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ABSTRACT

To achieve higher productivily in papermaking, the increasing of web speed is the most
efficient way. However, velocity increase will also immediately canse greater demands
according to the web sirength,

In normal papermaking process, the form of the web changes gradually through the forming
and press sections [rom suspension (o solid form. Afier the press section, the basic fber
structore of the paper has already been created, but its rheological properties are in the
beginning state of their development. Due to the water removal method by pressing the wet
fiber network against a press roll surface, an adhesion force is generated between the web
and the surface.

At the end of the press section, the sirength of the web is still very low due to the web’s great
maisture content. At this point, the mechanical properties of the paper can be affected or
even deteriorated by wrong web pegling methods, For this reason, the understanding and
controlling of the adhesional behaviour of the web is essential especially in the cases of high
velocity levels.

This paper studies the adhesional behaviour of the open draw, which is usually the first time
during the papermaking process when the wel web is suessed mechanicatly in the
longiludinal direction. This behaviour is swdied by a quasi-dynamic mathematical model,
which includes force balance and continuily models and also a rheological model for the
open draw and material properties of the web respectively.

The model consists of steady-stale and nonsteady-state portions. Time-dependency is applied
through mass flow and rheological equations, force balance equation is in static form. The
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solving method for this coupled equation system is to first solve the ideal steady-state
situation and, afier this nonsteady-state equations which can be solved by using the steady-
stale situation as an initial condition.

The qualitative behaviour of this model is correct, for example the inercase in pesling angle
between the surface and the web can be observed in cases of both velocity increase and
adhesion energy increase even if the relative speed difference of the open draw has remained
constant. Limilations appear mainly in the correctness of web material, adhesion and
external pressure paramelers. However, by using this model, also the effects of such external
disturbances as adhesion and pressure disturbances can be studied efficiently.

One of the main resulls is also an exponential increase in the peeling angle as a function of
velecity. In this paper, it is caused by the centripetal force affecting the web.

As a conclusion, the peeling behaviour of the wet web in an open draw is a very sensitive
system. The main advantage of this system is its capability to self-adjustment throngh
changes of the mass Qow rate and peeling angle. However, also the rheological properties of
the web and the adhesion force iself play a significant rofe in the optimization and
stabilization of the web ransfer in an open draw.

NOMENCLATURE

b Strain coefficient

C _Aerodynamic constant

c Ratio of two steady-state tensions

d Distance m

E Specific modulus of elasticity m?/s?
g Gravilational constant m/s?
h Thickness of the web m

k Strain rate constant 1/m

! Length m

m Basis weight kg/m?
p Pressure N/m?
r Radius of the roil m

R Local radios of the web m

t Time 8

T Tension N/m
u Axial displacement m

v Velocity m/s
w Vertical displacement m

X Axial coordinale m

Y Young's modulus N/m?
A Difference

b Difference

£ Strain
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.Top angle radian
Take-off angle radian
Density kg/m?
Local angle of the web radian
Kinematic viscocity m2/s

< O 5 -2

SUBSCRIPTS

Alr

Diag

Friction

Total

Undelormed or sum
Beginning

Ending

[T R R =W Y

1. INTRODUCTION

In papermaking, the material behaviour of the web can be very different. Paper
web is formed from suspension whose consistency can be appr. 0.7 % and, after the
forming section and press section, the web can be considered solid ‘web’ which already
has some kind of elastic behaviour. Afier Ihe press section, the dry solids content of the
web s typically 45 - 50%, and the strengh of the web is mainly (he resull of some
hydrogen bonds between the fibers and also finer fiber particles (Fnes) and also the
frictional behaviour of the above mentioned particles contacting each other,

The strength and elastic moduli of this kind of structure are low and the elastic
behaviour is also time-dependent, e.g. viscoelasticity plays a major role in the material
behaviour of the web. Al this point of the papermaking process, the paper web is
usually peeled off from the press roll and, also in this point, the major part of the
stretch against the web is executed.

The amount of the stretch can be adjusted with relative speed difference between
the press roll and paper guide roll (=strain), and this adjustment is very sensitive
according to the averall runnability of the press and drying section and also the quality
of the paper. Therefore, the peeling of the web from the press roll is one of the
bottlenecks in increasing the produclivity of the paper machine by speed increase, and
therefore, the handling of this process is essential.

2. THE MODEL

2.1 Time-dependent model of the open draw

Once again, we describe the time-dependent tension behaviour of a moving web
in the open draw with the following non-linear time-dependent equations [1), [2];
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If we assume thal the shape of the web deflection w(x,1} is an arc which has a
time-dependent radius, we assume the following:

Wiz = Jaz(t) —%{-—-\/Rz(t)—xa ©)

where ¢ is Lhe span length of the arc,

If we omit Lime-dependent partial time derivatives from Eqns. (1) - (5) and
calculate only place-dependent derivatives from Eq. (6} and substitule them back in
Eqgns. (1} - (5), we obtain the following tension sialement at the middle point of the arc
(®=0,x=0):

3

T=ApR + mgR +:§2+mv2+%crpnv1Rd@ 7

However, in the case of Fig.1, total web tension T also includes tension
component T,, , which decribes the eflect of the adhesion force between the web and

peeling surface. If we also integrate the last term over the length of the open draw, we
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obiain the friction force for both sides of the web caused by air drag. Now, the Lotal

lension T,, can be written as [ollows:
Yh 2 2 W
Te =APR +mgR + +mv+ Cop v+ ———— 8
wm =AP BR 4 x7 A T cosq (®)

2.2 Runnability geometry
The realistic runnability geometry can also be seen in Fig. 1. If we are observing
web behaviour between the length d, we can write the following geometry equations:

Y=@+ arcsin[ﬂ:—f—ﬁ) (%)

fy= sz + rf -1} ~ 2 dsiny (10}

One of the most important feature of 2 continuous moving web is its ability to
self-adjust the mass of the open draw according to the force balance of the web. The
basis ol this phenomenon is in the behaviour of continuity equation. The mass in unit
length can be wrilten as follows:

M=mgy+—nt ML) (11)

I+be, 1+e;

Consiant b defines the strain distribution in open draw length 1. In the case of
high strain rale b=1 respectively, in the case of low sirain rate (high viscosity values

or very high web speed) b=0.5. The difTerence of incoming and oulgoing mass flow
can be defined in the following manner:

Moy, - e (12)
dt 1+eg
If we differentiate Eq. (11) and set it equal to Eq. (12) we obtain, after
simplification, the following continuity equation:
dm dy
Vil +E:)— v, =er'y Q+e)+ d_Lrl(I +e.)+
1+ e, g . b {1 -+
E._r.l.]..._.{:.._.—le[ +_d_(;1+E1 ....dET ( ET)_g.d_ml.r,Z-..Fd_Yr - (13)

di m1+bey, dil+be, dt (I+bey)®  dt m  di 2
der yr, _dmgrn do  des gn
dt (1+g;) dt m  dt > dt (1+¢g)

In a steady state situation, the above will reduce to form:
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Thus, the solving of this peeling model consists basically of the soluation of Eqns.
(8) and (13}. The solutior of this open draw model is discussed more in Chapter 4.

3. MATERIAL BEHAVIOUR OF THE WEB

3.1 Strain behaviour

The strain behaviour of the moving web can be derived using equations of axial
wave mechanics of viscoelastic bar. The strain behaviour of the open draw can be
found using for example the famouns Kelvin-Voigt viscoelastic model. According 1o
Newton’s Second Law, we can write the following for axial displacement:

hEd aT
mE =5y (1s)

In the case of the Kelvin-Voigt model, the web tension can also be written as
follows:

T=m(EE+VEJ (16)
dt

If we dilferentiate Eq. (16) according to the place and remembering that
£ = du/d x , we oblain equation the following for a stationary web:

d*u d*u d*u
m——=mE—+mv—s;
dt” dx~ dx*dt

17}

When the web is moving, the displacement u depends both on place and time
u = u(x,1}. Now the differentials in Eq. (17} can be defined in the following form:

dzu_82u+,)v d*u +v262u
di* 9t 7 axot ox?

(18)

d*u 2*u .00

= 1
dx*dt Bx28t+v ax’ (19)

Thus, the full linear viscoelastic (Kelvin-Voigt) equation of an axial moving web
i§: '

2 2 2 2 3 3
d‘u . d°u 20 u_Eau_l_V[au 2E)‘uJ 0)

o TV axar o T Ve 7Y e
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Remembering the definition of strain menticned earlier, Lhe sieady-state equation
of the moving web can be written as follows:

L
—= +k—=0,where 21
ax* ax (21)
oy
k=EZY (22)
Vv
If we assume that at the beginning of the open draw, the strain £ = ) and
€ = £ al the end of the open draw, the solulion of Eq. (21) is:
1—e™ v, — V
e{x) = By TN where € = ZVI L (23)

A schematic plot of the solution of Eqg. (23) with different viscoelaslicily parameter
values can be [ound in Fig. 2. Above kind of strain behaviour has also been found in
experimental results [4].

3.2 Viscoelastic model of the paper web

It is a well-known fact that paper web is a material which exhibiis both
relaxational and creeping behaviour. These rheological properes afTect the earlier
expressed storain behaviour and thus the overall tension behaviour of the web.
Rheological models have been widely used in the area of plastic industry but, due to
similarities in the behaviour between plastic and paper, these models have also been
used in the paper indusiry and paper science.

Rheological models can easily be developed by combining both springs and
dampers. In some cases, these can also have nonlinear behaviour. Usually, the policy is
10 use a such number of these components which can imitate the rheological behaviour
of the paper accurately enough. However, the number of undefined material paramelers
increases with every new component. Therefore, the usual way is 1o make a reasonable
choice between these two cases,

In this paper, we have used a rheological model which contains two springs and
one damper. By arranging these components so Lhat one spring is altached parallel
with the combination of another spring and damper which are both connected in series
we get a model which is known as Linear Standard Model (Fig. 3). Linear Standard
Model can be expressed as [ollows:

d T(t) _ mE

WEa e(t) + mE, de(t) E
dt v

=T,
v

(24)
where E = E +E,

The relaxation behaviour of the above equation can be found in Fig. 4. In the case of a
very slow strain rate, the tension level is relaxation tension level, which is equal to
mE, & . In the case ol a very [ast strain rate the highest tension level (“peak” tension)
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is mE, & [5]. The benefit of using this kind of model is the relative easiness in

parameter determination. Exampies of real relaxational behaviour of fine office paper
can be found in Fig. 5.

4, SIMULATION

4.1 Simulation method

Two Lypes of cases are analyzed: steady state and transient phenomena, as well as
their dependence on design parameters and material rheology. In steady state, the
evolution of state variables occurs along the open draw, In transient analysis, the
steady state is the basis and starting point for transient calculations.

In a sieady state, the outer loads on the web consisting of pressure, peeling
energy, inertial and frictional forces are in equilibrium with the tension produced by
“draw difference ” i.e. the relative velocity difference between successive rolls. The
iensional state of a web reflects this force balance. In our case, steady state is governed
by the equations (8)-(10), (14) and

Sin| - |=to_ (25)
2R) 2R
mE, &
T, = St (26)

l1—g (Ey+Ea)vyv

where Ty is the sieady state tension in the paper web. The values of variables Ty, !, b, ¢
and vy are searched using Newton’s method. The search space seems (o be guite convex
and good first values for Heration are not needed.

Dynamic analysis of web bevaviour is based on the equations (8), {9), (10), (13)
and

dT  mE,E,c e (1) der(t) E,
= e TN L m(E, + B, ) - ZLTy 27
dt v m(E, +E,) dt v ®© @n

which is used to describe the relation between the tension and strain €r at the end of
the draw. In not far from elastic cases, factor ¢ is 1 or close to 1. In the case of mare
viscous materials, factor ¢ gets greater values than 1. This trick is used to simplify the
model at the cost of slight inaccuracy in process dynamics. The limilation disappears
with less viscous materials.

The equation system describing web dynamics can be reduced to twa coupled
first-order differential equations for ¢ and . Peeling energy W(1) and pressure
difference Ap() over the web can be used as disturbing inputs. The classical fourth-
order Runge-Kutta formula is used to solve the set differential equations with the
steady state solutions as initial condition. For this integration scheme, step error
approaches zero like 81° where 8t is the integration step size. If high-order derivatives
are not continuous, which is usuval, superiority in accuracy is lost. But essentially,
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potential defects of the results lie in governing equalions nat in the numerical method
used.

5.RESULTS

5.1 Steady-state situgation
The basic geomerric data for analysis was as follows. The axes of two successive

rolls were at the same level and their radii were r; = 700 mm (upstream roll) and r; =
350 mm {downstream roll), The shortest distance batween roll surfaces was 50 mm.
Web velocity at the beginning of the draw was v;=18.00 m/s and at the end v.=18.54
my/s.

Paper web was considered rather elastic. The spring constants of linear standard
material were selected in the basic case (o be Ey = 10 000 m*/s®, Ez = 25 000 m%/s?
and kinematic viscosity v = 5 m%/s. Weight of paper per surface area was 140 g/m?,
Adhesion energy level was selected to be 2.5 J/m” and pressure difference over the web
20 Pa.

Three important aspects, take-off angle, tension and strain evolution in open draw
were considered. For viscous material modelled e.g. by Maxwell model, a linear
evolution into the final strain occurs. The behaviour of Kelvin-Voigt material can vary
from nearly Maxwell 1o elastic one, The same is true for linear standard material
discussed here. The steady state strain distributions in an open draw for three
kinematic material viscosities v = 3, 15 and 30 m%s are shown in Fig. 2. For materials
with dominating elasticily strain evolution occurs mainty at the beginning of the open
draw,

Peeling energy and viscosity of the web material are important (actors in open
draw dynamics. Figure 6 illustrates the dependence of the take-off angle on peeling
energy and malterial kinematic viscosity at a consiant machine velocity. Increasing
machine velocity lends to increase take-off angle in an open draw (Fig 7.). This can
lead to unstable web transfer and break in production.

5.2 Nonsiead v-siate situation :

Paper web with characlerictics chosen above was exposed to peeling energy
disturbances in open draw. Two types of inputs were used. In the first case, the pulse
of constant shape and peak height of 6.0 I/m* but varying duration were added (o the
basis load of 2.5 J/m? (Fig. 8). The length of the disturbance was 2, 20, 100, 200 or 400
ms. The responses in tension, strain and take-off angle were studied. The shorter the
pulse daration, the bigger the peak tension and strain in response.

When increasing the length of disturbance pulse, undershoot in tension and strain
below the steady staie level increased. Bul after a certain pulse length, it began to
diminish. Already a disturbance signal with a length of 400 ms was seen by the process
more as trend input resulling in a rather smooth response, Also, the lowest tension
value noticed in response was slightly bigger for 400 ms pulse duration than for that of
200 ms . The longest pulse led to the largest range in take-off angle.

In the second case, the system was exposed to peeling energy step changes with
time constants of 2, 20 or 100 ms (Fig. 9). Also, in this case, the largest change rate in
input caused top values in tension and strain. Take-off angles drified slowly 10 new
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steady states. Strain and tension returned essentiatly to the same level where they
started. That was because of the elastic part of the malerial was dominating, In a
highly viscous case, that would not have happened.

Resinous sticky spots can sometimes cause problems in paper web handling.
Figure 10 gives an approximation what happens in an open draw when a resinous spot
comes up on the side of the upstream roll. In the analysis, spring consiants were the
same as in our basic case. Materials of three kinematic viscosities 3, 15 and 30 m%/s
were considered. The most viscous material developed the greatest range and values in
tension but the smallest ones in strain.

6. CONCLUSIONS

In this paper, open draw behaviour in the case of adhesion force has been studied.

In general, the external forces in the presence of peeling force in the [irst open
draw form a very sensitive runnability system due 1o the low strength of the wet web.
One essential feature of this system is its capability to sell-adjust the ension level even
if the level of external forces changes. The adjustment is possible throngh the changing
of the iake-off angle. However, the levels of exiernal disturbances (adhesion force
elc.) can temporarily give rise to lension changes which eventually can break the web.
This phenomenon is greatly affected by viscosity parameters of the web, The greater
the viscosity parameter, the greater the tension disturbance. Due to this feature, the
smoothness of adhesion force behaviour is very important. Also, knowledge of the web
parameters is imporiani 10 achieve good runnability in the press section and at the
beginning of the drying section.
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Fig. 2. Relative strain in an open draw with different material kinematic viscosilies.

Fig. 3. Linear Standard Model for viscoclastic behaviour of paper.
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Fig. 3. Real relaxation behaviour of dry fine paper.
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Fig. 6. Take-off angle of viscoclastic webs at constant machine velocity.
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Question - Selection of your rheological model which is your Spring 2 which any strain
imposed on material is totally recovered by spring 2. It seems to me that is one of the key
features of the materials in that there may be a permanent deformation as a result of this
strength. Can you comment on this.

Answer - It depends upon the time scale. We had a short time to produce this kind of
model. So we used the AP model. The more parameters we have the more difficulty we
have to determine the values. The next step would incorporate a more complex model.
Comment: Something along the lines somewhat of a Jeffrey’s model.

Answer - Yes

Question - Based on your modeling work. Can you make recommendations on design or
operation of the press section in order to improve runability?

Answer - We have not published on this quite a lot, but I think that this kind of

considerations can lead to some success in terms and geometry and the control feed and
what kind of rheology the web has in order to optimize that averall behavior.
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