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ABSTRACT 

The mechanics of paper is a difficult subject because paper is a unique 
material. It is very thin, flexible at bending, unstable in compression and stiff at 
tension. Dealing with paper we have to account for orthotropy and heterogeneities 
created during the manufacturing process. 

This thesis addresses two topics in mechanics of paper webs in printing press 
applications. First is the dynamic behaviour of the travelling webs. Second is so-
called “fluting” after heat-set web-fed offset printing.  

There are a number of challenges in simulating the dynamics of the paper web.
It is necessary to include the influence of the paper web transport velocity. Due to 
initial sag or vibrations, gyroscopic forces affect the dynamics of the webs. 
Furthermore, the transport velocity reduces the stress stiffening of the web. A good 
theoretical model should account for large displacements and should be capable of 
simulating wrinkles, which is essentially a post-buckling phenomenon. Finally, the 
paper web is surrounded with air which reduces the natural frequencies substantially 
by “adding" mass to the paper. A non-linear finite element formulation has been 
developed in this study for simulation of travelling webs. The results of the studies 
shows that for the tension magnitudes used in the printing industry the critical web 
speed lies far above those used today. Speed limitations are rather caused by ink 
setting and tension control problems. If the web tension profile is skew, however, 
edge vibrations are inevitable even at small external excitations. 

Fluting is a permanent wavy distortion of the paper web after heat-set web 
offset printing. It is often seen in high quality printing products, especially in areas 
covered with ink. It is generally accepted that tension and heat are required to create 
fluting. However, there have been certain disputes as to the mechanism of fluting 
formation, retention and key factors affecting this phenomenon. Most of the existing 
studies related to fluting are based on linear buckling theories. A finite element 
model, capable of simulating a post-buckling behaviour has been developed and 
experimentally verified. Studies show that none of the existing theories can 
consistently explain fluting. A new basic mechanism of fluting formation has been 
proposed and numerically demonstrated. Fluting was explained as a post-buckling 
phenomenon due to small scale moisture variations developing during through-air 
drying. It was concluded that air permeability variation is the key factor affecting 
fluting tendency. Fluting is retained due to inelastic deformations promoted by high 
drying temperatures. 
 
Keywords: Travelling webs, skew tension profiles, mixed dynamic formulation, fluting. 
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SAMMANDRAG 

Detta arbete består av två delar. Den första delen behandlar körbarhetsfrågor 
i samband med tryckningsoperationer. Den andra delen studerar vågbildning after 
tryckning i värmetorkande offsettryckning s.k. heat-set offset. 

Körbarheten vid t.ex. tillverkning av papper eller vid tryckningsoperationer 
begränsas bl.a. av ett fenomen som kallas ”banfladder”. Detta fenomen hänförs till 
något som generellt kallas dynamisk instabilitet. Mer speciellt så är fladder något 
som typiskt uppstår i system med en axiell transporthastighet t.ex. en pappersbana i 
en tryckpress, i ett rör med strömmande vätska, drivremmar, magnetband etc. 
Vanligtvis finns det en vibrationskälla i systemet. I en tryckpress kan det röra sig om 
defekta kullager, parallellitetsfel hos valsarna, vibrationer i pressfundamenten, bana-
vals vidhäftning, töjningsvariation på grund av periodiska fuktförändringar i 
maskinriktningen o.s.v. 

För att kunna förutsäga hur en pappersbana rör sig i t.ex. en tryckpress behövs 
generellt tillgång till någon numerisk beräkningsmetod. I detta arbete har finita 
element-metoden (FEM) använts. Med hjälp av denna metod kan en komplex 
struktur byggas upp genom användning av diskreta element som approximerar 
geometri och materialegenskaper hos pappersbanan. FEM har i de flesta fall hög 
noggrannhet och används inom många grenar av fysiken och inte bara inom 
mekaniken. Olinjära finita element-analyser har i denna avhandling genomförts med 
inverkan av banhastighet och luft inkluderade i modellerna. Med analyser av denna 
typ kan den kritiska hastigheten bestämmas vid vilken dynamisk instabilitet kan 
uppkomma. 

Vågbildning är ett störande fenomen som kan förekomma på en pappersbana 
efter heat-set offsettryckning och som kan kvarstå en lång tid efter tryckningen. 
Syftet med detta arbete var att identifiera olika nyckelfaktorer som kan orsaka 
vågbildning. Fenomenet simulerades med hjälp av en kvasistatisk finita element-
metod i analyser som innehåller bl.a. post-bucklingsberäkningar. Under 
”torksteget” introduceras också offsettryckfärgen och dess stelnande modellerades. 
Analyserna visade att en ojämn, slumpmässig fördelning av fuktinnehållet i ett 
papper vid belastning kan orsaka deformationer som kan betecknas som vågighet. 
Det visade sig också att om dessa variationer inte sker tillräckligt snabbt så uppstår 
ingen vågighet. Enligt experimentella resultat kan dessa variationer förklaras med 
permeabilitetsvariationer i papperet. Dessa permeabilitetsvariationer är således den 
huvudfaktor som bestämmer om ett papper är "bra" eller "dåligt" vad avser 
vågbildning. Den förklaring som här presenteras stämmer bra överens med det som 
observerats inom tryckindustrin i motsats till konventionella förklaringar baserade 
på Poissoneffekten eller skillnader i hygroexpansion.  

I den experimentella delen av projektet utvärderades också 
offsettryckfärgens styvhet. Tillsammans med numeriska simuleringar visar 
experimentella resultat att enbart tryckfärgen inte kan "frysa fast" den veckade 
strukturen som uppstår efter fuktillskott. Däremot kan en hög temperatur leda till 
kvarstående vågbildning efter tryckning genom att främja icke-elastisk deformation 
av papperet. 
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INTRODUCTION 

The end products from a printing press are dependent on many printability 
issues. Paper web mechanics is an important part of them. A modern printing press 
is an extremely complicated structure, with a set of controlling and steering devices 
(Figs 1 and 2). While there are similarities between various web-based presses, 
there could also be many differences in configuration and basic parameters such as 
web width, web speed etc. 
 

Figure 1. Semi-commercial single-width offset printing press*

Figure 2. High-performance newspaper offset printing press 
 

Web printing refers to the printing on a continuous roll of paper. The paper 
web is guided through the printing press by transport rollers or printing cylinders. 
A simplified path for the web in a printing press is shown in Fig. 3. To ensure the 
required printability, all rollers in different sections must operate at exactly the 
same speed; in other words, the corresponding driving gears in different stages 
must rotate synchronously without phase variance. In practice, however, owing to 
for example vibrations, gear damage and run-out, the rotation speed of these gears 
may vary. These variations may cause misregister or doubling problems, but can 
also be a source of external oscillations transferred to the paper web. In every 
complex machine that has many moving parts, vibrations are inevitable. In the 
printing press there are many sources of oscillations e.g. roller eccentricity, 
deposits of old ink on the rollers, tension variations etc. If the vibration amplitude 
becomes sufficiently large and its frequency matches the eigenfrequencies of the 
web, it may result in excessive vibrations. 

 
* Pictures of the printing presses were kindly provided by Koenig & Bauer AG. 



2

Figure 3. Schematic representation of the printing press 
 

The paper web can be characterized by a wide set of parameters such as 
tension shrinkage and moisture profiles, thickness, temperature, grammage (weight 
of a square meter of the paper sheet), orthotropic elastic properties (usually given 
for different moisture content), hygro-expansion coefficients etc. All these 
properties might influence printing quality and their combinations make paper bad 
or good for a certain printing press. What is good or bad cannot be defined 
distinctly. There could be a trade-off between runnability and printability. From the 
runnability standpoint, a good paper is one that gives few stops and few web 
breaks. Printability, on the other hand, requires good prints with the utilised inks 
and at the environmental running conditions of the press room. Several issues 
relevant to this study will be commented upon and their importance for the 
production efficiency will be described. 
 

Paper properties

Paper properties may be characterised on a macro- or micro-scale level. 
 
Macro-scale level paper properties.

The web tension profile is a property that usually has its origin in a paper 
machine where, due to the drying conditions, the paper has inherited residual 
stresses and strains. The tension profile can be very steep at the edges of the 
tambour. It has been observed that webs with a uniform tension profile result in 
better runnability with fewer breaks and less vibrations. The tension varies through 
the printing press when passing nips and transport rollers.  

The shrinkage profile characterizes dried-in strains in the cross direction of 
the web. It is important to know this profile for evaluation of the shrinkage 
potential as the moisture content in the paper web changes during the printing 
process. 

The paper moisture content influences both the printability and the 
runnability. Moisture problems stand behind curl, cockling and other phenomena. 
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The moisture profile of the web can be controlled in the paper machine. The 
desired moisture profile has to be preserved during transportation. Leak-free 
packing of the reels has always been a problem for the paper mills, which is 
currently being addressed more or less successfully as the packaging technology 
evolves. In a pressroom as the web becomes unwrapped, it is important to monitor 
the environment to prevent moisture content changes. However, this is often not an 
easy task since moisture changes almost always penetrate some layers of the reel. 
This may create tension variations during a continuous printing process. 

The temperature of the paper is highly coupled with the moisture content 
and the ability of the paper to absorb ink. If the reel is cold water may condense on 
exposed areas in a warmer environment. Water absorption may release some dried-
in strains leading to paper swelling causing waviness in the first layers of the reel 
and at the edges. It is recommended to warm up the reels before unwrapping. This 
process can be time consuming and is not always feasible due to production or 
storage limitations. 

 
Micro-scale level paper properties.

Formation is the small-scale basis weight variations in the plane of the paper 
sheet. One can easily see the uneven structure of paper with the naked eye. Paper 
that is poorly formed will have weak, thin spots and thick spots. Such a variation is 
created by the paper making process as the fibres form flocks and as fillers are not 
distributed evenly. Formation may affect all other micro-scale properties and 
optical properties of the paper. 

Since paper is composed of layers of randomly oriented fibres, the paper 
structure has a varying degree of porosity/air-permeability. The ability of fluids 
(both liquid and gaseous) to penetrate the structure of paper is a significant 
property affecting most paper applications. Paper is a highly porous material and 
contains as much as 70% air. Most often porosity is used as an indication of the 
ability of the sheets to absorb ink or water whereas permeability characterises the 
gas “conductivity” of the paper. Sometimes these terms are intermixed but certain 
studies show that porosity and permeability may vary independently  [1]. 

Fibres in paper are preferably aligned with the machine direction. Due to 
stochastic nature of the process there are local variations in fibre orientation which 
also lead to variations in elastic properties. 
 

Paper web handling

Paper web handling is another factor that is related to the way paper is 
treated from the paper mill up to the final stages in the printing press. Proper paper 
web handling entails no mechanical damage of paper reels during transportation 
and measures taken to minimise the risk of breaks and operation failures in the 
press. 
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The paper web is delivered to the press by the infeed section (Fig. 4). The 
infeed section typically contains of a reel-stand; a splicer that automatically splices 
the end of one web to the beginning of another, a web-steering device that controls 
the side-to-side position of the web; and a tensioner that maintains the proper 
tension on the web as it enters the press. 
 

Figure 4. Infeed section 
 

The paper web is unwinded from a reel-stand. Most modern web presses do 
not require the press to be stopped when going from one web reel to another. These 
presses have what is called an automatic splicer that allows presses to splice one 
reel with another by a tape without stopping the press. The splice cycle can be 
vividly reflected on production and is often coupled with stress peaks and even 
web breaks. In order to remove drastic tension variations, the infeed section is 
equipped with a dancer, i.e. a moving roller, usually connected in a closed loop 
with a tension control system. The web wraps around the dancer roller which 
virtually rides on the moving web. The dancer is free to move up and down; this 
movement also controls a brake on the reel-stand. If the web feeds too rapidly, the 
paper under the dancer roller becomes slack and the dancer roller drops, which 
automatically applies a brake to the reel-stand, slowing the paper feed. If the web 
feeds too slowly – the opposite occurs. The paper under the dancer becomes taut, 
lifting the dancer, which releases the brake on the reel-stand, allowing the web to 
feed more rapidly. Numerous factors affects the web tension during printing and 
the dancer mechanism alone cannot adequately compensate for all of these factors 
to maintain a proper web tension. Improper tension can lead to improper image 
registration or even break the sheet causing a press shut-down. Most high-speed 
web presses employ a tensioner to maintain a consistent web tension. The unit 
consists of a series of rollers over which the infeeding web passes. As the web 
passes over the tensioner rollers, its tension profile may even out to some extent. 
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Today, many tensioners consist of a series of variable speed rollers, followed by a 
second dancer roller. This ensures proper web tension with a minimum variation.  

The infeeder is followed by the printing section, which consists of the series 
of printing units. Web presses usually have several printing units. In an offset 
press, each printing unit contains an inking system, a dampening system, a plate 
cylinder, a blanket cylinder, and an impression cylinder. Inside the printing unit the 
web interacts with a blanket cylinder that carries the offset blanket, which is a 
fabric coated with synthetic rubber that transfers the image from the printing plate 
to the substrate. The impression cylinder forces the paper against the inked blanket. 
Most high speed presses use the blanket-to-blanket arrangements so that printing 
on both sides of the web is possible. Some high speed presses use a plate/blanket 
arrangement known as a "two-to-one". The blanket cylinder is twice the diameter 
of the plate cylinder. One of the drawbacks at higher speeds with web presses is 
what is known as "cylinder gap bounce". The plate and blanket are rectangular and 
when attached to the cylinder, leave a gap along the width of the cylinder. At high 
speeds, this gap between the plate and blanket create a frequency bounce which, in 
turn, causes a harmonic vibration. 

In order to provide stable transport of the web from unit to unit, tension has 
to be controlled very accurately. This process is handled by various elements in the 
press. The main element is the transport roller, which has a surface speed higher 
than the incoming web and it drags the web by friction. The difference between the 
tension before and after the drag roller depends on the contact area and the friction. 
To increase the friction, pressure nips are usually added to press the web towards 
the roller surface and thereby increasing the surface traction. These nips introduce 
stress concentrations and may cause damage of the web. On the whole, the stress 
distribution in the web is complex and depends on the paper-roller friction 
coefficient, actual tension and paper transport velocity that reduce the pressure 
owing to gyroscopic effects. Therefore, presses sometimes have to be adjusted for 
certain sorts of paper. 

The paper web path in a printing press is not straight. Angle bars are used to 
change the direction of the webs. Angle bars are tubes positioned at 45 degrees 
angle to the web and they change the running direction by 90 degrees laterally (Fig. 
5). They have no drag function so an air cushion is sometimes used to ensure 
frictionless interaction. 
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Figure 5. Angle bars with air cushion 
 

The rollers have a tendency to accumulate ink and dust on the surface (Fig. 
6). This makes the roller surface uneven and apparently changes friction properties. 
The radius of the roller may also become uneven with some bumps that cause high 
local stresses in the web. When detached, this dried ink debris can go to the 
printing units and damage the web at impression and increase the possibility of 
cracks to appear. This requires constant attention from the operating crew and 
scheduled cleaning and polishing. 
 

Figure 6. Ink set-off on the rollers 
 
Printing units are followed by dryer and chill rolls, which work together to 

ensure that the ink on the printed sheet is dry and set to prevent ink set-off. Final 
setting of the ink occurs with the cooling of the binding resins. Web offset presses 
may be either heat-set or cold-set. Heatset presses employ a hot-air dryer to 
evaporate solvents from inks, leaving a semi-dry ink film. After the last printing 
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unit, the web goes through the dryer, which brings the web temperature to a high 
level (up to 1400C) in a few seconds. While the web runs through the dryer, it 
shrinks, which affects the tension in the cross direction. The drying section is one 
of the most complicated parts of the printing press. The performance of the dryer 
significantly affects the printing quality. Chill rolls are a series of water-cooled 
rollers. During chilling, the web temperature is reduced in order to set the binder 
and pigment, producing a dry print. Cold-set web presses may have no dryer at all 
or may employ other types of dryers, such as ultraviolet lamps for curing of the 
inks. 

After the dryer, the web goes to the folder. Wider webs are divided into 
ribbons by a slitter and folded by a former (Fig. 7). 
 

Figure 7. Slitter, former and folder 
 

The folder, where webs are folded and stitched, is the most critical part of 
the web handling in a printing press. This requires flexibility and a high web 
strength. Problems at folding result in mechanical defects such as creasing in the 
final print or even paper breaks. Folders must be adjusted for different formats and 
layouts. Sometimes there are several webs overlaid in one folder. Modern printing 
presses can be leveraged in many ways to adjust for a particular product, i.e. 
number of pages, positions of colour inserts etc. 

Gaining understanding of the processes experienced by the paper web in a 
printing press can significantly improve the operation of the press and avoid 
printing problems. This thesis addresses two such topics: paper web dynamics and 
fluting. These topics will be introduced below. 
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Paper web dynamics

Today, the printing process is a high-speed operation demanding a very 
careful and thorough approach in the design and exploitation of printing presses. 
One problem that has been a barrier to high-speed operating modes is excessive 
vibrations, a phenomenon, which is usually referred to as “flutter” in the paper 
making community. 

From the standpoint of mechanics, there is no principle difference in the 
description of systems such as pipes containing flowing fluid, moving strings and 
belts, high-speed magnetic tapes etc. and a moving paper web. The regions where 
material has to pass over a free span, without additional support, for example 
between two rolls in the printing press, are particularly interesting. These are the 
positions where these high-speed dynamic phenomena could cause quality 
problems or even web breaks, because of high vibration amplitudes. Thus, it is 
necessary to have a comprehensive model to describe and predict flutter and other 
dynamical effects. 

Extensive surveys in this area are conducted by Wickert and Mote  [2], 
Arbate  [3], Païdoussis and Li  [4] and Koivurova  [5]. Early analyses concerned with 
this problem use analytical "travelling thread line" models (Mujumdar and Douglas 
 [6]). The cross-direction components were omitted as it was assumed that the web 
width deflects uniformly, and the surrounding air was modelled by an added mass 
model based on a potential flow idealization (Pramila  [7]). Later this model was 
extended by Niemi and Pramila  [8] to a linear membrane immersed in an ideal 
fluid. With a base in this approach, Chang and Moretti  [9],  [10] consider some 
special cases such as a web with transverse ripples, an unbaffled web and later, 
edge flutter. It is concluded that edge flutter of flexible materials such as paper and 
plastic films is not due to the fluid-structure interaction at the trailing free edge but 
to a travelling wave phenomenon, and waves in the flow direction dominate the 
phenomenon. It was highlighted that the surrounding air significantly reduces the 
natural frequencies and the critical speed of the web (Pramila [11], Koivurova  [5]). 

On the whole, it has been shown that linear theories have obvious limitations 
as it comes to large deflection analyses that require more advanced studies such as 
the one originated by Wickert  [12] for suspended cables. Furthermore, the 
complete dynamical description of the axially moving materials surrounded by 
fluid media should include other distinct physical phenomena associated with 
aerodynamics, material behaviour, geometry and interaction with other solid 
objects in the system.  

The goal of this work was to answer the following questions: 
1) How does the web velocity affect the dynamics of the web? 
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2) What causes the web vibrations? Why do some webs show “flutter” 
while some do not? 

3) Do excessive vibrations result in significant stress peaks? 
This research was mainly based on the work of Reismann and Pawlik  [13] 

(incremental equations for prestressed elastic structures), Perkins and Mote  [14] 
(advanced dynamic formulation for cables) and Koivurova  [5] (extension of the 
advanced dynamic cable theory to three-dimensional membranes including 
surrounding media). 

 

Fluting in heat-set web offset printing

Fluting is a residual waviness after the heat-set offset printing process. It 
manifests itself through wavy wrinkles oriented in the MD and often appears on 
both supercalendered (SC) and light weight coated (LWC) papers in connection 
with printing operations involving heavy ink coverage. It usually appears in the 
final product with a typical wavelength of the order of 1-2 cm. 

The research presented in this part of the thesis has been focused on 
identifying key factors affecting this phenomenon and devising remedies to avoid 
fluting. Most of the articles regarding fluting are briefly reviewed in MacPhee’s 
paper  [15] who carefully review and examine two fluting mechanisms. The first 
one is presented by Habeger  [16] and is based on Poisson contraction due to 
applied tension. The second one is presented by Hirabayashi et al. [17] and 
explains fluting based on differential shrinkage between image and non-image 
areas. MacPhee et al. [15] conclude that neither of the two theories consistently 
describe field observations. It is also concluded that heat and tension are necessary 
conditions for fluting. Fluting may happen without the presence of ink, but the 
presence of ink is probably required to preserve the fluting amplitudes. 

The remedy reported so far is to decrease the moisture changes during 
printing and drying, either through coating layer (Hirabayashi et al.,  [18]) or by 
using varnish (MacPhee et al.,  [15]). There are certain disputes as to fluting 
retention mechanism, namely, whether it is caused by ink stiffening or something 
else.  

The objective of this work was to examine the existing theories regarding 
fluting and to propose a fundamental mechanism of fluting formation that would be 
consistent with field observations. 
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SUMMARY OF THE PAPERS 

Paper A: A new shell element has been proposed for geometrically non-linear, 
finite element analyses of axially moving paper web. Web instability problems of 
paper travelling in a printing system, such as wrinkling and fluttering, pose special 
challenges in the numerical analyses. For examples, these are finite bending 
stiffness (as opposed to membrane), orthotropy, and non-uniform distributions of 
mechanical and hygro-properties (in different length scales). The new formulation 
has accounted for paper transport velocity and paper bending stiffness based on a 
mixed Lagrangian-Eulerian description of the motion. A natural coordinate system 
has been employed in the analytical and finite element formulations. 
Benchmarking with different finite elements in various tests showed that the 
proposed element is indeed more stable and reliable for the chosen application than 
existing elements. The usability of the shell element has been successfully 
demonstrated by two example problems: wrinkling of stretched isotropic and 
orthotropic membranes, and the vibration of a web showing a speed-tensioning 
effect above a critical web transport velocity. 
 
Paper B: The tension profiles of paper webs are very important for determining 
the runnability in printing presses. Uneven tension profiles, with lower web tension 
toward the edges, develop in the paper machine due to many factors such as 
moisture content, residual strains related to drying and draw conditions, and fibre 
orientation. This study presents some simple relations regarding the initial strain 
distribution, but also a method for adjusting the tension profile by choosing an 
appropriate moisture distribution. The method is verified on web tension and 
moisture measurements in a press room. 

Paper C: In this paper, a finite element procedure is used to study the dynamic 
behaviour of a paper web in a free span between two rollers, including effects of 
transport velocity and surrounding air. The paper web is modelled as a three-
dimensional orthotropic structure. The influence of air is accounted for by utilizing 
fluid-solid interaction analyses based on acoustic theory. The contribution of 
transport velocity is included through gyroscopic matrices and forces. The 
structural response on harmonic excitations has been studied using linear and non-
linear models. Results show that air significantly reduces eigenfrequencies of the 
web. So called “edge-flutter” is nothing but the result of skew tension profile. 
Excessive web vibration can be eliminated by adjusting the web tension. 
 
Paper D: Geometrically non-linear, large scale post-buckling analyses were 
carried out to investigate the influence of different parameters on residual waviness 
(fluting) after printing in a heat set web offset printing press. Mixed implicit-
explicit finite element techniques were used in the analyses. The numerical 
procedure was verified by experimentally acquired data. Results show that when 
the paper web is perfectly flat before printing, fluting patterns after drying and 
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moisture recovery generally have higher wavelength than those typically observed 
in fluted samples. Initial cockles of unprinted sheets were found to have impacts on 
the fluting patterns and amplitudes. Among the factors investigated, ink thickness 
and hygroexpansivity had significant influence on fluting; increasing these factors 
increased the fluting amplitude. 
 
Paper E: Out-of-plane deformations of paper, such as fluting, significantly 
deteriorate the quality of a printed product. There are several explanations of 
fluting presented in the literature but there is no unanimously accepted theory 
regarding fluting formation consistent with all field observations. The present 
paper reviews the existing theories and proposes a mechanism that might give an 
answer to most of the questions regarding fluting. The fluting formation has been 
considered as a post-buckling phenomenon which is analysed with the help of the 
finite element method. Fluting retention has been modelled by introducing an ink 
layer over the paper surface with ink stiffness estimated from experimental results. 
The impact of fast drying on fluting has been assessed numerically and 
experimentally. The result of the study suggests that fluting occurs due to small-
scale strain variations, which in turn are caused by the moisture variations created 
during fast convection drying. The result also showed that ink stiffening alone 
cannot explain the fluting amplitudes observed in practice, suggesting the presence 
of other mechanisms of fluting retention. 
 

REMARKS REGARDING THE FLUTING STUDY 
 

The work regarding fluting would not have been concluded unless two 
questions had been clarified. The first question is “what retains fluting”. The 
second questions is “what is the key factor affecting the fluting tendency”. The two 
following sections summarize the results of experimental studies addressing these 
issues. These experiments were carried out after submission of Paper E. 
 

Effect of temperature on residual deformation in paper

There is an unanimously supported wisdom that high temperature is the key 
factor needed to retain fluting amplitudes. Fluting is mostly seen on image areas, 
which not only have an ink layer, but also attract more energy during drying  [19]. 
This is substantiated by the fact that image areas have substantially higher 
temperature even after the chill roll  [15]. In general, the temperature of the paper in 
the real heat-set web offset dryer may range from 110 to 150oC.  

In order to study the effect of temperature on residual deformation in paper 
the following test was carried out. An initially flat 10 cm long paper strip was 
rolled and placed into a metal pipe 3 cm in diameter. The reference sample (LWC 
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paper, 60 g/m2) was dried by desorption at room temperature. This reference strip 
was then reconditioned. Several other strips were also rolled into the pipes and 
placed into a convection oven so that hot air goes straight trough the tubes (Fig. 8). 
The air temperature was gradually being increased from 20oC and the specimens 
were removed from the oven at different temperatures (90oC, 115oC, 125oC, 130oC, 
140oC, 145oC).  
 

Figure 8. Convection oven used to dry the paper inside the tubes 
 

Since paper stayed in the convection oven for sufficiently long time at a high 
temperature, we assumed that water was completely removed from all the strips 
during drying. All strips were reconditioned after being released from the pipes. 
Fig. 9 shows the residual curvatures in the stripes one day after the trial. The effect 
is obvious, the higher the temperature, the smaller the curvature. This means that 
high temperature promotes inelastic deformation in paper, which in turn may fix 
the deformation similar to fluting. Higher temperatures observed in the image areas 
explain why fluting is retained predominantly in highly inked regions. 
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Figure 9. Comparison of residual curvature in papers samples released from the oven 
at different temperature to the reference paper sample dried by desorption 
 

Visualization of permeability variation in paper

It was shown by Hung  [20] and in this thesis that although drying is the 
necessary condition for fluting to occur, it is the through-air drying which affects it 
the most. Begemann  [21] showed recently that paper with higher average 
permeability has higher fluting tendency. It was noted, however, that offline 
calendering makes fluting tendency insensitive to average permeability. The offline 
calendering refers to the paper making process in which the paper is not being 
calendered right after the drying section but is reconditioned offline before going to 
the calender. The most obvious advantage of offline calendering is that most of the 
moisture variations created during the drying process will even out. Such moisture 
variations may result in uneven compression during calendering which may create 
structural variations in the paper, such as permeability variation. Following this 
logic it seems natural to assume that it is the variation in air permeability created 
during online calendering that makes up the whole difference. Begemann  [21] also 
reported a reduction in fluting tendency brought by an overdrying technique during 
online calendering. In this case paper is dried extensively before calendering and 
then immediately reconditioned by steam showers. Obviously overdrying lessens 
the moisture variations and essentially leads to the same effect as offline 
calendering. Naturally, the paper with large variation in air permeability may have 
moisture variations during through air drying. 

We decided to investigate the scale of permeability variations and whether 
there is a difference in a paper known to be prone to fluting and in a paper with 
relatively low fluting tendency. As it was demonstrated in Paper E, the scale of 
moisture variation would play the crucial role in fluting formation.  
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We used two hollow cylinders Fig 10. The pressure inside the outer cylinder 
can push the inner cylinder upwards until it reaches the fixation ring. 

 

(a) (b)
Figure 10. Experimental setup for permeability testing 

 
A paper is placed on the top of the inner cylinder and it is sealed by the 

upper ring. The pressure inside the cylinders is controlled by two separate pressure 
regulators. The air is pumped into the inner cylinder through the small hole in the 
bottom and redirected toward the walls (Fig. 10b). 

In this experiment the ambient room temperature was about 22 0C. The 
cylinders were heated to approximately 40 0C so when the paper was fixed, its 
temperature stabilised near 30 0C (with slightly higher temperature at the edges 
where it contacts the fixation ring). The temperature of the air pumped into the 
inner cylinder was 20 0C. The pressure inside the inner cylinder was increased 
which created a constant air flow through the paper sample. An IR camera was 
placed above the paper to monitor the temperature changes (Fig. 11). 
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Figure 11. IR camera equipment 
 

Two uncoated papers were investigated. P1 is known for cockling and 
fluting tendency and P2 is known to have a relatively low fluting tendency and 
without initial cockling. Fig. 12 (upper row) shows the initial in-plane temperature 
variation in the paper before the air pressure is changed. The temperature varies 
globally and the paper has a higher temperature toward the outer boundary. The 
immediate reaction on the pressure change was instant increase of temperature as 
an initial amount of warm air from the chamber passes through the sheet, and local 
temperature variations on 1 cm scale appear. Since such variations can be seen for 
a long period of time in the same spots we assume that they indicate the local air 
permeability variations in paper. The temperature variations disappear as soon as 
the air flow is removed. 
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Figure 12. In-plane temperature variations captured by IR camera equipment: before 
the pressure change (upper row) and after the pressure change (bottom row). 
 
There are two important observations made during this experiment. First, the scale 
of variations is about 1 cm. It is exactly the scale needed to create a fluting pattern 
according to the numerical experiment reported in Paper E of this thesis. The 
second observation is that paper known for high fluting tendency has a sharper 
variation in permeability. This again confirms that variations in permeability on a 1 
cm scale are probably the key factor influencing the fluting tendency. 
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