Python software stack.

Problem parameter values used in the study are listed in Table 1. The shear mod-
ulus based on the geometric average,

a__ VBB (104)

2(1 + \/V12V21) ’

was used for both the isotropic and orthotropic materials. Equation (104) is some-
times known as the Huber value for the shear modulus, after M. T. Huber who
proposed this relation for orthotropic materials [25, 26, 27].

The boundary conditions for the displacements u and v were

u(y) =v(y)=0 at =0, 0<y<b, (105)
uly)=ur at z=4¢ 0<y<b, (106)

and zero Neumann forvatz = ¢, 0 < y < b. In (106), u is a prescribed constant value
for the displacement. Note that at the outflow edge, only u is fixed; v is determined
by the zero Neumann condition.

32



Table 1: Parameter values used in the two-dimensional numerical study. All 24
combinations resulting from the choices of U, (4 values), b (3 values) and the two
materials were investigated. The shear modulus based on the geometric average
(equation (104)) was used for both the isotropic and orthotropic materials. Note
elastic compatibility Eyvq; = Eyrq (see e.g. [37]).

Un[m/s] £[m] b[m] plkg/m’] u[m]

0 05 0.1 800 0.03-¢
15 0.5
25 2.5
50
E1 [107 Pa] EQ [107 Pa] %P V91
Isotropic 2.5 2.5 0.3 0.3
Orthotropic 5.0 1.25 0.6 0.15

On the free edges, 0 < z < {,y =0and 0 < « < ¢, y = b, the zero Neumann con-
dition was used for both u and v. The zero Neumann condition (weakly) prescribes
zero normal component for the effective stress tensor (74), i.e.

o n=[oc—p(UaU -Vu)'] n=0. (107)

Explicitly, accounting for our geometry and spelling out the component form, from
equation (82) we can read the following condition corresponding to v at the outflow
boundary:

ou  Ov 50V 0

Ces(5— + =) — pU. pU,U,

v
— - =0 at z=1¢ 0 b 108
oy T o) " Vean at z=4( 0<y<b, (108)

dy
and from equations (81) and (82), the following conditions corresponding to u and
v (respectively) on the free boundaries:

Ou v ou ,0u
_ g et ; - 1
CGG(ay + 8:6) pUny@x pU, a9 0 at O0<z<d{, y={0b}, (109)
ou dv dv v
021% + Ogga—y - pUIUy% — pUja—y =0 at O<z<{ y=1{0b}. (110

The boundary conditions for the auxiliary potential p were (102) on all bound-
aries. As was mentioned, this requires that the normal component of the velocity
correction vanishes at the boundaries.

The problem was solved numerically for all 24 input value combinations result-
ing from the choices of U, (4 values), b (3 values) and the two materials, as listed in
Table 1. The quantities studied were w, v, €4, €4y, Vays Owas Oyy and 7,,,. In addition,
when Uy, > 0, the relative velocity field defined as

Urcl = (UJZ - U1117 Uy) (111)
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Figure 11: Displacement v, normalized to u, along the free edge 0 < z < ¢, y = b.
Left: isotropic. Right: orthotropic. Line style indicates inflow velocity Uy, darkness
indicates span width b.

was also studied.

Figure 11 shows the y-directional displacement profile (displacement v) along the
free edge 0 < = < ¢, y = b for representative isotropic and orthotropic cases for both
stationary and moving materials.

Figures 12-28 display contour plots of all studied quantities for a stationary ma-
terial (linear reference case), and material moving at U, = 50 m/s (representative
example of nonlinear case).

For all investigated cases, it was observed that for each quantity studied, the dif-
ference between the nonlinear and linear solutions is small, when compared to the
maximum value of the linear solution. While varying the magnitude of U, changed
the magnitude of this difference, the shape of the difference field (nonlinear minus
linear) for each quantity studied remained the same. See Figures 29 — 36 for repre-
sentative examples of the difference fields.

All effects were observed to become more pronounced for small aspect ratios £/b,
i.e. spans that are wide and short. The span length ¢ was kept constant, and the
width b was varied; hence in the figures, large values of b correspond to small aspect
ratios.

In all investigated cases, inertial effects caused additional elastic contraction of
the travelling span, on top of the contraction already observed for a stationary ma-
terial. This effect can be seen especially clearly in the y-directional displacement
profile, Figure 11, and the shape of the relative velocity field U,., Figure 12.
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Figure 12: Relative velocity field U,.;, normalized to U;, = 50 m/s (representative).
Left: isotropic. Right: orthotropic. Top to bottom: b = 2.5, 0.5, 0.1m (¢/b = 1/5, 1, 5).
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Figure 13: Displacements v and v, normalized to u;. Isotropic, Ui, = 0 (linear refer-
ence). Top to bottom: b = 2.5, 0.5, 0.1m ({/b=1/5, 1, 5).
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Figure 14: Displacements u and v, normalized to v;. Isotropic, Ui, = 50 m/s (repre-
sentative). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b =1/5, 1, 5).

37



25 0.7
0.544
20 0389
0233
15
0.0778
-0.0778
1.0
0233
05 -0.389
-0.544
og! = 0.7
05 032
0.249
0.4 0178
0.107
03
0.0356
-0.0356
02
-0.107
o1 0178
-0.249
01 032
0.10 0.062
0.0482
0.08 0.0344
0.0207
0.06
0.00689
-0.00689
0.04
-0.0207
0.02 -0.0344
-0.0482
0.0g! on 0.0g'8 . , , , . -0.062

Figure 15: Displacements v and v, normalized to u;. Orthotropic, Ui, = 0 (linear
reference). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b=1/5, 1, 5).
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Figure 16: Displacements u and v, normalized to u;. Orthotropic, U, = 50 m/s
(representative). Top to bottom: b = 2.5, 0.5, 0.1m ({/b=1/5, 1, 5).
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Figure 17: Axial strains ¢,, and ¢,,. Isotropic, Ui, = 0 (linear reference).
bottom: b= 2.5, 0.5, 0.1m ({/b=1/5, 1, 5).
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bottom: b= 2.5, 0.5, 0.1m ({/b=1/5, 1, 5).
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Figure 19: Axial strains ¢,, and ¢,,. Orthotropic, U;, = 0 (linear reference). Top to
bottom: b= 2.5, 0.5, 0.1m (£/b=1/5, 1, 5).
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Figure 20: Axial strains ¢,, and ¢,,. Orthotropic, Ui, = 50 m/s (representative). Top
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Figure 21: Axial stresses o,, and o,,. Isotropic, U, = 0 (linear reference). Top to
bottom: b= 2.5, 0.5, 0.1m ({/b=1/5, 1, 5).
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Figure 22: Axial stresses o, and ¢,,. Isotropic, U, = 50 m/s (representative). Top to
bottom: b= 2.5, 0.5, 0.1m ({/b=1/5, 1, 5).

45



o, [Pa]

2400000 2573 250000

223000
2140000 K

170000
1880000 .

117000
1620000 .

63800
1360000 .

10600
1100000 04% -16000

.0 0.1 0.2 0.3 0.4 0.5

P! I3
9, [Pa] 2300000 9, [Pa) 250000
223000
04 2100000
170000
0.3 1900000
117000
0.2 1700000
63100
0.1 1500000
9700
0.2 0.3 0.4 0.5 1300000 0.3 0.4 0.5 -17000
o, [Paj o, [Pal
0.10 1900000 0.10 . . . . 250000
0.08 1780000 0.08 198000
0.06 1660000 0.06 147000
0.04 1540000 0.04 94800
0.02 1420000 0.02 43100
0089 0.1 0.2 0.3 0.4 05 1300000 0085 0.1 0.2 03 0.4 05 8600

Figure 23: Axial stresses o,, and o,,. Orthotropic, Ui, = 0 (linear reference). Top to
bottom: b= 2.5, 0.5, 0.1m ({/b=1/5, 1, 5).
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Figure 24: Axial stresses o,, and o,,. Orthotropic, U;, = 50 m/s (representative).
Top to bottom: b = 2.5, 0.5, 0.1m (¢/b=1/5, 1, 5).
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Figure 25: Shear strain v,, and shear stress 7,,,. Isotropic, U;, = 0 (linear reference).
Top to bottom: b = 2.5, 0.5, 0.1m (¢/b=1/5, 1, 5).
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Figure 26: Shear strain v,, and shear stress 7,,,. Isotropic, Ui, = 50 m/s (representa-
tive). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b =1/5, 1, 5).
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Figure 27: Shear strain v,, and shear stress 7,,. Orthotropic, U;, = 0 (linear refer-
ence). Top to bottom: b = 2.5, 0.5, 0.1m ({/b=1/5, 1, 5).
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Figure 28: Shear strain v,, and shear stress 7,,. Orthotropic, Ui, = 50 m/s (repre-
sentative). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b =1/5, 1, 5).
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Figure 29: Nonlinear contribution to displacements, normalized to w;. Isotropic,

Uin = 50 m/s (representative). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b =1/5, 1, 5).
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Figure 30: Nonlinear contribution to displacements, normalized to ;. Orthotropic,

Uin = 50 m/s (representative). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b = 1/5, 1, 5).
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Figure 31: Nonlinear contribution to axial strains. Isotropic, U;, = 50 m/s (repre-
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Figure 32: Nonlinear contribution to axial strains. Orthotropic, Ui, = 50 m/s (repre-
sentative). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b =1/5, 1, 5).
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Figure 33: Nonlinear contribution to axial stresses. Isotropic, Ui, = 50 m/s (repre-
sentative). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b =1/5, 1, 5).
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Figure 34: Nonlinear contribution to axial stresses. Orthotropic, U, = 50 m/s (rep-
resentative). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b=1/5, 1, 5).
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Figure 35: Nonlinear contribution to shear strain and shear stress. Isotropic, U;, =
50 m/s (representative). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b =1/5, 1, 5).
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Figure 36: Nonlinear contribution to shear strain and shear stress. Orthotropic, U, =
50 m/s (representative). Top to bottom: b = 2.5, 0.5, 0.1m (¢/b =1/5, 1, 5).

59



9 Conclusion

The analysis performed gives new insights to the modelling of axially moving con-
tinuous materials. Fundamentally, the model used is comparable to fluid flow mod-
els (Navier-Stokes), where the velocity is the main variable to be calculated. Simi-
larly, the fundamental variable here, displacement, can be understood as a steady-
state “Eulerian snapshot” from the moving continuum. It must be noted that the
velocity levels used in the model are assumed to affect the in-plane flow of the ma-
terial ”“as such”, without the loss of stability or deflections in the out-of-plane di-
rection [4, 9, 53]. The full time-dependent model also includes terms comparable
with Newtonian viscosity. Standard viscosity of Newtonian fluids is defined using
viscosity and velocity gradient (in the z-direction):

_ou,
_/U‘ayv

T (112)
where i is fluid viscosity. Studying the equations (36) and (37), there are terms
dependent only on the web material viscosity II. It is possible to write following for
partial shear stresses 7 and 7»:
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Equation (113) can be rewritten as an "Eulerian’ viscosity law for shear stress
dependent on the web viscosity, displacement gradient and time:
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(114)

It is noticeable that equation (113) does not include the transport velocity itself
and must be defined separately in both in-plane directions.

The presented two-dimensional model makes possible to study elastic two-dimen-
sional strain distribution of moving continua. One key finding is that inertial effects
cause additional contraction on top of the contraction already observed for a sta-
tionary material.

The model presented is always nonlinear. The reason for this is that due to mass
conservation and the behaviour of free edges, the total material velocity U is de-
pendent on the displacement u, which further is dependent on the same in-plane
velocity.

If the material is assumed ideal linear-elastic, the one-dimensional moving web
model will produce constant strain, similarly to linear elastic stationary models.
However, in reality, there is always some degree of viscous properties in all materi-
als, and therefore with moving webs, the constant strain approach is not possible.

The limitations of the present study are also apparent. The model was stud-
ied in a steady state, which does not allow for temporal variations in the flowing
medium preceding the observation span under study. To include such effects, a
time-dependent formulation must be used.
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Also, from a physical viewpoint, the use of Dirichlet boundary conditions in two-
dimensional web handling models is problematic. In a two-dimensional model,
there is no dimension in the thickness direction. Thus, the Dirichlet boundary con-
ditions affect the whole thickness of the web, even though in reality all web han-
dling systems are based on surface traction. In the interior of the web, the actual
axial displacement will differ from the value set by the Dirichlet boundary condi-
tion, which in physical terms represents a prescribed displacement at the surface.
Therefore, more realistic two-dimensional web continuum models should be based
on Neumann or Robin boundary conditions with finite thickness modelling.

A logical future step to continue along the present line of study would be to
consider the effects viscoelasticity also in the two-dimensional case, since the web
velocity and viscous properties are closely connected with each other [35].
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ABSTRACT

The fast tensile test rig Impact has been
built and developed for paper tensile
strength and relaxation studies. By the
method it is possible to study the tensile
and relaxation properties of wet pressed
and dry papers. The elognation velocity
of a paper sample is 1.0 m/s, which corre-
sponds to the speed differences in the web
transport of a paper machine. Wet paper
samples are measured with two different
dry solids contents. The analyses of wet
dynamic tensile and relaxation results are
carried out as a function of dry solids
content.

This new method gives excellent
opportunity to furnishes
compositions and the effects of refining
and/or furnish preparation on optimizing
paper machine runnability. Also new
raw materials, new fiber properties and
existing fiber properties can be developed

estimate

in order to find the economically best
paper making environment for paper and
board making lines. With the help of this
method, furnish properties can be measured
straightforwardly without the effects caused
by the wet end of paper machines.

This method will also speed up the
product development procedure & process
simplification since the effects of fiber
processing can preliminarily be estimated
without pilot trials.

From the viewpoint of paper physics,
relaxation phenomenon will raise
questions as to the tensile behavior
of paper. Especially interesting is the
reason for the difference between wet
strength and relaxation responses with
applied strain.

Wet web
examined on the basis of wet paper test
results. Still, there is no dry paper test
procedure that can reliably describe wet
paper web runnability.

runnability must be

TIIVISTELMA

Laboratoriomittakaavan
mittausmenetelma puristinkuivan
paperiradan ajettavuuden
arvioimiseksi. Osa 1.

Paperin vetolujuus- ja relaksaatiomit-
tauksia varten on rakennettu nopean
vedon mittalaite Impact. Tamd mahdol-
listaa vetolujuus- ja relaksaatio-ominai-
suuksien mittaamisen puristinkuivista ja
kuivista paperindytteistd. Venytysnopeus
1 m/s vastaa paperikoneella radan siir-
rossa tapahtuvaa muodonmuutos no-
peutta. Puristinkuivat paperindytteet
mitataan kahdessa kuiva-ainepitoisuu-
dessa. Vetolujuus- ja relaksaatiokokeiden
tulosten analysointi tapahtuu kuiva-aine-
pitoisuuden funktiona.

Tédmé uusi menetelmd antaa erin-
omaiset mahdollisuudet arvioida uusia
massaseoksia ja jauhatuksen sekd mas-
san kasittelyn vaikutuksia paperikoneen
ajettavuutta optimoitaessa. Uusia raaka-
aineita sekd uusia ja olemassa olevia kui-

tu-ominaisuuksia voidaan kehittdd, jotta
l6ydetadn taloudellisesti paras ymparis-
to paperin ja kartongin valmistuslinjoille.
Témdn menetelmdn avulla, massan omi-
naisuudet voidaan mitata suoraviivaisesti
ilman paperikoneen mardn padn proses-
sivaikutuksia.

Tdmd menetelmd nopeuttaa tuote-
kehitystd, koska kuidun kasittelyn vai-
kutukset voidaan testata ensivaiheessa
ilman koeajoja. Tutkittaessa lopullisia
vaikutuksia paperikonemittakaavassa
koeajot ovat tarpeellisia vahvistamaan
laboratoriomittauksen tulokset.

Paperifysiikan kannalta relaksaatioil-
mid herdttdd kysymyksida paperin jannitys-
venymakadyttdaytymisen suhteen. Erityisen
kiinnostava on ero mdarkalujuuden ja re-
laksaation valilla vakiovenymassa.

Maran paperiradan ajettavuutta pitada
tutkia mdrdstd paperindytteestd tehdyn
mittaustuloksen perusteella. Edelleenkddn
ei ole olemassa kuivalle paperille kehitet-
tyd testimenetelmad, joka kuvaisi luotet-
tavasti mdrdn paperiradan ajettavuutta.

Introduction

During recent years paper machine pro-
duction capability and efficiency has been
emphasized. Generally speaking, the most
profitable paper making companies are pro-
ducing paper with the highest production
rates. In studying paper machine runnability
one of the most important factors is paper
machine speed, the development of which
can be seen in Fig. 1.

At this moment the highest top 24-hour
speed is more than 1900 m/min (> 114 km/h).
It is obvious that water removal, wet
pressing and web handling are challenging
at that speed range. External forces affecting
the wet paper web at the beginning of the
dryer section create demands which can
be handled not only with runnability
components but also with the development
of fiber properties /1; 7/.

The wet strength and measuring
procedures of wet paper have been of interest
to papermakers for a long time. Results have
been applied to paper machine process
control with quantity changes or changes to
pulp blends. Correlation between measured
results and process control typically varies
case by case. However, the time-dependent
stress-strain behavior, i.e. the viscoelasticity,
creates an important area which has to
be taken into account when studying
the connection between fiber properties
and runnability. The properties of pulp
and fiber (for example fiber dimensions,
polymer structure, fibrils, water removal
and single fiber stiffness) are essential
factors in developing the wet strength of
the paper web.

In the beginning of the drying section
good stabilization of the wet web depends
mainly on web tension, which is typically
created by the speed difference in the web
transfer between the press and drying
section. During that time the dry solids
content of the paper web is typically 45—
55%. In the transfer, the wet paper web
undergoes a fast speed increase. Absolute
straining speeds can be even 1 m/s. The
amount of wet straining depends particularly
on wet web viscoelasticity. Typically, relative
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Fig. 1. Speed development of printing paper machines during the 1990’s. Each dot

marks the average yearly production speed of the best machine.

speed differences after the press section vary
between 2-5%.

Many runnability studies made on
a labora[ory Scale have been done uSing
wet hand sheets. The procedure of making
hand sheets and handling wet samples has
been varied /2-4; 8-15; 20/. Wet paper
mechanical testing has typically been done
with a slow strain rate. The results of time-
dependent relaxation tests have rarely been
published.

We will present in this article a new
method and advanced test rig to analyze wet
paper tensile and time-dependent properties.
The procedure includes the making of hand
sheets, wet sample handling, storage and
measurements. As a result, it is possible to
do repeatable tensile and relaxation tests in
two different press drynesses — typically
between 30-65% —and in a dried state. Fast
tensile testing will be done using the novel
Impact test rig with an absolute straining
speed of 1 m/s.

The measurement procedure and test
rig have been developed to study the fast
tensile properties of paper /16/. Additionally
they give us a new opportunity to analyze
the runnability and wet web handling of
paper machines on a laboratory scale. This

procedure also enables the development of
furnish mixes, fiber refining, fiber handling,
filler properties etc. The method has been
successfully used to optimize furnish
runnability at the beginning of the dryer
section. We have noticed that there is a
correlation between the measured laboratory
results and paper machine dryer section
runnability /6; 21/.

Known studies
There are a wide range of different proce-
durCS and instruments to measure paper
strength. However, there is no standard pro-
cedure for relaxation or creep tests, which
are both time-dependent tensile properties.
When performing a relaxation test, the ten-
sion of the paper is measured as a function
of time at a constant strain. When perform-
ing a creep test, the strain of the paper is
measured as a function of time at a constant
tension. The time frame of a relaxation or
creep test can vary from fragments of a sec-
ond to hours /8/. Instruments used for paper
relaxation measurements have typically been
general material testing instruments.
When using standard test procedures,
tensile tests must be performed with cer-

tain absolute strain rates, which are 12, 22

h
Strain
A B
Tension]
Tension loss
>50% ©|
:A Residual tension I
Yy B
>

A B

Fig. 2. Schematic presentation of web tension drop in the wet paper web during press-

to-dryer section transfer (two draw levels).
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or 100 mm/min. However, the relation be-
tween the tensile properties of paper and the
strain rate has been noted in many earlier
studies /9; 10/. Paper material parameters
are dependent on strain rate, which should
always be taken into account when tensile
results are applied for example to the paper
making process.

‘Wet paper

Many different measuring procedures and
instruments for wet paper studies have
been introduced /8; 11-16/. The proper-
ties of wet paper have been studied even
at 8% dry solids content /11/. Wet paper’s
dry solids content increases rapidly under
laboratory temperature and humidity. This
leads to uncontrolled variation in dry sol-
ids content and the shrinkage of samples.
ThCSE de[eriorate the ﬂccuracy Of measure-
ment results. When repeating tensile tests
with different dry solids contents, control-
ling the shrinkage of the paper has an effect
on tensile results /17/.

Laboratory results have been used to es-
timate the runnability of the paper machine
dryer section. Typical variables in the stud-
ies along with dry solids content have been
the content and refining of kraft pulp /14;
15/. Measured parameters of wet paper have
typically been tensile strength, elastic mod-
ulus, strain at break and T.E.A.. The typi-
cal parameter of relaxation measurement is
tension at the beginning of strain step. The
relaxation test can be performed at desired
strain levels, which gives more information
on the time-dependent properties of paper.
Laboratory scale analyses for paper machine
runnability have been presented /14/.

Additionally, models for wet paper
strength have been developed. These depend
on fiber dimensions, coarseness, relative
bonded area etc. /18/. However, the connec-
tion to actual fiber properties and fiber net-
work structure is found to be complicated.

Present studies

Comparing the above-mentioned different

procedures and instruments with each other

is usually very difficult. This is due to:

¢ Diry solids content,

¢ Handling time of wet paper sample
(laboratory environment),

¢ Control of shrinkage in specific dry
solids content area,

¢ Controlled change of dry solids con-
tent,

¢ Controlled drying of both ends of wet
sample,

¢ Control and accuracy of jaw motion
(strain),

* Control and accuracy of strain rate,



¢ Dimensions of samples.

In general the repeatability of tests is
challenging, but with exact control of the
factors listed above it is possible to create
a reliable test environment for wet paper
samples.

The absolute necessity for successful wet
sample testing is a standard laboratory envi-
ronment (controlled moisture and temper-
ature) and equally timed sample handling
and measuring procedures.

Description of THE papermaking
process

Generally, successful runnability and web
handling is achieved when the following
inequality is valid:

Forces applied to moving web = Web tension
< Wet tensile strength

When speeds are increasing, greater ex-
ternal force components (centrifugal etc.)
force us to use bigger web tensions. This
leads closer to the upper limiting tension,
which is obviously the wet tensile strength.
The above statement also means that the
greater the web tension in the draw, the
better the stability of the web both during
the draw and afer the draw.

The fundamental idea in this hypothesis
is to take into account the fact that paper is
a viscoelastic-plastic material, which means
that elastic properties are time-dependent
during and after web straining. Fig. 2 shows
a schematic presentation of web tension be-
havior in press-to-dryer section transfer.

It is notable that web tension does not
remain constant after the straining in the
open draw and thus can be substantially
lower in the beginning of the dryer section.
The level of this tension drop is typically
between 20-60% of the tension dur-
ing stretching. Most of the relaxation oc-
curs during the 0.5 sec relaxation time. The
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relaxation phenomenon is closely related to
the elasticity of the fiber network. Therefore
fiber properties and water amount are the
main contributors to this effect /3/.

Since web transfer from the center roll
(Fig. 2) is a very sensitive operation due to
the low web strength and web elasticity, the
tensioning of the web via stretching is the
normal way to control web stabilization. On
the other hand, due to increasing machine
speeds, increasing external force components
coerce the paper maker to increase this open
draw tension and strain /19; 20/.

The increase of wet straining, however,
has many negative effects on the overall
quality of the paper. The increase of poros-
ity is one of the main results, but also the
loss of web plasticity, i.e. the strain potential
of the paper is important since paper should
have the capability of T.E.A. on later finish-
ing and printing processes /1; 2; 4/.

Stretching in the paper machine be-
tween paper making subprocesses is much
more rapid compared to normal strain speed
in the laboratory made with tensile testing
equipment. The biggest relative speed dif-
ferences in papermaking are appr. 4%. This
means that with the fastest machine the ab-
solute straining speed is over 1.0 m/s.

For this reason, the straining speed in
relaxation testing also has to be fast, since
it has an effect on tensile values and also on
the strain potential of the stretched paper

/5, p. 264-2651.

Procedure of PULP Runnability
potential measurement

Measuring procedure

The fast tensile test rig Impact has been
built and developed in co-operation with
VTT Processes and Metso Paper. The av-
erage strain rate of the Impact test rig is
1 m/s. The test rig is applied for paper ten-

Oscilloscope D.S.C. analyzer

co
co

oo ooo
00 000

Fig. 3. Principle of test procedure with Impact.

sile strength and relaxation tests. In relaxa-
tion test exceeding of target value is typically
about 5% in motion of 1 mm. Due to the
high strain rate, tests are named as dynamic
tensile tests /16/.

In addition to the tensile test instru-
ment, an essential instrument in test pro-
cedure is a moisture analyzer, with which
the dry solids content of paper samples are
measured after a tensile test. The principle
of the test procedure is presented in Fig. 3.

Laboratory hand sheets for the fast ten-
sile strength and relaxation tests are always
made at VT'T Processes. Standard dry hand
sheets of 60 g/m? are formed according to
SCAN-C27:76. The white water circulation
of hand sheet former is used every time me-
chanical pulp or filler is blended. Usually
only cold disintegration is performed for
mechanical pulps.

Preparing and handling wet hand sheets
is different from preparing and handling dry
hand sheets. Wet hand sheets of 60 g/m?
(dry weight) are also formed according to
SCAN-C27:76. The dry solids content of
wet hand sheets is controlled by wet press-
ing with two different pressure levels. After
this the wet pressing hand sheets are piled
between drying plates and stored. The width
of tensile test strips is 15 mm and 20 mm
for dry and wet test strips respectively. The
span of both dry and wet test strips is always
100 mm.

The dry solids content of paper samples
is measured with a moisture analyzer im-
mediately after the relaxation or tensile test.
During the test the wet paper sample dries
and it is therefore difficult to determine
the true dry solids content during testing.
However, by standardizing work proce-
dure, the delay between the tensile strength
or relaxation test to the start of the moisture
analysis is the same every time.

Dynamic tensile and relaxation

properties

Fig. 4 shows the tension-strain-figure of wet

paper in a dynamic tensile strength test.

Typical quantities determined in a dynamic

tensile strength test are:

¢ Tensile strength = maximum tension in
tension-strain-figure,

®  Strain at break = strain corresponding
to maximum tension in tension-strain-
figure,

¢ Elastic modulus = maximum value of
slope of secant in tension-strain-figure,
when secant fixed in origin,

¢ Dynamic modulus = value of slope of
secant in tension-strain-figure, when
secant fixed between origin and maxi-
mum tension value.
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Fig. 4. Tension-strain-figure of dynamic
tensile strength test.

Fig. 5 shows the tension-time-figure
of wet paper in a dynamic relaxation test.
Typical quantities determined in a dynamic
relaxation test are:
¢ Maximum tension = maximum tension

in tension-time-figure,
¢ Residual (relaxation) tension = tension

at a constant strain at a certain time af-
ter straining is stopped. Wet paper re-

sidual tension is examined after 0.475 s

and dry paper residual tension is exam-

ined after 9.5 s.

The above relaxation times are chosen
from the viewpoint of web transfer delays
between paper machine subprocesses.

The dynamic tensile strength describes
paper tension at breaking point. When the
paper web runs through the paper machine,
there is no intention to break the paper web
by straining. If paper machine runnability
is studied with dry paper, tensile strength,
drying shrinkage, straining during drying,
etc. can not be taken into account in the
final results.

Fig. 5. Tension-time-figure of relaxation
test.

Residual tension is the most important
parameter in Figs. 4 and 5. Elastic modulus
is important when tension growth is esti-
mated. Strain at break is important when
the potential of strain or tensile energy ab-
sorption is estimated.

Analyzing procedure
Wet paper samples are measured with two
different dry solids contents. The analyzing
of wet dynamic tensile and relaxation results
is carried out as a function of dry solids con-
tent. Typically a linear interpolation is made
between the two measured wet points. Then
wet dynamic tensile and relaxation proper-
ties are studied usually with a 50% dry solids
content, which is a typical dry solids content
after the paper machine press section.
After a pulp runnability study of a cou-
ple of hundred different pulps, it has be-
come clear that not only tensile strength but
also elastic modulus, residual tension and
maximum tension develop exponentially as
a function of dry solids content. In Figs. 6
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Fig. 6. Dynamic tensile strength values

of different LWC blend hand sheets by
Impact as a function of dry solids content.
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Fig. 7. Dynamic tensile strength values
of different LWC blend hand sheets by
Impact test rig as a function of dry solids
content (enlarged from Figure 6).
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and 7 the exponential growth of dynamic
tensile strength as a function of dry solids
content is shown. These two figures show a
large selection of different pulps, which have
a large variation in wet tensile strength.

Studied samples

Different LWC and Fine pulp blends were
studied. In LWC blends the softwood chem-
ical pulp content varied between 0—40 %
and the filler content between 0-20%. In
the fine pulps studied the softwood chemi-
cal pulp content varied between 0-40% and
the filler content between 0-30%.

Results

Differences between wet and dry paper
strength properties

In earlier sections the differences between
wet and dry paper elasticity have been dis-
cussed. In this section we shall look more
closely at those differences from the view-
point of wet web runnability and tension
preservation capability (residual tension).

Residual tension typically correlates with
dynamic tensile strength when dry paper is
studied. Correlation is usually independent
of pulp type.

Fig. 9 shows the correlation between re-
sidual tension 0.475 s at 1% strain of wet
LWC and Fine blends as a function of wet
dynamic tensile strength. In Fig. 9 wet Fine
pulps have the same kind of correlation as
dry Fine pulps in Fig. 8. Fine pulps have a
lower slope compared to LWC blends.

Figs. 8 and 9 show the difference be-
tween the nature of dry and wet paper relax-
ation. Dry paper relaxation test results have
a higher slope of correlation with dry paper
tensile strength, as in Fig. 8.

Wet paper relaxation test results have
a lower correlation with wet or dry paper
tensile strength, as shown in Fig. 10.
However, the correlation between wet paper
and dry paper tensile strength presented in
Fig. 11 is clearly different to that in Fig.
10. In other words, it is difficult to obtain
reliable wet paper relaxation test results by
means of dry tensile testing.

Presenting exact correlations over a large
scale can be misleading. On a smaller scale
it is possible to find different dependencies
compared to the larger scale correlation, as
presented in Fig. 12. These phenomena
are especially emphasized with modern
paper machines, where operational process
parameter windows are optimized for
production efficiency.

Fig. 13 reveals that the correlation be-
tween dry tensile strength and wet elastic
modulus is very unclear and artificially em-
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phasized due to the higher filler content trial
points in the lower left corner.

Fig. 14 presents an example of the ten-
sion-strain behavior of 100% mechani-
cal pulp (TMP) and 100% chemical pulp
(birch) hand sheets. The tensile strength of
mechanical pulp is twice the tensile strength
of chemical pulp when the paper sample is
wet and never dried.

Fig. 15 presents an example of the ten-
sion-strain behavior of a relaxation test at
1% with 100% mechanical pulp and 100%
chemical pulp hand sheets. Residual tension
0.475 s at 1% strain of mechanical pulp is
more than twice the corresponding residual
tension of chemical pulp.

Dry paper standard strength properties
(tensile strength, strain at break, tear in-
dex, etc.) have been studied extensively for

Fig. 15. Tension-time-figures of TMP, PGW
and birch at 49% dry solids content and
Birch/SW (60/40)% at 46% dry solids
content at 1% strain.

decades and the typical values are widely
known. For wet paper there are no prac-
tical or functional standards for strength
measurements and therefore published wet
paper tensile strength studies differ signifi-
cantly from each other. Wet paper strength
properties and differences, for example be-
tween LWC and Fine grades, are therefore
mostly unknown.

Discussion |/ Conclusion

This new method presented gives excellent
opportunities to estimate new furnish com-
positions and the effects of refining and/or
furnish preparing on optimizing paper ma-
chine runnability. With the help of this
method, furnish properties can be measured
straightforwardly without the effects caused

by the wet end of paper machines.

It will also speed up the product devel-
opment procedure & process simplifica-
tion since the effects of fiber processing can
preliminarily be estimated without trials.
However, it is clear that when studying the
final effects in the paper machine real-scale
trials are necessary in order to confirm the
laboratory results. The application of this
method is presented in /21/, where it was
possible to optimize the material composi-
tion of LWC base paper using BSK reduc-
tion.

From the viewpoint of paper physics, re-
laxation phenomenon will raise questions as
to the tensile behavior of paper. Especially
interesting is the reason for the difference
between wet strength and relaxation re-
sponses with applied strain. As shown above,
wet fibers create a stiffness response, but its
nature is more dependent on water inside
the fiber and the type of inter-fiber bonding.
In addition, the nature of mechanical pulp
and its fiber material is interesting. Even
though the mechanical pulp includes non-
bonding lignin, it seems that fines create ad-
ditional bonding which improves the elastic
performance of wet mechanical fiber.

Using standardized 60 gsm hand sheets,
the large scale correlation in the dry tensile
strength of Fine and LWC samples is similar.
However, wet residual tensions are clearly
at a lower level with Fine samples made
from bleached chemical pulp. Interestingly
snough, this same situation does not occur
between wet and dry tensile strength.

An important feature is the elastic re-
sponse difference between TMP and birch.
With low strain levels the created tension
is on the same level which means that both
pulps are equally good for runnability, if it
is possible to keep press-to-dryer draw at a
very low level. With higher draw levels TMP
performs clearly better, giving a 100% better
tension level compared to Fine’s 3% strain
level. From the runnability point of view, a
3% strain level seems to be the saturation
level for studied mechanical pulp. The ten-
sion no longer increases but other paper
properties rapidly deteriorate with high
strain levels, due to the rupture of the fiber
network.

The disadvantage of this method is its
length and complicated procedure. Wet
laboratory hand sheets have to be made
and treated in an accurately controlled lab-
oratory environment. In addition, sample
preparation and measurement procedure
standardization are mandatory.

‘Wet web runnability must be examined
on the basis of wet paper test results. Still,
there is no dry paper test procedure that
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can reliably describe wet paper web run-
nability.

Typically, the runnability of a paper
machine press section and dryer section
are optimized in order to achieve the great-
est possible machine speed with the opti-
mized number of web breaks. The linkage,
knowledge flow and knowledge utilization
between furnish mills, stock preparation
and paper making is inadequate. With this
method new raw materials, new fiber prop-
erties and existing fiber properties can be
developed in order to find the economically
best paper making environment for paper
and board making lines.
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Abstract

In the second part of the series we further
link wet paper results of fast tensile test rig
IMPACT with paper machine runnability.
This paper presents the effects of filler and
Kraft content, refining level, jet/wire ratio,
and strain rate on the tensile and relaxation
properties of a wet web. Since relaxation oc-
curs in all papers subjected to a constant strain
increase, the key item is the tension holding
capacity of paper. It depends naturally on
draw levels, but also greatly on properties of
furnish, including its numerous modification
possibilities at different raw material handling
and stock preparation stages.

The effect of the filler content on hand-
sheets in-plane tensile and relaxation prop-
erties were shown to be strongly dependent
on dry solids content. Filler content level
was shown to affect more wet web tensile
than relaxation properties. The relationship
between density and tensile strength of dry
paper was shown to be linear. Wet paper
tensile strength and residual tension were
not developed linearly by increasing density.
In order to evaluate wet web runnability,
both residual tension and dry solids content
of paper should be observed.

The effect of the jet/wire ratio was simi-
lar on both wet and dry MD/CD tensile
strength ratios, whereas at constant jet/wire
ratio the MD/CD ratio of residual tension
was significantly higher. This was mainly
due to low elasticity of wet web in CD.
Strain rate were shown to have significant
effect on stress relaxation percentage as well
as the maximum tension of wet paper.

Kirjoittajat! Téihiin suomenkielinen
otsikko!

IMPACT nopean vedon mittalaitetta esitte-
leviin julkaisusarjan toisessa osassa jatkamme
mirin paperin mittaustulosten ja paperiko-
neen ajettavuuden vilisen yhteyden tarkas-
telua. Tissd julkaisussa esitetddn tiyteaine- ja
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Fig. 1. Average annual production speed of the best LWC machine, and absolute open draw speed

difference at 3.0% strain level.

pitkikuitusellun osuuden, massan jauha-
tuksen, suihkuviirasuhteen ja vetonopeu-
den vaikutuksia mirin rainan vetolujuus- ja
relaksaatio-kiyttiytymiseen. Relaksaatiota
tapahtuu kaikissa papereissa venytyksen jil-
keen, joten olennaista on paperin kireyden-
pitokyky (kireyden relaksaation nopeus).
Kireydenpitokyky riippuu vedon miiristi,
mutta myds massaseoksen koostumuksesta
mukaan lukien lukemattomat muutosmah-
dollisuudet raaka-aineen ja massan valmis-
tuksen eri vaiheissa.

Tiyteainepitoisuuden vaikutus tason-
suuntaisiin vetolujuus- ja relaksaatio-omi-
naisuuksiin havaittiin laboratorioarkeilla
riippuvan voimakkaasti kuiva-ainepitoisuu-
desta. Tiyteainepitoisuus vaikuttaa mirin
rainan vetolujuusominaisuuksiin voimak-
kaammin kuin relaksaatio-ominaisuuksiin.
Kuivan paperin ja tiheyden vililld havaittiin
lineaarinen riippuvuus, kun taas mirin pa-
perin vetolujuus ja jidnndskireys kehitryivit
epilineaarisesti tiheyden funktiona. Mirin
rainan ajettavuutta arvioitaessa tulisi tarkas-
tella sekd mirin rainan jadnnoskireyttd ettd
kuiva-ainepitoisuutta.

Kuivan ja mirin paperin vetolujuussuh-
teet kehittyivit samalla tavalla suihku/viira-
suhteen muuttuessa. Sen sijaan vakioidulla
suihku/viira-suhteella mirin rainan jiin-
ndskireyssuhde oli selvisti suurempi kuin
vetolujuussuhde. Tdmi oli seurausta mérin

rainan alhaisesta poikkisuuntaisesta elasti-
suudesta. Vetonopeudella osoitettiin olevan
suuri merkitys mirin rainan maksimikirey-
teen vedossa, seki kireyden relaksaatioon.

Introduction

In this article we address further the natu-
ral rheological behavior of paper from the
viewpoint of paper machine runnability
/1/. The nature of the moving web and its
tensioning on the paper machine with the
help of speed differences constitute a very
different environment compared to normal
paper applications and functional demands
in the end-user environment. The main dif-
ference in papermaking is processing speed.
Papermaking line processes are usually very
fast, and processing time decreases as pro-
duction speed increases. For this reason,
viscoelastoplastic paper properties will be
increasingly important as time-dependent
features are emphasized. This article will
provide deeper insight into the implications

1. Jarmo Kouko, Kristian Salminen, VTT Technical Re-
search Centre of Finland, PO Box 1603, FI-40101
Jyviskyl, Finland.

2. Matti Kurki, Metso Paper, PO Box 587, FI-40101,
Jyviskyld, Finland. Present address: Oy Metsi
Botnia Ab, Ainekoski Mill, FI-44100 Aznekoski,
Finland.

Paperi ja Puu — Paper and Timber Vol.89/No. 7-8/2007 1



of strain rate based rapid paper testing re-
sponses and some other key paper machine
process variables.

Paper machine speeds have continued to
increase at the rate noted in Fig. 1 /1/. For
the most part, this development is based
on more stable and better-controlled proc-
ess parameters and raw material utilization,
but runnability component technology has
also improved web stability. It is clear that
this area will gain added emphasis as exter-
nal forces continue to increase faster than

speed.

Paper rheology

According to Perkins, the most common
form of elasticity to be assumed is linear
elasticity. The linear elastic model of paper
behavior is commonly used in many ap-
plications. It is considered to be an accu-
rate model when environmental conditions
are constant, when the duration of loading
or strain is relatively short, and when the
stresses and strains are maintained at a low
level. /2/

The elastic strain level of paper is not
easy to determine, and it may be as low as
0.15%-0.30%. Linear elastic behavior, as
determined in Hooke’s law, requires that
the relationship between stress and strain is
linear, and that strain is zero when stress is
removed /2/. These requirements and the
behavior of paper are inconsistent, and pa-
per is therefore not linearly elastic.

Linear viscoelasticity (time-dependent)
is a proper assumption if the environmen-
tal conditions of temperature and relative
humidity are constant over time and their
values are moderate, and if the levels of
applied stress or imposed strain are small
/2, 3/. However, these stresses and strains
are unfortunately not on a practical scale,
which means that this theory is not accu-
rate enough to describe the behavior of
paper even in relatively simple situations.
According to Craven, stress relaxation and
the superposition behavior of paper are hard
to explain by any linear viscoelastic theory
141.

Relaxation phenomenon is known to
exist for paper and other materials, but be-
cause time-dependent stress and strain anal-
ysis methods have not been standardized for
paper, relaxation properties are not com-
monly used for major control parameter in
papermaking. The absence of a valid general
theory of short time scale paper web stress-
strain behavior increases lack of knowledge,
and the importance of stress relaxation is not
properly understood.

The phase lengths of runnability-related
paper machine disturbances are typically

100-500 ms, which reflect, for example, the
rotating speed of rolls. The paper web dwell
time in a press-nip is 1-30 ms, and its dwell
time in open draws is 5-20 ms. The time
scales used in the mechanical testing of pa-
per should theoretically match those found
on the paper machine /5/. Many different
analytical models of disturbances on and in
the web have been published /6-9/.

Because web handling is based on a step-
wise increase of consecutive strains, stress
relaxation provides a more sophisticated in-
dicator than tensile testing. Because creep
is stress-generated, it is not as useful as re-
laxation. Velocity differences generate draw,
which is suddenly applied to the paper web
on the paper machine. Draw first generates
strain in the web, and this strain is followed
by an increase in stress. A number of equa-
tions have been presented for the calcula-
tion of relative speed differences on a paper
machine /10-12/.

Due to the nature of the relaxation
phenomenon, especially the straining time
should be shorter than the time constants
of paper relaxation /5/. At large time scale,
stress relaxation is linear in proportion to
the common logarithm of time according to
Craven /4/. Craven was aware of the limi-
tations of his model and the difficulty of
setting parameters for short and long-term
relaxation. Similar models have also been
introduced before and after Craven /4, 13,

14/.
G (t) = const — Flog(t +t,) (1)

Craven’s formula introduces the constant
t,=2s. This constant, T fixed nonlinearity
at short relaxation times. Relaxation times
that matter for paper machine runnabil-
ity are typically less than 0.5 s. Because the
shortest relaxation time in Craven’s study
was 0.5 s, stress behavior related to shorter
than 0.5 s relaxation times was left unclear.

We have made our stress relaxation
measuring method as similar to the real
papermaking process as possible in terms
of strain. The strain rate of the IMPACT
tester is 1,000%/s and paper samples are
tested at their initial dry solids content,
typically 30%-70%. For simplification of
the method, laboratory sheets are tested in
order to exclude the effects of orientation
on results /1/.

Standardized in-plane strength proper-
ties (tensile strength, tear strength, etc...)
are typically poor predictors of paper ma-
chine runnability. The majority of runnabil-
ity problems on a paper machine occurs at
low web dry solids contents (30%-70%) at
the press section and dryer section. The lack
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of a general relationship between the time-
dependence of stress, strain and the dry sol-
ids content of paper forces one to conduct
experimental studies, especially when pulp
properties are studied in order to improve
paper machine runnability.

The strain rate of in-plane tensile tests
has been standardized since the 1960s. Some
standards have fixed the rate of loading, but
fixing the strain rate has been more typical.
This means that the ratio of strip length and
strain speed is fixed. In recent standards the
strain speed is typically 100 mm/min, but
the strip length in not necessarily fixed.

Tensile testing methods are static and
the paper sample is stationary, whereas the
real process is dynamic and the paper web is
moving. On a paper machine the strain rate
is considerably higher 100-10,000%/s. The
strain rate used in the test methods of the
1960s was low due to data recording limita-
tions /15/. By 1953, Andersson and Sjéberg
had already tested paper samples and re-
corded data at strain speeds over 100 mm/s
/3/. Now, in the 21st century, there are no
technical limitations for increasing the strain
rate to 100%/s, for example.

The strain rate has been noted to have
an affect on tensile strength, work-at-rup-
ture and elasticity /3, 13-19/. The strain
rate has not been proven to affect strain at
break. Géttshing found that the strain rate
had no effect on strain-to-rupture /17/.
Davidson, on the other hand, noticed that
the strain rate had an effect on strain-to-
rupture /18/. The results of Andersson and
Sjéberg showed slight variation in strain-
to-rupture values /15/. Stress-strain models
give no proper explanation of strain rate or
strain-to-rupture. Meanwhile, even the sim-
plest dash-pot and spring models typically
explain the effect of strain rates on tensile
strength /13/.

Stress relaxation increases with increased
strain rate /3, 13/. Stress relaxation is not ex-
plained by linear viscoelastic theory because
stress curves generated at different strains
will not coincide even after a long time.
According to Jantunen, the viscoelastic com-
ponent of stress relaxation, which depends
on strain rate, will disappear at a given stress
level. The plastic component of stress relaxa-
tion has no equilibrium, and it therefore
continues to relax slowly /5/. The viscoelas-
tic component rules when fast relaxation is
studied and the plastic component of stress
relaxation is negligible.

The moisture content of paper increases
stress relaxation rapidly /5/. Few studies
have been published on the stress relaxation
of wet paper at high strain rates.



Wet paper rheology

Experimental

Detailed description of experimental meth-
od is published earlier /1, 20/. Main target is
to measure rheological properties of wet fur-
nishes. Both tensile strength and relaxation
properties of wet and dry paper were inves-
tigated. The term ‘dynamic tensile property’
is used here because the average strain rate in
the tensile and relaxation tests was 1000%/s
(1 m/s) with IMPACT /1/. This article in-
cludes results also from advanced tensile
tester C-IMPACT /20/.

Furnish mixture of fine pilot samples
were approximately hardwood 70% soft-
wood 30%, but filler content was varied.
Fine paper type handsheets were studied
with varied filler content and pulp combi-
nations.

Furnish components of LWC-type hand-
sheets were Nordic thermomechanical pulp
(TMP) and two Nordic pressure ground-
wood pulps (PGW) of the LWC and SC
type. These mechanical pulps were blended
with chemical softwood (Kraft) reinforce-
ment pulp. The mechanical pulps examined
were decker pulps from Nordic paper mills
made out of Norway spruce. Combinations
of the pulps are presented in /21/.

‘Wet handsheets

The increase of filler content is known to
decrease the tensile properties of dry paper
due to lowered density and RBA /22, 23/.
Flocs of filler, fines and fibers cover fiber-fib-
er crossings in the web structure, and these
flocs prevent the development of hydrogen
bonds between fibers. Due to intensive
flocculation, poor formation may enhance
the development of stress peaks in the web
during strain and therefore decrease tensile
strength. The tensile strength of dry and wet
handsheets as a function of filler content is
presented in Figs. 2 and 3. Handsheets were
formed in accordance with the SCAN stand-
ard, except that the wet sheets were pressed
at two different pressure levels (50 kPa and
350 kPa) in order to reach two different dry
solids content levels.

Filler content had a bigger effect on dry
paper tensile strength than on wet paper.
The mechanical properties of dry paper are
determined mainly by fiber-to-fiber bonds,
which are blocked by filler particles. In wet
paper, the main parameters determining the
mechanical properties of the web are the av-
erage distance between fibers, the amount
of free water, and the surface tension of the
water. The effect of filler content on residual
tension after 0.475 s at 1% strain is present-
ed in Figs. 4 and 5.

The residual tensions of dry and wet
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Fig. 4. Residual tension after 0.475 s at 1%
strain in dry fine paper handsheets (several
different combinations) as a function of filler
content (strain rate 1,000%/s).

+TMP © PGW1 4 PGW2

£ 040
§ 0.35 /f’—I
pxs
20.30 /é%
2 0.25 M’/ Refining
° Kt
7 020
8 015 ‘ ‘
425 475 525 575

Density, kglm3
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(strain rate 1,000 %/s).

handsheets decreased rapidly when the
amount of filler was increased. The higher
the filler content, the smaller the effect of
filler increase. The increase of filler content
from 25% to 30% had only a minor effect
on residual tension. Even though increased
filler content lowered residual tension signif-
icantly, relative differences between furnish-
es remained the same. These results indicate
that the effects of filler content variations are
crucial in controlling web behavior on a pa-
per machine, especially with magazine paper
grades based on recycled pulps.

Differences between wet and dry

paper strength properties

Kouko et al. presented various properties of
LWC pulps at 40% dry solids content and at
dry state. Detailed handsheet combinations
and properties are tabulated in the refer-
ence /21/. Density had a different effect on

as a function of filler content (strain rate
1,000%/s).
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Fig. 5. Residual tension after 0.475 s at 1%
strain in press-dry fine paper handsheets
(several different combinations) as a function of
filler content (strain rate 1,000%/s).
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Fig. 7. Dry LWC handsheet tensile strength vs.
dry paper density (strain rate 1,000%/s).

wet and dry paper tensile strength in Figs. 6
and 7. Dry paper tensile strength depended
linearly on density, which was affected by
mechanical pulp type and BSK content
(bleached softwood kraft). A linear relation-
ship between density and tensile strength
seemed to be a typical property of dry paper.
Wet paper tensile strength depended on me-
chanical pulp type, BSK content and also on
the degree of BSK refining, but the relation-
ship with density was not linear.

In Fig. 6 the arrow labeled “Kraft” stands
for the direction in which tensile strength
changes as a function of density when the
proportion of BSK is increased. The arrow
labeled “Refining” stands for the direction
in which tensile strength changes as a func-
tion of density when the refining of BSK is
increased. Density thus reflects the changing
proportion of BSK and the degree to which
it is refined. The density of blended pulp
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is increased by an increase in BSK refining
and an increase in the relative proportion
of BSK.

Apparent density increases clearly in
mechanical pulp-based handsheets as the
proportion of BSK in the blend is increased.
Fig. 6 shows that the degree of refining in-
creases apparent density the more the greater
the proportion of BSK in the blend. Both
PGW blends have similar apparent densi-
ties, which are higher than the apparent
densities of the TMP blends.

Density had a different effect on residual
tension and tensile strength in Figs. 8 and
9. Dry paper residual tension depended
on the degree of BSK refining, as well as
mechanical pulp type and BSK content.
Increased refining gave bigger differences
in wet paper residual tension than in tensile
strength. Residual tension in wet handsheets
decreased with increased BSK content.

The residual tension of paper can be
determined through some other variable,
depending on whether the paper is wet or
dry (see Figs. 10 and 11). Dry paper residual
tension typically had a stronger linear rela-
tionship with tensile strength than wet pa-
per residual tension.

Dry paper tensile strength had linear
relationships with dry paper maximum and
residual tensions in Fig. 10. However, the
same is not true for wet paper /1/. Wet pa-
per residual tension after 0.475 s at 1%
strain had a nearly linear relationship with
wet paper maximum tension at 1% strain in
Fig. 11. However, apparent correlation de-
pends strongly on pulp type and strain rate
and therefore relative amount of apparent
elasticity and plasticity changes.

In Figs. 12 and 13, different levels of dry
solids content were applied at 50 kPa and
350 kPa wet pressing pressures. Wet paper
residual tension after 0.475 s at 1% strain
correlated with dry paper maximum or re-
sidual tension after 0.475 s at 1% strain.
However, the slopes and R? correlations are
low in Fig. 12 and 13 and therefore high dry
maximum tension or residual tension after
9.5 s at 1% strain does not necessarily lead
to high wet residual tension after 0.475 s.
There is typically weak relationship between
dry maximum tension or residual tension
and paper machine wet runnability.

Oriented wet web results for fine paper

The maximum production speed of fine pa-
per grades is limited by high bulk and the
quality demands of the market. In order to
prevent moisture-induced cockling and curl,
high bending stiffness and uniform struc-
ture are usually required /24/. Because of
these requirements, fine paper is often pro-
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jet/wire ratio.

duced using a low jet/wire ratio and reduced
nip loads on the press section. The tensile
strength of dry and wet paper, and residual
tension as a function of the jet/wire ratio,
are presented in Figs. 14 and 15.

The MD/CD ratio of tensile strength is
similar for dry and wet samples as a function
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of the jet/wire ratio. If the MD/CD ratio is
increased from 2.5 (typical for fine paper) to
3.8 (typical for LWC), MD residual tension
is increased only by 15%. The production
speeds of paper grades do not determine
their respective MD/CD ratios. In prior
studies mechanical pulps gave 100% high-
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er residual tension in wet handsheets than
chemical pulps /1, 21/.

Fig. 16 shows the effect of the jet/wire
ratio on residual tension, online web tension
and the tensile strength of wet web. Online
web tension in open press-to-dryer transfer
and residual tension were affected in the
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10%) after 0.475 s at 1% strain as a function of
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same manner by the jet/wire ratio. However,
it was a pure coincidence that online web
tension and residual tension were at same
level in Fig. 16.

Web tension was only 30%-35% of the
tensile strength of a wet web in Fig. 16, and
runnability problems are therefore not typi-

cally related to the tensile strength of the wet
web. Defects in wet paper web increases rap-
idly the probability of web breaks. Problems
occur in an open draw, but also after the
draw due to the relaxation.

The effects of the jet/wire ratio on the
stress relaxation percentages of wet samples
(MD and CD) at 1% strain are presented
in Fig. 17. A higher degree of fiber orienta-
tion in the loading direction decreased the
stress relaxation percentage. MD/CD ratio
for fine was 2.5 with jet/wire ratio 1.06. At
this orientation level, 55% of the web ten-
sion was lost in 0.475 seconds. By increasing
the jet/wire ratio to 1.08, MD/CD ratio was
3.8, and the stress relaxation percentage was
lowered to 53%. The CD relaxation per-
centage was also significantly higher than
the MD percentage. This can be explained
by the fact that the CD stiffness of the web
is actually generated during the web shrink-
age on the dryer section.

The effects of relative wet pressing line
loads on online web tension and stress re-
laxation percentages are presented in Figs.
18 and 19. Stress relaxation percentage is
the lost component of stress during the re-
laxation. Web tension increased by 30%
when the dry solids content was increased
through wet pressing from 41% to 47%.
Adhesion between the wet web and center
roll is known to increase with increased line
load. Both adhesion and dry solids content
have a strong effect on wet web behavior.

Increased filler content with constant
wet pressing gave higher apparent wet web
dry solids contents (Fig. 18). Higher dry
solids content will not always improve wet
web tensile properties. Fibers absorb water
whereas filler particles do not, and therefore
dry solids content is increased (the dry solids
content of filler particles is close to 100%).
In fact, the consolidation of the wet web
may be reduced by increased filler content
because the removal of free water residing
between fibers is reduced.

The change of filler content changed
both dry solids content and mechanical
properties of samples. The effect of filler
content on mechanical properties is shown
in Figs. 20 and 21. The dashed lines in Figs.
20 and 21 represent the estimated values, if
only dry solids content would have changed
(estimated from Fig. 18).

The maximum tensile strength was
achieved with 15% filler content, and the
maximum residual tension with 20% filler
content (see Figs. 20 and 21). Residual ten-
sion values are closer to calculated values
than tensile strength values.
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Strain rate

The MD and CD effect of strain was studied
with dry and wet LWC base paper (initial
dry solids contents 45%, TMP 60%, kraft
409%, filler content 14%) /21/. Samples were
dried with shrinkage control. MD tension
was 5 to 6-fold compared to CD tension.
The strain rates in Figs. 22 and 23 were (A)
100 mm/s, (B) 10 mm/s and (C) 1 mm/s.
The higher the strain rate, the higher the
tension in Figs. 22 and 23.

Tensile strength of wet paper at 45%
dry solids content was about 10% of the
tensile strength of dry paper (Figs. 22 and
23). A wet web runs on the paper machine
at the same speed as a dry web even though
the strength of the wet web is significantly
lower.

Maximum tension after draw increased
linearly in relation to the common loga-
rithm of the strain rate (Fig. 24, arrow A).
On the other hand, the stress relaxation
percentage also increased linearly against
the logged strain rate (Fig. 24, arrow B). The
strained paper both gained more tension at
a higher strain rate and also lost more ten-
sion over the same relaxation period. The
ultimate level of residual tension that en-
sures runnability depends strongly on the
relaxation time. After a very short relaxation
time (<< 0.5 s), residual tension was higher
at higher strain rates, but the difference was
smaller with longer relaxation times.

The stress relaxation percentage was
decreased by increased strain at any given
strain rate (Fig. 24, arrow B). This means
that at smaller strains a bigger percentage
of tension was lost during stress relaxation.
The absolute value of stress relaxation was,
of course, increased by increased strains
(and tension) and higher maximum tension.
The higher values of stress relaxation at low
strains (tension levels) may be the result of
fiber activation.

Essential in Fig. 24 are the paper grade
and fiber orientation. Wet fine paper typi-
cally has lower maximum tension at the
same amount and rate of strain than wet
wood containing paper. At higher fiber ori-
entation, the stress relaxation percentage is
lower (see Fig. 17).

Conclusion

This paper machine runnability study exam-
ined the effects of filler and Kraft content,
refining level, the jet/wire ratio, and strain
rate on the tensile and relaxation properties
of a wet web.

The effect of the filler content of hand-
sheets on in-plane tensile and relaxation
properties was shown to be strongly de-
pendent on dry solids content. Dry paper
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Fig. 24. Wet (d.s.c. 56%) fine paper (hardwood 70%, softwood 30%) handsheet maximum tension

(A) and stress relaxation percentage after 0.475 s relaxation (B) at three elongations (0.4%, 0.9%,
1.9%) and three strain rates (1%/s, 10%/s, 60%/s). Maximum tension (A) describes web tension in a
paper machine open draw and stress relaxation percentage (B) describes the amount of lost tension

component on the first drying cylinders of paper machine.

was affected more by filler content than wet
paper. The distance between particles and
the amount of free water determines the
mechanical properties of wet paper /25/.
Despite this, increased filler content radi-
cally lowers the residual tension of wet paper
and general wet web runnability proper-
ties.

It was also shown that filler content af-
fects more wet web tensile than relaxation
properties. Maximal tensile strength and
residual tension were gained at a filler con-
tent level of 10%-20% with constant press
section parameters. These maximum values
were probably reached with the minimum
amount of free water in the wet web. The
optimal amount of filler depends on filler
and pulp type, as well as fiber orientation,
and on paper machine running parameters
at the forming and press sections.

Reinforcement pulp content is typi-
cally increased when wet web runnabil-
ity problems occur on a paper machine.
Reinforcement pulp is increased because
dry paper strength is known to increase with
higher reinforcement pulp content, and also
because appropriate running parameter ad-
justments to address the problem are not
known. We have shown here that the wet
and dry tensile strength of paper and resid-
ual tension of wet paper were affected dif-
ferently by apparent paper density and pulp
composition (reinforcement pulp content).

The proper way to evaluate runnability
would be to observe both residual tension
and dry solids content. Wet web runnabil-
ity can sometimes be improved by adding
reinforcement pulp. However, improved
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runnability is brought about by increased
press solids content, not by the properties
of the reinforcement fiber.

The residual tension of pure reinforce-
ment pulp at a 40%-60% dry solids con-
tent is typically low compared to pure
mechanical pulps. The increased refining
of reinforcement pulp improved the tensile
strength and residual tension of dry and wet
paper (mechanical and chemical pulp mix).
Reinforcement pulp refining is limited by
increased energy consumption and worse
optical properties.

The effect of the jet/wire ratio was simi-
lar on both wet and dry MD/CD tensile
strength ratios, whereas the MD/CD ratio
of residual tension was significantly higher.
This result further indicates the significance
of drying and drying shrinkage control for
the development of the CD elasticity prop-
erties of paper.

The increase of relative line load in-
creased web tension and decreased the stress
relaxation percentage after draw. However,
this is also known to increase the adhesion
force between the center roll and the web,
which may neutralize the effect of a higher
dry solids content /26/.

The indicated effects of strain rate on
stress relaxation are not valid for all paper
grades. Stress relaxation over short relaxa-
tion times may depend on fiber properties.
The indicated effects of strain rate on ten-
sile properties do apply to all paper grades,
dry solids contents (30%...90%), and fiber
orientations.

Wet end runnability and dry end runna-
bility generally represent two different con-



siderations that cannot be addressed in the
same manner. The probability of web breaks
relates to the runnability of dry paper, where
different types of flaws appearing in the web
pretty much dictate break sensitivity. This is
easy to understand, as the tensile strength of
dry paper is typically 2.0-6.0 kN/m but web
tensions on the paper machine are typically
150400 N/m. In other words, only 10%—
20% of web’s total strength potential is used
at the dry end of a paper machine.

In the case of the wet end, web tensions
in open draw areas are on the order of 70—
180 N/m, which is actually the same as the
wet tensile strength of oriented paper! Based
on this, it is clear that flaws appearing on
the web are very important, but that web
tension itself and its dynamic behavior are
alSO rClCVanL

Given this, it is important to under-
stand the nature of the relative speed differ-
ences (draws) that create web tension. The
basic system employed in a modern paper
machine is to create enough tension with
wet strain for stable web travel while still
limiting wet strain to a level where final dry
paper properties are at an acceptable level.
The wet web is attached to a supporting
fabric surface after draws without any slip-
page, typically using external negative pres-
sure. Since relaxation occurs in all papers
subjected to a constant strain increase, the
key item is the paper’s tension preservation
capability. This depends on draw levels, but
most importantly on furnish and final pulp
composition, including its numerous modi-
fication possibilities at different raw material
handling and stock preparation stages.
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(57 ABSTRACT

Aroll in a paper or board machine has a roll frame or center
shaft (15) with bearings mounted at its ends and a groove-
like surface structure (10). There is a contact between the
surface structure and the center shaft so that an essentially
closed structure is formed. The roll produces a vacuum that
keeps the web attached to the outer surface of a fabric in the
fabric wrap area of the roll circle by utilizing the boundary
layer airflows of the surface structure flow and/or of the web.
A dryer group has at least one contact dryer cylinder and at
least one turning roll with a single fabric run arrangement.

12 Claims, 8 Drawing Sheets
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1
ROLL IN A PAPER OR BOARD MACHINE
AND A DRYER GROUP IN A PAPER OR
BOARD MACHINE

CROSS REFERENCES TO RELATED
APPLICATIONS

This application claims priority on Finnish Application
No. 20031461, Filed Oct. 7, 2003, the disclosure of which
is incorporated by reference herein.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

Not applicable.
BACKGROUND OF THE INVENTION

The invention relates to rolls and dryer groups in a paper
or board machine.

The use of double fabric run and/or single fabric run
arrangements in the dryer groups of multi-cylinder dryer
sections of paper or board machines is previously known. In
the double fabric run arrangement the dryer cylinder groups
have two fabrics pressing the web one from above and the
other from below against heated cylinder surfaces. Between
the dryer cylinder rows, generally horizontal rows, the web
has, in the double fabric run arrangement, free and unsup-
ported draws, which are liable to fluttering, which may cause
web breaks, particularly at such drying stages, in which the
web is still relatively moist and therefore weak for its
strength. Due to this, during several past years there has been
increasing use of the said single fabric run arrangement, in
which each dryer cylinder group has only one dryer fabric,
supported by which the web travels through the entire group,
the dryer fabric pressing the web against the cylinder
surfaces heated by the dryer cylinders and the web remain-
ing outside the outer curve at the turning cylinders or turning
rolls located between the dryer cylinders. Thus, in the single
fabric run arrangement, the dryer cylinders are positioned
outside the fabric loop and the turning cylinders or turning
rolls are located inside the loop. In so called normal single
fabric run groups the dryer cylinders are in the top row and
the turning cylinders or turning rolls are in the bottom row,
and correspondingly, in so called turned single fabric run
groups, the dryer cylinders are in the bottom row and the
turning cylinders or turning rolls are in the top row.

In known dryer groups adapting the single fabric run
arrangement the dryer fabric and the paper web are trans-
ferred from the previous drying element, such as a contact
dryer cylinder, to a turning or suction cylinder or similar in
a common straight run, whereby a closing wedge space, also
referred to below as closing nip, is formed between the dryer
fabric and the last-mentioned turning cylinder or suction
cylinder surface. The dryer fabric and the cylinder surfaces
moving towards this nip tend to generate positive pressure in
the said wedge space by means of the boundary layer flows
conveyed by them. This again produces a pressure difference
over the paper web supported by the dryer fabric, the
pressure difference having a tendency to detach the paper
web from the dryer fabric causing runnability problems,
wrinkles, and even web breaks. On the other hand, for
improving the efficiency of dryer sections, the need arises
for using dryer sections with a more compact construction
than heretofore, in which the contact dryer cylinders and the
mentioned suction cylinders are as close as possible to each
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other. All these aspects together with rising web speeds
increase the overpressure problems of the said closing nip.
It is previously known that the transfer of the paper web in
the single fabric run arrangement on the contrary from the
turning suction cylinder to the contact dryer cylinder takes
place after a so called opening nip, supported by the dryer
fabric. In dryer sections suitable for the single fabric run
arrangement, the term pocket space is used to refer to the
pocket-like space, which is limited by two parallel dryer
cylinders and the turning cylinder and dryer fabric between
them.

In the solutions known in the prior art technique, attempts
have also been made to remove the problems occurring in
the area of the closing nip by means of roll suction, roll
sector suctions and various types of vacuum-generating
boxes as well as by using combinations of rolls and suction
boxes, which, however, have not necessarily been able to
completely eliminate the problems in this area in an energy-
efficient manner. At high machine speeds the requirement of
energy used for web stabilization also strongly increases.
Typically the power requirement increases to the power of
three in relation to the web speed.

A solution for removing the problems in this area is set
forth in the FI patent No. 105573 (corresponding U.S. Pat.
No. 5,996,244), which discloses a roll in a paper machine,
particularly in a paper drying device, and a dryer group in a
paper machine, in which the roll in the paper drying device
comprises a shaft, supported by which the roll is adapted to
rotate, and a surface structure, connected to the shaft with
support pieces or similar, in which the openness of the
surface structure of the roll is more than 10% and the surface
structure of the roll is open in a slot-like manner so that
during the roll rotation an effect is produced that aspirates air
to inside the roll, whereby an air flow-through is created
through the roll. In a dryer group of a paper machine, in
which dryer group the single fabric run arrangement is
adapted, at least one of the turning rolls of the dryer group
is an open roll of the type described above.

SUMMARY OF THE INVENTION

The object of the present invention is to develop further
the above-described corresponding technique in order to
principally solve the problems related to the web transfer in
the mentioned closing nip area as well as in the turning roll
area covered by the web.

Particularly at high speeds, e.g. exceeding 1,400 m/min,
an extremely critical area for runnability at the beginning of
a dryer section equipped with a single fabric run arrange-
ment is the above-described closing nip area of the turning
cylinder, and the object of the invention is therefore to set
forth more efficient and more energy-saving new construc-
tions for removing the drawbacks in this area prone to
runnability problems.

The object of the invention is to set forth a roll during the
use of which runnability problems in the closing nip area of
the turning roll are eliminated or at least minimized.

Another object of the invention is to set forth a dryer
group of a paper machine that is better for runnability than
the known solutions.

The invention is based on a roll having a large open
surface area, with its key characteristic being the capability
to create a vacuum in the fabric wrap area together with the
dryer fabric or the dryer fabric and paper. The generation of
vacuum is based on
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a) a change in the angular momentum of the in-going gas
flow, such as airflow, taking place in the closing nip,
which intensifies the inflow,

b) flow adjustment and pumping in the roll grooves and
channels, which flows are influenced by the centrifugal
forces created by the roll rotation, and

¢) the vacuum effect of the opening nip, which aspirates
gas, e.g. air, creating a vacuum, whose effect extends to
the entire fabric wrap area.

Although the following description discusses airflows, air
space, etc., this is not, however, intended to restrict the
invention to such situations only, in which the flow is air.
The flow can also be another gas (fluid).

The design of the roll according to the invention also
allows increasing the vacuum-producing capacity of the roll
along with a rising running speed, since the vacuum of the
roll wrap area develops according to the formula

p:'gfvb[b:L}-Z],
where p=vacuum change,
C/~fluid density, and
v=running speed.

According to the invention the roll comprises a surface
structure having a large, most preferably groove-like open

surface area, such as plate disks, and a center shaft and/or ,

alternatively roll frame with grooves machined in it. Accord-
ing to the invention, both the vacuum produced by the roll
and its profile on the roll surface are optimized to the
maximum so that a contact exists, if required, between the
surface structure, such as the plates, and the center shaft, i.e.
there is no free air space between the roll frame and the
grooves. According to the invention, a roll construction
preferable for efficiency is provided for example by attach-
ing plates with ditferent diameters to a solid frame roll/shaft,
the plates forming the grooving when placed at suitable
intervals.

In the roll according to the invention the surface structure
is so formed that most preferably a grooving is formed, in
which the depth of each groove is approximately 10-155
mm, most appropriately 18-85, and the groove width is 1-50
mm, most appropriately 6-10 mm. The proportion of the
groove width to the land width is most appropriately 0.6-2.0.

The most common form for the roll surface grooving is
the U shape or one very much similar to it. The grooving can
be straight or spiral. The grooving can be made by disk
cutting and/or turning the frame roll surface. It can also be
produced by welding, gluing or mechanically locking sepa-
rate plate disks, made of metal, polymer or combinations of
several materials, to the frame roll surface, in which case the
part in contact with the fabric or otherwise the most external
part is highly wear-resistant. The grooving can also be
produced using a so-called G strip technique, in which the
strip is applied directly on top of the smooth frame roll or in
special mounting grooves in the frame roll surface. As a
special application, the G strip is applied to an old or new
frame roll by means of a support strip.

When the roll functions in the application placed against
the fabric, the edges in the land supporting the fabric can be
rounded, e.g. with a rounding radius of R=1-3 mm, or the
whole land can be made to a slight circular arch, say with a
radius of curvature of R'=100-500 mm, or the form can be
selected in some other way so that the surface pressure
between the fabric and the roll is optimal and the fabric wear
is reduced.

The roll according to the invention can have a perforation
at the bottom of the grooves, or the frame roll can have a
perforation independent of the grooving geometry. In addi-
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tion, according to a special aspect of the invention, the
perforation can also appear at the groove peak/land so that
the perforation opens to the contact surface of the fabric.
This construction is particularly useful in a tail threading
situation, since the tail can be stabilized to the fabric surface
more efficiently with a higher vacuum.

When using a roll according to the invention, a dryer
fabric that is normal for permeability is intended, such as a
dryer fabric, whose permeability is 500 m*/(m?h), preferably
1,000-35,000 m*/(m>h), most appropriately 1,000-5,000 m?/
(m°h).

The advantages of the invention are its efficiency and
simplicity. According to a preferable embodiment of the
invention, the roll diameter is for example 1,500 mm.
Separate plate disks have been attached for example by
welding to a frame construction with a diameter of 1,300
mm, which does not need to be an actual frame roll, but a
support construction similar to it. The height of the plate
disks is 100 mm and their width is 6 mm. A 7-mm wide open
groove remains between the plate disks. The peak of the
plate disk is rounded with the radius of curvature R'=150
mm. A simulation model has provided results according to
which the roll generates a good vacuum on its surface both
in the closing and in the opening nip as well as a vacuum of
almost the same level =500 to =900 Pa in the rest of the
fabric-covered area on the roll surface. With the plate
arrangement/grooving according to this preferable embodi-
ment of the invention, the vacuum of the roll surface can be
brought to a level of =500 to =900 Pa, based on the results
achieved from the simulation, depending on the position of
the wrap area. These pressure levels are for example of the
same class as with the suction roll marketed with the
trademark VacRoll™ of Metso Paper, Inc., in which the
suction air volume is 400 m?®/(hm) (2000 m/min). This
vacuum in the fabric wrap area is achieved with the indi-
cated power entirely without external aspiration or without
runnability components in the pocket space.

The roll according to the invention, having a groove
structure, such as lands of plate, preferably adapted around
a solid center shaft or a frame roll, provides an inwardly air
pumping phenomenon in the groove construction, which is
generated when the air conveyed with the fabric hits against
the roll surface and the groove walls, such as the plates. The
airflow accelerates in the grooves and then exits from the
opening nip. The inwardly pumping phenomenon in the roll
according to the invention, providing a vacuum without
special roll-external vacuum-providing equipment, is inten-
sified with an increasing rotating speed. Thus, it automati-
cally produces its own vacuum utilizing external boundary
layer flows and/or blasting flows starting from the closing
nip of the turning cylinder and continuing until to the
opening nip, and this enables providing a preferable and
efficient paper machine roll, which is particularly useful as
a turning roll/cylinder of the dryer groups of a paper
machine dryer section.

The roll creates the vacuum effect due to the fact that in
the closing nip there occurs a change of angular momentum
of the gas (fluid) flowing to the grooves. The gas flow
directed to the roll grooves proceeds in the roll grooves to
the area of the opening roll nip, whereby a vacuum effect is
created, which extends over the entire fabric wrap area.

The roll surface structure is formed in such a manner that
the vacuum effect and gas pumping are created by the
friction between the structure and the fluid, the boundary
layer, and accelerating movement of gas.

In the roll according to the invention, air hits against the
surfaces of the groove walls, such as plates, placed around
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the center shaft, whereby the groove walls tend to pump the
air forwardly and particularly in a closing nip, also inwardly
towards the shaft. Air circulates around the roll frame until
to the opening nip. In this way the vacuum effect is created
by a combined effect of three factors, i.e. the impact, flow
and opening nip.

In connection with the invention it is possible to use a
blow box according to a preferable embodiment of the
invention described below in more detail, which is used to
intensify the effect of the opening nip for example with
trailing side aspiration, or on the other hand, a blow directed
to a closing nip is used to intensify the impact and flow effect
on the side of the closing nip. In addition, it is preferable to
separate these areas of influence of the opening and closing
nip from one other with a sealing in the roll axial direction/a
blow box wall construction.

According to a preferable further characteristic of the
invention, in a drying geometry based on the single fabric
run design, besides the roll according to the invention, a box
constructed on the leading side is used, built up of a separate
blow box including a flexible nozzle solution and a passive
box space attached below it, which has aspiration/an ejec-
tion blow, if required, and is open at the bottom part.

In this embodiment of the invention, aspiration is directed
to the suction zone of the blow box using the passive box
section. When this box is realized according to the blow
nozzle/flow divider principle, it is possible to achieve a
vacuum of approximately —1000 Pa in the high-vacuum
zone (2.2 mm nozzle, blow air volume 900 m>/(hm)).

This embodiment of the invention preferably also
includes two flow divider/sealing elements in the box on the
leading side, and by adjusting their distance to the fabric it
is easy to adjust the vacuum of both the high-vacuum zone
and the vacuum influencing in the open gap area, which
keeps the web on the fabric surface before it comes to the
influence area of the roll according to the invention. This
allows efficiently preventing excessive bending of the fabric.

The total air volume requirement in the above-described
system is 900 m*/hm per blow box, which is 50% of the
present blow box/VacRoll™ total air volume. Consequently,
the blower power requirement also decreases by 50%, which
in practice can mean a decrease of approximately 1 MW in
the power consumption in the dryer section of a large
modern paper machine. It is remarkable that the roll accord-
ing to the invention preferably replaces this underpressur-
ized turning roll, in which case runnability components (e.g.
blow boxes) that are almost like the present ones are used in
the pocket space, designed to improve/intensify the perfor-
mance of the proposed roll.

The roll according to the invention is also easy to keep
clean, because the airflows automatically created by it
simultaneously prevent dirtying of the roll surface structure
and grooving. Therefore, an advantage of the roll according
to the invention is also in its operating principle, the flow
direction changes during the rotation cycle whereby each
point in the roll grooves is subjected to inflow and outflow,
and the roll is then kept clean for a longer time.

According to a preferable further aspect of the invention,
it is possible, if required, to arrange, in connection with the
roll according to the invention, an adjustment/suction pos-
sibility through a connection placed on the roll hub for
adjusting the vacuum effect as desired. This kind of con-
nection can also be used in a situation in which at least one
part in the roll axial direction is realized according to the
known technique. The area of the tail or both edges, for
example, could be constructed for this kind of adjustment,
because the intensification of the vacuum effect by dividing
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the blow box in the cross-machine direction is not neces-
sarily as efficient or easy to implement.

According to a preferable further characteristic of the
invention, in the roll axial direction there is at least one part
in which the air is adapted flowing through the openings in
the roll shell to the roll interior.

The invention is described below in more detail by
making reference to the figures in the enclosed drawing, to
the details of which the invention is not intended to be
strictly limited in any way.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic view of the surface structure of an
embodiment of the roll of this invention.

FIG. 1B is a schematic view of the surface structure of an
embodiment of the roll of this invention.

FIG. 1B.1 is an alternative partial enlargement A' of the
region A in FIG. 1B, showing the radius of curvature at the
corners of a land.

FIG. 1B.2 is another alternative partial enlargement A" of
the region A in FIG. 1B, showing the radius of curvature
formed large at a land.

FIG. 1C is a schematic view of the surface structure of an
embodiment of the roll of this invention.

FIG. 1D is a schematic view of the surface structure of an
embodiment of the roll of this invention.

FIG. 1E is a schematic view of the surface structure of an
embodiment of the roll of this invention.

FIG. 1F is a schematic view of the surface structure of an
embodiment of the roll of this invention.

FIG. 1G is a schematic view of the surface structure of an
embodiment of the roll of this invention.

FIGS. 2A and 2B illustrate examples of the effect of
closing the open space between the plates and the center area
in the roll according to the invention.

FIG. 3 is a schematic view of the flow behavior taking
place in connection with the roll according to the invention.

FIGS. 4-6 show a schematic view of embodiments
according to the preferable further characteristics of the
invention, in which there is a blow box arranged in connec-
tion with the roll.

FIGS. 7-8 show a schematic view of preferable embodi-
ments of the invention in connection with dryer groups
adopting the single fabric run arrangement.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1A shows a surface structure 10 realized according
to an embodiment of the roll according to the invention, in
which the surface structure 10 is formed of turned or
disk-cut grooves 11, whereby lands 12 between the grooves
11 are simultaneously formed. In FIG. 1B, on the contrary,
the roll surface structure 10 is formed of separate plate disks
16, attached with welds 13 or formed to the roll frame or
center shaft 15 in another method known as such, which
form the lands 12, whereby the grooves 11 remain between
them. In connection with FIG. 1B, there are alternative
partial enlargements A', A" of detail A indicated in FIG. 1B.1
and 1B.2, in which according to the partial enlargement A',
shown in FIG. 1B.1, a radius of curvature R can be used in
the corners of the lands 12, such as plate disks 16, which R
is approximately 0.1-7 mm, or according to the partial
enlargement A", shown in FIG. 1B.2, the surface 17 of the
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land 12, such as a plate disk, can be formed large as to its
radius of curvature R', with R' then being approximately
100-3000 mm.

According to the invention, regardless of the production
method of the grooves, the edges 14, 17 of the land 12
supporting the clothing shown in the partial enlargements A',
A" can be rounded or shaped so as to reduce wear of the
clothing, such as a fabric. In this case the open surface area
of the roll can be slightly increased, which improves the roll
performance particularly in the closing nip area. When the
open surface area increases, the groove depth can be slightly
reduced, if required, without deteriorating the roll perfor-
mance.

FIGS. 1C-1F illustrate the formation of the surface struc-
ture 10 of the roll according to the invention using the G strip
technique, either without a support strip, FIG. 1C, or with
the support strip, FIGS. 1D (grooved roll) and 1E (smooth
roll). According to FIG. 1C, in the embodiment shown
without a support strip, the G strip is applied slightly in a
wedge form to the grooved roll shell 15, and the bottom part
of the G strip is slightly narrowing. According to FIGS. 1D
and 1E, a grooved support strip 18 is applied to the roll
surface with the strip 12 forming the lands, and the dimen-
sions of the actual groove strip 12 are e.g. 45x5 mm and the
dimensions of the grooved support strip 18 are 8x12 mm.

To form an open surface structure 10 of the roll according
to the invention of the various embodiments shown in FIGS.
1A-1G there are thus formed either grooves 11, with the
lands 12 remaining between them, or land sections 12 are
attached to the roll center shaft or frame 15, with the grooves
11 remaining between them. The depth S of each groove and
thus the height of the land is approximately 10-155 mm,
most appropriately 15-85 mm and the groove width L is 1-50
mm and the relation of the groove width L to the land width
B is most appropriately 0.6-1.4.

According to a preferable embodiment shown in FIG. 1B
the roll diameter is for example 1,500 mm. Separate plate
disks have been welded to a frame construction having a
diameter of 1,300 mm, which does not need to be an actual
frame roll, but a support construction similar to it. The
height of the plate disks is 100 mm and their thickness is 6
mm. A 7-mm wide open groove remains between the plate
disks. A simulation model has given results according to
which the roll generates a good vacuum on its surface both
in the closing and opening nip as well as a vacuum of almost
the same level -500 to =900 Pa in the rest of the fabric-
covered area on the roll surface. With the plate arrangement/
grooving according to this preferable embodiment the
vacuum of the roll surface can be brought to a level of =500
to =900 Pa, based on the results achieved from the simula-
tion, depending on the position of the wrap area and the
running speed.

In FIG. 1F, according to a preferable embodiment of the
invention, the open surface structure 10 of the roll has been
formed by such land sections 12, which comprise a metal
part 12A forming the frame construction 12A of the land,
and by a filler section 12B, which is made for example of
plastic or metal based material forming the other side wall
of the groove 11. In the embodiment according to FIG. 1F
the land sections 12 of the surface structure have been
attached to the roll frame or center shaft with a support strip
18. This structure according to FIG. 1F has the advantage
that the portions of metal and plastic can be optimized and
the roll weight is also reduced and the renewal of the surface
structure becomes easier.

FIG. 1G shows a preferable embodiment of the invention
in which separate plate units are attached to one another or
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to the center shaft using friction of form closing attachments.
In the embodiment of FIG. 1G plate disks 12 and 19 of
different size have been attached to the roll frame for
example by a shrink fit, whereby the alternately positioned
plate disks form a surface grooving between them. It is also
possible to produce plate disks comprising the structure of
the disks 12 and 19, which are then attached to each other
using for example a form closing attachment. The use of
plate disks of a different size also enables providing at least
one roll part with a grooving of different depth, allowing to
optimize the groove depth at the roll edges, for example,
based on the generation of the maximum vacuum output.

FIG. 2A shows the effect of closing the open space
between the plates and the center shaft of the roll used in the
embodiment according to FIG. 1A. In the figure, X-axis
represents the roll circle and Y-axis the pressure in the roll
grooves. The top curve 40 in the figure illustrates an
arrangement in which there is an open space between the
plates and the center shaft, i.e. an arrangement according to
the prior art technique, the center curve 41 and the bottom
curve 42 represent situations in which the space interval
between the plates and the center roll is closed, i.e. embodi-
ments of the invention. Number 43 indicates a closing nip
and number 44 an opening nip. The figure also shows
pressure peaks present in the rotational pressure at the
opening nip and at the closing nip. As shown in the simu-
lation figure, the roll according to the invention can provide
the above-mentioned rotational pressure on the roll surface.
In the simulation the roll diameter was kept at 1,500 mm and
the groove depth was 250 in the cases ofthe curves 40 and
41, and 125 mm in the graph of curve 42. The curves show
that a groove closed at the center space generates greater
vacuum than an open solution, and for the groove depths,
250 mm produces less vacuum than 125 mm.

FIG. 2B illustrates measurement results of the effect of the
running speed on the vacuum level of the roll circle showing
that a speed increase increases the vacuum. This is prefer-
able, because with a rising speed it is preferable that the
forces keeping the web attached to the fabric surface at the
turning roll also increase. Curve 45 represents the influence
of the running speed 1,200 m/min on the vacuum level of the
roll circle, curve 46 represents the influence of the running
speed 1,400 m/min on the vacuum level of the roll circle,
and curve 47 represents the influence of the running speed
1,600 m/min on the vacuum level of the roll circle. A closing
nip is marked with number 43 and an opening nip with
number 44.

FIG. 3 depicts the flow behavior in the roll according to
the invention for example in an embodiment according to
FIG. 1A, in which arrows are used to indicate the airflow.
According to the invention, in the area of the closing nip N1
the boundary layer airflow and a possible blasting flow hit
against the roll plates. The impact produces airflows in the
radial direction, and the flow between the plates accelerates
being essentially an airflow in the tangential direction of the
periphery. The flow continues until to the opening nip N2
essentially in the direction of the tangential flow of the
periphery.

In the embodiments according to FIGS. 4-6, for prevent-
ing overpressurization of the pocket space T, a blow box 20;
20A, 20B, 20C is used. The blow box 20 is located in the
pocket space T formed by the dryer cylinders 21, 22 and the
roll 23, and it is provided with a flexible blow nozzle 25,
which is used to partly control the stream of the boundary
layer flow conveyed with the fabric 24 to the closing nip N1.
Further, the blow box is provided with projections 26, 27
having a distance adjustment possibility, if required. This
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can be used to prevent the fabric from conveying air with it
and to seal the influence area of the vacuum zone restricted
and thus more efficient. In boxes 20 producing a high
vacuum it may also be preferable to use labyrinth sealing as
shown in FIG. 6 for the sealing 26. In the embodiment
according to FIG. 4 the blow box 20 has a bottom surface 28
open towards the roll, from which the airflows P1 are
conveyed to inside the roll 23 according to the invention,
intensifying in this way the in-pumping effect P2 of the roll
23. In the embodiments shown in FIGS. 5 and 6, the bottom
plate is without perforations, and, if required, inward pump-
ing can be controlled with the nozzle 32 or even by using a
blow nozzle in position 26. This allows leading the blast air
also through the interior of the box with adjustment of the air
volume led to the roll 23 by removing part of the blast air.
This prevents the canal between the box 20 and the fabric 24
from becoming overpressurized, which would hinder the
runnability. Arrow P3 indicates the airflow led outwardly
from the roll 23 according to the invention in the area of the
opening nip N2, which further intensifies the runnability.
Arrows S1, S2 indicate the travel direction of the fabric 24.
In the embodiments shown in FIGS. 4-6, the sealing 29
separating the nip influence areas N1 and N2 is also shown
in the boxes 20.

FIG. 4 shows a so called half-pocket box 20A, which fills
the pocket space T on the side of the closing nip N1 and
leaving open the side of the opening nip N2 of the pocket T,
allowing the airflows of the trailing/up-going side to be
freely removed form the pocket space without deteriorating
the roll 23 performance.

FIG. 5 shows a so called box that fills the entire space,
which fills the pocket space T and in which on the side of the
opening nip N2 there is created a blow that intensifies the
airflow P3 with the nozzle 30, allowing thus to raise the
vacuum production capability of the roll, while the aspira-
tion 31 can still be used directly from the opening nip N2.

FIG. 6 shows a blow box 20C, which in a sense represents
an intermediate form between the blow boxes 20A, 20B
illustrated in FIGS. 4 and 5, and it has further a blow nozzle
32, which can be used to adjust/intensify the vacuum pro-
duction capability of the roll 23.

Via the embodiments of FIGS. 4-8 it should be noted that
the roll 23 functions as an active pump, in which case the
blow boxes 20 and their use must be made in such a way that
the flow-through air necessary for the roll operation exists.
A preferable application principle is particularly the solution
of FIG. 5, which can be used to efficiently control the roll 23
operation.

The solutions illustrated in FIGS. 5, 6 and 8 are preferable
for the vacuum control of the pocket space T and for the
intensification and control of the vacuum generated by the
roll 23. Particularly at the beginning stage of drying, higher
vacuum is required especially for the runnability component
of the pocket space (blow box), and the control of vacuum
generated by the roll is also more useful in this case. At the
final stage of drying it may be preferable to use a box
according to FIG. 8 or even of FIG. 4, the paper being then
drier and easier to control.

FIGS. 7 and 8 show schematic views of dryer groups R
adapting single fabric run arrangements, with rolls 23
according to the invention located as turning rolls and
pocket spaces T, equipped with a blow box 20, being used
in connection therewith. The top row dryer cylinders are
indicated with reference number 37 and the dryer fabric and
its lead and guide rolls are referred to with numbers 38 and
39 respectively. FIG. 7 shows an embodiment, in which in
the pocket spaces T of a dryer group R adapting a single
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fabric run arrangement, there is located a blow box 20C,
which corresponds primarily to the embodiment illustrated
in FIG. 6, allowing to optimize the vacuum production of
rolls 23 considering the position of the group in the dryer
section.

FIG. 8 shows an embodiment, in which the blow box 20
located in the pocket spaces T corresponds primarily to the
embodiment illustrated in FIG. 4, in which a plate without
perforations 28 is applied and the suction at the opening nip
of the cylinder is intensified with a separate suction con-
nection 36. Dryer groups R of the type illustrated in FIGS.
7 and 8 are particularly suitable for use as dryer groups at the
beginning of the dryer section.

The invention is described above by making reference
only to some of its preferable embodiments to the details of
which the invention is not, however, intended to be strictly
limited in any way.

We claim:

1. A dryer group in a paper or board machine comprising:

a first contact dryer cylinder, a second dryer cylinder and
a turning cylinder positioned therebetween;

a single dryer fabric and a paper or board web arranged to
travel over the first contact dryer cylinder with the
paper or board web between the first contact dryer
cylinder and the dryer fabric, and the paper or board
web arranged to wrap around the turning cylinder
supported by the dryer fabric to define a wrap area, and
the dryer fabric and the paper or board web arranged to
travel over the second dryer cylinder with the paper or
board web between the second dryer cylinder and the
fabric so that the paper or board web remains between
the second dryer cylinder surface and the dryer fabric;

wherein the dryer group turning cylinder is a roll com-
prising a groove-like surface structure and a center
shaft or a roll frame, wherein there is contact between
the surface structure and the center shaft or roll frame
so that a closed construction is formed except for a
portion of the roll used for threading a tail;

wherein the turning cylinder roll is arranged with the
dryer fabric to produce a vacuum that keeps the paper
or board web attached to the dryer fabric at an outer
surface within the wrap area of the turning cylinder;

wherein the groove-like surface structure has portions
forming grooves 18-155 mm deep and 6-10 mm wide,
and wherein lands of a defined width are formed
between the grooves, and wherein the ratio of groove
width to land width is 0.6 to 2.0, and the ratio of groove
width to depth is 2.25 or greater.

2. The dryer group of claim 1, wherein the lands have

rounded edges with a radius of 1-3 mm.

3. The dryer group of claim 1, wherein the lands have an
outermost surface having a radius of curvature of 100-500
mm.

4. The dryer group of claim 1, wherein the ratio of groove
width to depth is 3.5 or greater.

5. The dryer group of claim 1, wherein the ratio of groove
width to depth is between about 2.25 and 16.

6. A dryer group in a paper or board machine comprising:

a first contact dryer cylinder, a second dryer cylinder and
a turning cylinder positioned therebetween;

a single dryer fabric and a paper or board web arranged to
travel over the first contact dryer cylinder with the
paper or board web between the first contact dryer
cylinder and the dryer fabric, and the paper or board
web arranged to wrap around the turning cylinder
supported by the dryer fabric to define a wrap area, and
the dryer fabric and the paper or board web arranged to
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travel over the second dryer cylinder with the paper or
board web between the second dryer cylinder and the
fabric so that the paper or board web remains between
the second dryer cylinder surface and the dryer fabric;

wherein the dryer group turning cylinder is a roll com-
prising a groove-like surface structure and a center
shaft or a roll frame, wherein there is contact between
the surface structure and the center shaft or roll frame
so that a closed construction is formed except for a
portion of the roll used for threading a tail;

wherein the turning cylinder roll is arranged with the
dryer fabric to produce a vacuum that keeps the paper
or board web attached to the dryer fabric at an outer
surface within the wrap area of the turning cylinder;

wherein the groove-like surface structure has portions
forming grooves 18-155 mm deep and 6-10 mm wide,
and wherein lands of a defined width are formed
between the grooves, and wherein the ratio of groove
width to land width is 0.6 to 2.0, and the ratio of groove
width to depth is 2.25 or greater; and

wherein the depth of the of the grooves is selected to
produce a vacuum on the surface structure of the
turning cylinder which is wrapped by the paper or
board web which is at least about 200 Pa when the
dryer group is operated at a machine speed greater than
1200 meters per minute.

7. A dryer group in a paper or board machine comprising:

a first contact dryer cylinder, a second dryer cylinder and
a turning cylinder positioned therebetween;

a single dryer fabric and a paper or board web arranged to
travel over the first contact dryer cylinder with the
paper or board web between the first contact dryer
cylinder and the dryer fabric, and the paper or board
web arranged to wrap around the turning cylinder
supported by the dryer fabric to define a wrap area, and
the dryer fabric and the paper or board web arranged to
travel over the second dryer cylinder with the paper or
board web between the second dryer cylinder and the
fabric so that the paper or board web remains between
the second dryer cylinder surface and the dryer fabric;

wherein the dryer group turning cylinder is a roll com-
prising a groove-like surface structure and a center
shaft or a roll frame, wherein there is contact between
the surface structure and the center shaft or roll frame
so that a closed construction is formed except for a
portion of the roll used for threading a tail;

wherein the turning cylinder roll is arranged with the
dryer fabric to produce a vacuum that keeps the paper
or board web attached to the dryer fabric at an outer
surface within the wrap area of the turning cylinder;

wherein a pocket space is defined between the first contact
dryer cylinder, the second dryer cylinder, the turning
cylinder roll, and the fabric, and wherein a runnability
component system is positioned within the pocket;

wherein the runnability component system has a lower
portion arranged so that air is drawn from the runnabil-
ity component system in to the grooves of the turning
cylinder roll; and

wherein the pocket space is arranged to allow air from the
grooves of the turning cylinder roll to pass out of the
pocket space.
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8. The dryer group of claim 7, wherein the runnability
component system in the pocket space of the dryer group is
functionally divided into at least two parts.

9. The dryer group of claim 7, wherein the runnability
component system is arranged to produce a different vacuum
in different functional parts utilizing the ejection or suction
principle in a blow box.

10. A method of controlling runnability in a dryer group
of a paper or board machine having a first contact dryer
cylinder, a second dryer cylinder and a grooved turning
cylinder positioned therebetween, the method comprising
the steps of:

passing a paper or board web over the first contact dryer

cylinder with the paper or board web between the first
contact dryer cylinder and a dryer fabric;

wrapping the paper or board web around the turning

cylinder supported by the dryer fabric to define a wrap
area;
wrapping the dryer fabric and the paper or board web to
travel over the second dryer cylinder with the paper or
board web between the second dryer cylinder and the
fabric so that the paper or board web remains between
the second dryer cylinder surface and the dryer fabric;

wherein the paper or board web and the fabric travel over
a grooved turning cylinder having a groove-like surface
structure and a center shaft or a roll frame, wherein
there is contact between the surface structure and the
center shaft or roll frame so that a closed construction
is formed except for a portion of the roll used for
threading a tail, and wherein the paper or board web
and the fabric travel at a running speed of at least about
1200 meters per minute, and wherein the grooves are
selected with a configuration to produce a vacuum of at
least about 200 Pa where the paper or board web and
the fabric travel over the grooved turning cylinder at
said least about 1200 meters per minute;

defining a pocket space between the first contact dryer

cylinder, the second dryer cylinder, the turning cylinder
roll, and the fabric, and positioning a runnability com-
ponent system within the pocket;

drawing air from the runnability component system into

the grooves of the turning cylinder roll; and
exhausting air from the grooves of the turning cylinder
roll outwardly into the pocket space.

11. The method of claim 10 wherein the paper or board
web and the fabric travel over the grooved turning cylinder
at a running speed of at least about 1400 meters per minute,
and wherein the grooves are selected with a configuration to
produce a vacuum of at least about 300 Pa.

12. The method of claim 11 wherein the paper or board
web and the fabric travel over the grooved turning cylinder
at a running speed of at least about 1600 meters per minute,
and wherein the grooves are selected with a configuration to
produce a vacuum of at least about 400-900 Pa.
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