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Abstract  
Fibre-to-board is a simulation model developed at Stora Enso Research Centre Karlstad. 
Within this model isotropic hand sheet properties are used as input data for prediction of the 
final multi ply board properties. In order to improve and verify the calculations from 
simulations in Fibre-to-board so that these will correspond better with the results from the 
measurements on the paper/board machine, it was requested at RCK to investigate the 
possibility to optimize the input data to the model.  
 
Standardized hand sheet forming always results in sheets with properties far away from those 
produced on a machine. Therefore the aim with this Master thesis was to modify the 
laboratory procedure to receive hand sheets with properties closer to machine sheets. To 
achieve this, it was investigated how different parameters affect the sheet properties and if the 
hand sheet making process could be improved. 
 
When freely dried sheets were investigated it was found that sheets pressed with a wire 
clothing between the blotting paper and the hand sheet were less cockled than sheets pressed 
against only blotting papers. These sheets also tend to have a higher density. The cockling i.e. 
as a result from shrinkage was also reduced when the sheets were dried between slightly 
weighted wire clothing. Neither wire clothing nor orientated blotting papers during pressing 
eliminate the influence of anisotropic blotters on the shrinkage for isotropic hand sheets. 
 
It was also examined how the fine material influences sheet properties. The results showed 
that an increase in fines content result in higher shrinkage, higher density, increased TSI, 
more cockling and decreased air permeability. 
 
Different pressing loads and an increased density did not have much influence on the 
shrinkage. The density for freely dried sheets increased with higher load, but the results did 
not reach machine sheet densities, when the laboratory platen press was used. It might be 
difficult to receive freely dried hand sheets with higher densities. This is because fibres in 
freely dried sheets tend to relax after pressing, which will influence the density. Another press 
than the platen press used in these studies might compensate this matter. An increased 
pressing load resulted in less cockled sheets. 
 
The basis weight did not seem to have that large affect on the shrinkage when using machine 
chest furnish, therefore the basis weight on hand sheets used as input data to the simulation 
model Fibre-to-board might not be that important.  
 
It was studied how different plies and SW/CTMP pulp in a mixture affect the shrinkage. The 
results showed that the shrinkage increased with a higher SW content. It was also found that 
there is a linear relation between the total shrinkage of a SW/CTMP pulp mixture and the 
shrinkage for each individual pulp.  
 
In order to verify the Fibre-to-board model a simulation finally was performed. Furnishes and 
CD profiles of board were collected from a particular board machine within the Stora Enso 
Group. Properties from hand sheets made of furnishes were used as input data and the 
machine CD profiles were used as references. The CD TSI value corresponded with the value 
received from measurements on the machine board, but the MD TSI value did not. The 
shrinkage calculated on machine sheets did not coincide with the shrinkage from the 
simulation in Fibre-to-board. 
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There are insecurities in the results from shrinkage measurement on the board CD profile due 
to the lack of width measurement during the process, which complicates the validation of the 
Fibre-to-board model. 
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Sammanfattning 
Fibre to board är en simulerings modell framtagen vid Stora Enso Research Centre Karlstad. 
Modellen används för att prediktera krympning och styrkeegenskaper hos en bestämd 
kartongbana. Indata till modellen hämtas ifrån isotropa laboratorieark. För att förbättra och 
verifiera erhållna resultat från simuleringsmodellen så att de korresponderar bättre med 
värden från kartongmaskinen fanns det ett önskemål från RCK om att undersöka möjligheten 
att optimera indata till modellen. 
 
Laboratoriearktillverkning enligt standard resulterar alltid i ark med egenskaper som ligger 
långt från maskin arkens. Därför är syftet med detta examensarbete att modifiera 
arktillverkningsmetoden så att laboratorieark med egenskaper närmare de för maskinark kan 
erhållas. För att lyckas med detta undersöktes det hur olika parametrar påverkar 
pappersegenskaperna och om tillverkningsmetoden kunde förbättras. 
 
Vid undersökning av fritorkade ark upptäcktes att ark som pressats med viraduk mellan 
läskark och laboratorieark blev mindre buckliga än ark som pressats med enbart läskark. 
Dessa ark hade också en något högre densitet. Buckligheten som är en följd av krympningen 
reducerades också när arken torkades mellan viraduk under lätt belastning. Läskarkens 
inverkan på de isotropa arken kunde inte elimineras genom att använda viraduk vid pressning, 
inte heller genom att växla läskarken så att deras MD riktning orienterades olika. 
 
Även finmaterialets inverkan på pappersegenskaperna undersöktes. Resultaten visade att ett 
ökat finmaterial innehåll ger ökad krympning, högre densitet, ökat dragstyvhetsindex, 
buckligare ark och en minskad luft permeabilitet. 
 
Det visade sig att olika presstryck ger arken en högre densitet men krympningen påverkades 
inte märkbart. Densitet i samma nivå som på maskinark kunde däremot inte erhållas med 
laboratorieplanpress. Detta kan bero på att fibrerna i fritorkade ark relaxerar efter pressning, 
vilket ger en lägre densitet. För att kunna få högre densitet kanske en annan press än den 
planpress som användes i dessa studier kan införas. Det kunde även konstateras att ett ökat 
presstryck ger mindre buckliga ark.  
 
I dessa studier, där ark tillverkades av färdiga skiktblandningar från maskinkar, hade inte 
ytvikten på arken någon större inverkan på krympningen. Detta tyder på att ytvikten på arken 
som används som indata inte har så stor inverkan vid simulering i modellen Fibre-to-board.  
 
Det undersöktes även hur skikten i ett två-skikts ark och en blandning av LF/CTMP massa 
påverkar krympningen. Resultaten visade att krympningen ökar med en högre andel LF och 
att det finns ett linjärt samband mellan den totala krympningen för en blandning av LF/CTMP 
massa och krympningen för de enskilda massorna. 
 
För att kunna verifiera beräkningsmodellen Fibre-to-board utfördes slutligen en simulering. 
Skiktblandningar och tvärsprofiler från kartong togs ut från en specifik pappers maskin inom 
Stora Enso koncernen. Egenskaperna på laboratorieark gjorda av skiktblandningarna 
användes som indata till simuleringsprogrammet och kartongprofilerna från pappersmaskinen 
användes som referens. Dragstyvhetsindex i CD stämde bra överens med de mätningar som 
gjordes på maskinarken, men dragstyvhetsindex i MD skiljde sig. Krympningen som 
beräknades på maskinarken överensstämde inte med det simulerade resultatet. Det 
förekommer en osäkerhet i krympmätningarna som gjordes på kartong profilerna, då det idag 
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inte förekommer någon mätutrustning på pappersmaskinen, som bestämmer bredden mellan 
press- och torkpartiet. Detta komplicerar valideringen av Fibre-to-board modellen. 
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1 Introduction 
In papermaking the possibility to predict paper and board properties during the manufacturing 
process is of importance. Therefore a simulation software Fibre to board was developed at 
Stora Enso Research Centre Karlstad. The purpose with this simulation model is to describe 
the CD profiles for shrinkage, stiffness and bending stiffness for a particular web. The model 
can be useful in different aspects, e.g. to predict the effects of different settings of an existing 
paper/board machine, or to get an opinion of the conditions in a new paper/board machine. 
Important input data for this method is the machine geometry and the machine settings, but 
also the pulp properties are relevant. Today the input data of pulp properties are collected 
from measurements on laboratory sheets. Due to the fact that these sheets are dried both freely 
and restrained a relationship between tensile stiffness index and elongation will occur. This 
relationship will be used to calculate the bending stiffness that could be expected on the CD-
profile of the web. 
 
One of the problems today is to receive input data that give a true picture of the reality. 
Therefore the quality of the hand sheet is an important issue. It is known that hand sheet 
forming results in a loss of fine material, especially when making sheets of centre ply furnish, 
i.e. mechanical pulp. Another issue is the density of the hand sheets, which is far below the 
density of the machine sheet. The shrinkage during drying and how to measure the shrinkage 
potential is a further problem of concern. The fact that the hand sheets are affected by the 
fibre orientation in the blotter paper used during couching and pressing is also a weakness. 
Earlier measurements have shown that isotropic hand sheets have a higher shrinkage in the 
blotter's MD direction. There are also some difficulties when measuring the freely dried hand 
sheets. When the sheets are allowed to dry freely they shrink and get cockled, this affects 
thickness and shrinkage measurements among others.  

1.1 Aim 
The objective with this Diploma work is to verify and improve the simulation method Fibre to 
board. Focus will be on optimizing the method of hand sheet making and improve the method 
of shrinkage measurement in purpose to receive a result as close to the reality as possible. 
This task will include hand sheet making, investigation of shrinkage during drying in order to 
determine the free shrinking potential, the tensile stiffness and other sheet properties when the 
sheet is dried freely and restrained respectively. The intention is to compare results from 
laboratory sheets with machine made board, therefore furnishes used in the experiments will 
be collected from a particular board machine within the Stora Enso Group. Finally a 
verification of the simulation model will be done by comparing a shrinkage profile simulated 
from laboratory results with properties on a full-scale cross profile collected from the 
machine. 

1.2 Approach 
Initially a meeting was held with some of the specialists at Stora Enso Research Centre in 
Karlstad. The purpose was to discuss the content of this study, the problems with the method 
today and to receive some recommendations for the approach. After this meeting a strategy 
for the study was developed. The content of the plan also depended on what Goldszer made in 
his Diploma work, Development of the RCK-method for determination of free shrinkage 
potential of paper in 2003. A more verbose description of methods and experiments 
mentioned in this section can be found in the chapters Theories and methods and 
Experimental. 
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The study was divided into two parts. In the first part the focus was on the quality of the hand 
sheets and on the shrinkage measuring method. The second part principally includes 
comparisons between hand sheets and machine made board. 
 
Part one: 

a) The first assignment in part one is to study the measuring method of today. At first the 
marking of the sheets to follow the shrinkage will be investigated to determine if 
today’s method, using metal tips, can be replaced with colour markings. After that it 
will be examined if it is better using a camera instead of a slide calliper when 
measuring the shrinkage. Next the possibility to fixate the sheets by pressing them 
under a glass plate instead of putting a weight on top of the sheet during 
photographing i.e. to avoid the effects from cockling will be considered. 

b) When the survey of the measuring method is completed a modifications of the sheet 
forming process will be evaluated. This in order to achieve improvements in sheet 
quality referred to freely dried sheets, primarily to approach the reality.  

c) With the intention to get a more even surface structure on the freely dried sheets, it 
will be investigated if the sheets can be couched and pressed under a wire or textile 
material instead of blotters. The aim is to reduce cockling without influencing the free 
shrinkage. 

d) The anisotropic blotter papers' influence on the isotropic hand sheet during drying will 
be investigated.  

e) Sheets with different amount of fines will be prepared to determine how fine material 
affects the shrinkage. FiberMaster analyses will be performed to examine the loss of 
fine materials during the hand sheet making process. 

f) Two ply sheets will be formed by couching two separate sheets together and by using 
a mix of two different furnishes. This is done in order to find out how the plies affect 
each other. The results from the measurements of the mixed furnish will also be used 
trying to find a relation between the total shrinkage of the mixture and the shrinkage of 
the individual furnishes, i.e. if any mixing rules can be implemented.  

g) Sheets with different basis weight will be investigated to see how the basis weight will 
affect the shrinkage.  

h) Hand sheets made with different load of pressing will be made in order to determine 
how the degree of consolidation and the initial moisture content will affect the 
shrinkage. The ambition is also to create hand sheets with a z-density profile close to 
the machine sheet density.  

 
Part two: 

a) Cross direction profiles and furnishes will be collected from a board machine within 
the Stora Enso group. 

b) The mechanical properties and the shrinkage will be measured. Both on the original 
multiply board profile but also on the individual layers in the board. 

c) Hand sheets will be made from furnishes collected. These sheets will be tested and 
compared with the machine board. 

d) Finally a test simulation will be done with the Fibre-to-board program. Input data to 
the simulation will be achieved from hand sheets made during the study and total 
shrinkage on collected CD-profiles will be used as a reference. 
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2 Methods 

2.1 The measurement methodology 

2.1.1 Fibre-to-board simulation model 
Fibre-to-board is a simulation-software based on MatLab calculations. This simulation model 
was developed at RCK with the purpose of describing the CD shrinkage profile, and the 
properties that follow from different machine settings and composition of the paper/board. 
The aim is to use the simulation model for development work and for internal educational 
purposes, e.g. in order to obtain an increased knowledge in how the paper/board machine 
works. 
 
The simulation model predicts shrinkage and Tensile Stiffness Index (TSI) on cross machine 
profiles, based on data from measurements on isotropic hand sheets dried in two ways, 
restrained and freely. In the calculations the simulation-model uses relations between TSI and 
strain. These relations are the same presented by Wahlström (2005) (eq. 1-23). From free 
shrinkage, the fibre anisotropy and some main geometric parameters on the paper/board 
machine, the shrinkage profiles can be estimated. The main feature of the software is to see 
what effect modifications in the board composition has. The change occurs immediately and 
gives an indication of in what direction different properties might change. [5], [24] 
 
The simulation software is composed of four virtual parts of a paper/board machine; the 
forming section, the pressing section, the drying section and finally a calendar. Each part after 
the forming section in the model can be turned on and off which makes it possible to see what 
influence each section has (figure 1). [5] 
 

 
Figure 1. The simulation software.  
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Before the simulation can be carried out, input data from each layer has to be fed into the 
software. These data are received from measurements on isotropic hand sheets, basis weight, 
tensile stiffness, free shrinkage potential and density. Anisotropy is set for each layer. 
Information about the length of the free draws in the pressing section has to be inserted. Based 
on these input variables, a linear dependence of TSI as a function of total strain is derived 
according to the work done by Wahlström (2005) [24] 
This relation has the following form: 
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Further Wahlström (2005) states that the assumptions made by equation 2 to 11 makes it 
possible to predict anisotropic paper properties based on the properties on isotropic pulp. The 
anisotropic properties are given by following expressions: 
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The expressions mentioned are valid for single sheets. To find out the combined properties of 
a multi-ply board with N layers, following expressions are to be used: 
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Where iw  is the basis weight for each layer and Lamw is the basis weight for the total board 

2.1.2 The present shrinkage measurement method according to RCK  
In free drying according to the RCK-method [13], [4] a drying frame is used (figure 2). This 
frame consists of an upper and a lower part. Both these parts are covered with a metal wire 
and the distance between the two wires is about 1.5 mm x sheet thickness. The distance is 
chosen so that the sheet is allowed to move freely in the x-y plane during drying. The 
movement in z-direction is prevented by the frames, but some micro cockles will occur 
because of the 1.5 mm distance between the upper and lower part of the frame. This distance 
can be altered by changing the washer that keeps the frames apart. [4] The frame was 
modified within an earlier Master thesis made by Goldszer in 2003. [13]  
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Figure 2. The drying frame used during the shrinkage measurements according to the RCK method. 
 
The shrinkage is studied on hand sheets made according to SCAN-standard. After wet 
pressing the wet sheet is marked with four dots. In the referred method this is done with a 
marking tool composed of two arms crossing each other with small needles at the edges 
(figure 3).  
 

 
Figure 3. The marking tool used in the present shrinkage measure method. 
 
By photographing and weighing the sheets before and after drying (sometimes even during 
the drying proceeding) the shrinkage can be determined as a function of the sheet moisture 
content. In the beginning of the shrinkage measuring the moisture content has to be at a level 
where no shrinkage has occurred, i.e. above the WRV value [13]. 
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After 20 minutes in a drying cabinet with a temperature of 30°C the shrinkage and 
corresponding moisture ratio are measured. Here, the moisture ratio is defined as the mass of 
water in the material divided by the mass of dry matter. The shrinkage is calculated with a 
calculation program recently developed at RCK. Photographs taken of the sheets (before and 
after drying) are loaded into the software. The dots made on the sheets are transformed into x-
, y-coordinates and the software calculates the shrinkage in the x-y plane (figure 4) [4], [13]. 

 

 
Figure 4. The shrinkage measuring software, a MATLAB stand alone application. 
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3 Theories 

3.1 Forces within or between fibres 
In the papermaking process, water is a necessary component with the aim to produce a strong 
paper. The most common in the paper forming process is to use a fibre suspension at a 
concentration of 0.1-1.0 %. At the forming section the water helps the fibres to make a good 
formation on the wire. As the concentration increase the fibres' tendency to build network 
increases [1], [2]. 

3.1.1 Bonding mechanisms 
When making paper the water is gradually removed with the result that the fibre surfaces are 
forced into contact with each other. During the pressing- and the drying process strong 
bonding between fibres are formed in the presence of water. Fibrils, fines and hemicelluloses 
together compose a swollen gel which facilitates the creation of attraction forces. These bonds 
give a certain wet strength to the wet sheet. The beating is very important for the size of the 
bonds. After beating, the fibres are more flexible which will increase the fibres' ability to 
create bonds. The beating also creates fine materials which fill the cavities between the fibres. 
The fine material consists of cellulose, hemicelluloses, lignin and extractives, normally 
particles with a length of 0.3-0.5 mm. The filling of the cavities will result in a sheet with less 
air and higher sheet density [1], [2].  
 

 
Figure 5. A schematic illustration of how bonds are formed between two fibres during papermaking.  
 
There are three different types of forces involved in the bond forming process. These forces 
act in different solid contents and they are; mechanical or network forces, Campbell or 
capillary forces and chemical forces. 
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Figure 6. The figure shows the development of tensile index during drying [3] 

3.1.2  Network forces 
In a diluted fibre suspension every single fibre is in free rotation. The fibres cover a spherical 
volume with a diameter equal to the fibre length. The maximum concentration of free fibres 
can be compared with closely packed spheres. This concentration depends on what kind of 
fibre it is. If an amount of fibres that have exceeded the sediment concentration (the 
maximum concentration for single fibres) are carefully added to water, network strength is not 
automatically achieved in the suspension. It might be necessary to add turbulent energy by 
stirring. During the stirring operation the fibres' are deformed from their natural shapes. When 
the stirring is interrupted, the fibres try to retain to their original shapes. This can be prevented 
by other fibres, thus network strength has been created. [1] 
 

 
Figure 7. The figure shows that three contact points are needed to lock a fibre in a given position [1] 

3.1.3 Capillary forces 
Between two parallel fibres water create an area of limitation towards the surrounding 
atmosphere. This area will take on a concave shape. This liquid meniscus causes a lower 
pressure in the liquid than in the surrounding. The negative pressure forces the fibres closer to 
each other successively with higher dryness. The force increases with higher surface tension. 
A larger force causes an increased deformation of fibres and this will result in a larger contact 
surface. The deformation also increases, the more flexible the fibres are. This is why paper 
strength develops faster with a higher degree of beating. [2] 
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Figure 8. An illustration of attractive forces between two fibres [2] 
 

 
Figure 9. Fibres before and after collapse [3] 

3.1.4  Chemical forces 
During drying the water below the menisci decreases and enters into the smaller pores 
between and inside the fibres. The radii of the menisci decrease with the consequence that the 
negative pressure in the liquid increases. The surface tensions move the fibres close together 
and chemical bonds can start to form between the fibres. The first chemical bonds can appear 
when the dry solid content is above 40 %.  

3.2  The drying process 

3.2.1  Changes in the structure during drying  
 
A fibre is built up by concentric layers of cellulose fibrils with different orientation. It mostly 
consists of cellulose, hemicelluloses and lignin. The cellulose is mainly crystalline and is 
arranged in an amorphous matrix consisting of hemicelluloses and lignin. A schematic picture 
of a cellulose fibre is shown in figure 10. [2] 
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Figure 10. An illustrated picture of the softwood fibre structure [2] 
 
In its wet state the fibre is swollen and when it starts to dry the matrix wants to shrink. The 
major shrinkage takes place in the fibre cross-direction. Shrinkage in length direction is 
prevented by crystalline micro fibrils that are oriented length wise. The degree of swelling 
also affects the shrinkage in cross-direction, a more swollen fibre before drying, benefits the 
shrinkage in this direction. Figure 11 illustrates the changes in the cross section area from a 
swollen state to a dry state. [3] 

 
Figure 11. An example of how the cross-sectional area of a fibre is changed from a swollen state (black) to a dry 
state (lines) [3] 
 
Figure 12A illustrates a fibre network with fibres in their swollen state after the press section. 
The fibres are bound to each other in the fibre crossings. Water that still is left in the paper is 
located in the fibre walls and as menisci between fibres. The fibres are in their swollen state 
and have not begun to shrink. Figure 12B illustrates the fibre network after free drying. This 
sheet has shrunk in opposite to the sheet in figure 12A. [3] 

 
Figure 12A. Swollen fibres before drying [2] Figure 12B. collapsing fibres after drying [2] 
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Since the fibres in their wet, swollen state have low compressive strength, the width shrinkage 
will cause corresponding length shrinkage of each crossing fibre at the bonding sites. This 
shrinkage at the fibre bonding zones has been named “micro-compressions” in the literature 
(Page and Tydeman). It has been shown experimentally that the shrinkage actually appears at 
the bonding sites. [1] 

3.2.2 Free drying  
Free drying means that there are no external forces acting to prevent shrinkage. After the 
sheet forming the fibres as mentioned above start to construct a network, where the fibres are 
bonded to each other in their crossing points. Shrinkage will appear in every fibre crossing, 
due to the establishment of micro-compressions. [3] The more a paper is exposed to free 
shrinkage, the more obvious the micro-compressions are. 
 
Shrinkage of fibres during paper drying generates shear stresses in the inter-fibre bonding 
area. These stresses, both on the fibres and between them, will affect the mechanical 
properties of fibres and bonds in the dry paper. Stretching of the wet web on the paper 
machine causes additional effects.  
 
On the paper machine the paper web is exposed to macroscopic stresses as it proceeds through 
the machine. These drying stresses are much lower in CD than in MD since the web edges are 
almost free to shrink. Accordingly, the web shrinks most in the cross machine direction (CD) 
primarily at the edges. This is also due to the fact that a machine sheet always has more fibres 
orientated in the machine direction (MD) and that fibres shrink more in the radial direction 
than in the length direction. [14] 
 
The paper web also stretches in MD in all the open draws of the paper machine. In open 
draws, web tension is necessary, to maintain the mechanical stability of the running web. A 
slack web would vibrate and flutter leading to wrinkles and web breaks. Web straining in the 
wet end of the paper machine will cause permanent deformations in the shape of the fibres.  
The degree of shrinkage is mainly determined by the swelling of the fibre and the fibre 
orientation. Generally the shrinkage is higher in a sheet made from chemical pulp than one 
made from mechanical pulp, as a result of a higher grade of swelling in chemical pulp. The 
swelling of the pulp also increases with increased beating. According to Htun et al (1987), the 
mayor part of the shrinkage takes place within the dryness interval 60-80%. [2] [25] 

3.2.3 Restrained drying 
When a sheet is dried restrained it is prevented to shrink during drying. Before drying the 
fibres are swollen and to some extent curly and bonded to each other. As earlier described, 
crossing fibres affect each other by forming micro-compressions in the zones of bonding. 
When the sheet is dried restrained, the fibres are prevented to shrink in all directions, but the 
bonding sites are still shrinking. One consequent with the shrinkage in the zones of binding is 
that the fibre segments are straitened up and become straighter than before drying. One way to 
describe the effect of restrained drying is to say that the fibres have gone from a passive to an 
active state. Figure 13 illustrates the changes in a sheet during restrained drying. A sheet dried 
restrained has straighter fibres and by that fewer micro-compressions than a freely dried sheet. 
[3], [2], [25] 
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Figure 13. A schematic picture of the drying process for a restrained dried sheet [3] 

3.3 How strength properties develop during drying 
The hygroscopic of the fibres is important for the mechanical properties of the paper, and all 
paper properties are influenced in different ways by the moisture content. Looking at the 
stress-strain behaviour of paper, one can see that low moisture content leads to a stiff and 
brittle paper. When the moisture content is high the elastic modulus and stress levels are 
lower than at low moisture content. When the moisture increases fibres, and especially inter-
fibre bonds, lose mechanical rigidity. [1], [2]  

3.3.1 Total strain and paper properties  
According to Wahlström and Fellers (2000) there is a linear relation between tensile stiffness 
index and total strain accumulated during drying for isotropic hand sheets.  
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   (24) 

 
There is also a linear relation between the other standard in-plane tensile properties and total 
strain accumulated during drying.  

3.3.2 The pressing loads influence on shrinkage 
Wahlström [1] has studied the relationship between shrinkage and different pressing loads for 
an unbleached Kraft pulp and an unbleached CTMP pulp. In the referred study sheets made 
from the two different pulps were pressed in a laboratory platen press to different densities 
and dried free and restrained. The result from Wahlström shows an interesting difference 
between the behaviour of the Kraft and CTMP made paper. The free shrinkage of the paper of 
the Kraft pulp is unchanged, but increases for the CTMP paper. Probably the reason is that the 
bondings between the fibres were favoured by the densification of the wet CTMP paper and 
the shrinkage of the fibres could better be transferred to the fibre network. Whereas the wet 
Kraft paper already had bonding good enough for transfer of the fibre shrinkage. The stiffness 
was improved for the Kraft pulp as expected. [1] 
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3.3.3 Elongation 
Elongation or stretch at break is defined as the linear strain at rupture during maximal tensile 
force. The sheet elongation is in the range of 1-5 percent for restrained dried sheets and can be 
as high as 20 percent for a freely dried sheet. High elongation represents a high stretch and 
formability. The main part of elongation in a dried sheet occurs when the sheet is dried freely 
within a dryness range of 35-60 percent and the highest loss in elongation occurs when the 
sheet is dried restrained within the same dryness range. Generally there is a linear relationship 
between the shrinkage during drying of the sheet and its elongation. As mentioned earlier the 
shrinkage increases with the fibre swelling and this will also result in an increased elongation, 
e.g. at beating. [1], [3]  

3.4 Pressing 
It is easier to study sheet pressing between two parallel surfaces than pressing in the roll nip at 
the machine, because it is difficult to determine the pressure in a roll nip with its undefined 
press area. If a given pressing load is applied there are two different forces acting on the 
sheet: 
 

• Mechanical spring forces in the fibre network  
• Hydraulic pressure and friction forces from the streaming liquid 

 
The description of the sheet properties during pressing can be simplified by a so-called Kelvin 
model.  
 

 
Figure 14A. Sheets during 
compression[3] 

Figure 14B. The Kelvin 
model with spring and 
damper[3] 

 
The spring represents the network forces and the damper represents the hydraulic forces. 
According to the simplified model, the pressure force is the sum of the network forces and the 
hydraulic forces. If the essential part of the pressing force is a burden on the fibre network the 
course of event is called compression limited. To increase the water removal during a 
compression limited process, the pressing load has to be increased. If the hydraulic force 
dominates in contrast to the network force, the course is called streaming limited. If this is the 
case the water removal during pressing will increase if the pressing load or the pressing time 
increases.  
 
The water leaves the sheet from the cavities between the fibres. The size of the cavities is 
characterized by the sheet’s permeability. Some water also leaves the fibres internally, and is 
due to the degree of swelling (WRV). The water in the cavities between the fibres will be 
pressed out if the hydraulic pressure inside the sheet is higher than the hydraulic pressure on 
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the surface. Water is also transferred from the fibres internally. To accomplish this, single 
fibres have to be compressed so that the fluid pressure will be increased. The pores in which 
water could leave the fibres are very small. That is the reason why fibres with a high WRV 
value primarily have a stream limited pressing course. The highly swollen fibres are more 
flexible and due to that they will create a sheet structure with a lower permeability. To sum 
up, the fibres' degree of swelling has an important impact on the dryness achieved after 
pressing. Further it is proved that a higher pressing load will result in an increased sheet 
density, which generally gives increased strength properties. [27][3] 

3.5 Basic properties 

3.5.1 The Basis weight's influence on shrinkage during drying 
 
It was found in the literature that Corte and Herdman (1974) have studied the relationship 
between shrinkage and sheet basis weight. Their result is illustrated in figure 15 and figure 16 

Result of studies of Corte and Herdman
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Figure 15. The result from studies of Corte and Herdman regarding correlation between shrinkage and sheet 
basis weight [15] 
 
In Corte and Herdman’s case the correlation between shrinkage and basis weight is not linear 
but logarithmic. However, it is clear that the sheets with lower basis weight, 20 g/m2 and 40 
g/m2, have a large contribution to the divergence from linearity. To confirm this, a graph 
without the two points with the lower basis weights were constructed in order to see if a more 
linear correlation is achieved with basis weights higher than 60g/m2.  
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Figure 16. Results from Corte and Herdman’s studies for sheets made with basis weights between 60-120 g/m2. 
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Figure 16 confirms that there is a linear correlation between shrinkage and basis weight for 
sheets with a basis weight higher than 60g/m2. [15] 
Further, Kristian Goldszer has made a similar investigation in his master’s thesis. He has also 
received results that indicate a close linear correlation between shrinkage and basis weight, 
when using a basis weight above 60 g/m2. [13] 
 
In another study by Mohlin the basis weight's affect on mechanical properties of paper has 
been investigated. Mohlin came to the conclusion that most mechanical properties of paper 
increase linearly with basis weight, except for very low basis weights. Unfortunately Mohlin 
did not investigate how the shrinkage is affected by an increased basis weight. Apart from 
that, the sum of all these results is a strong indication of that a linear relationship between 
shrinkage and basis weight exists, when very low basis weights are excluded. [16] 

3.5.2 Density  
The sheet density is one of the most important properties since it has an influence on other 
properties. For paper, the density can vary between 300 and 1000 kg/m3. Pure cellulose has a 
density of approximately 1500 kg/m3. The possibility of paper technology to control the 
density presents a lot of potentials to steer production to desired qualities. The density of the 
paper is influenced by fibre and paper technological operations such as beating, pressing, 
drying and calendaring. Higher density denotes better bonding in the sheet. The density is 
determined by dividing the basis weight of the sheet by its thickness, t. 
 

t

w
ρ =       (25) 

 

The precision of the density determination is consequently dependent on the thickness 
measurement. A correct density requires high precision on the thickness measurement, which 
can be difficult when measuring a rough and compressible material such as paper. The margin 
of error in the thickness measurements will be even worse for freely dried sheets because they 
tend to be cockled, and the cockling can result in an incorrect thickness value. [10] 

3.5.3 Moisture content 
The equilibrium moisture content of paper changes with the moisture contents of the 
surrounding air and this results in changes in the dimensions of the paper. One serious 
problem that can occur if the paper moves and deviate from the plane state is that the paper 
exhibits curl and twists. Curl and twist are often the reason for failure in the sheet feeding of 
paper and carton board in printing presses and in the filling of packages in packing machines. 
Adding moisture into paper can also result in thickness swelling, surface changes, and change 
in paper stiffness and strength. 
 
When water vapour comes into contact with a paper-air system, the vapour diffuses into the 
structure. This process is called adsorption. Throughout the papermaking process, the 
interaction between the paper fibres and water plays a major role. The amounts of water 
vapour which is adsorbed are expressed as moisture content, moisture ratio or indirectly by 
dry solids content. The fibre concentration is used to indicate the amount of fibre in a 
suspension. In the paper machine, from the dry line in the wire section and forwards in the 
process, the quantity is usually called dry solids content (DSC). 
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Moisture ratio (MR), gives the amount of moisture in the paper during its passage through the 
paper machine. 
 

solidsdry  kg

 waterkg
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Moisture content (MC) is defined as the amount of water in relation to the amount of dry 
substance plus moisture. 
 

MC (%) = 100
 waterkgcontentdry  kg

 waterkg ⋅
+

   (28) 

 
Paper has normally moisture content within 6-9%. In laboratory studies the moisture content 
in paper is determined by measuring the loss of weight of a paper when it is totally dried to 
constant weight at 105°C. [11] 

3.6 Chemical pulp vs. mechanical pulp 
 
The lignin content is approximately 30 % in mechanical pulps and almost zero in bleached 
Kraft pulps. Mechanical pulp fines consist of hydrophobic lignin and extractives, which 
reduces the fibres swelling ability. Since chemical pulp has a lower amount of lignin the wet 
fibres are more flexible, collapsible, and have higher swelling ability than mechanical pulp 
fibres. The reason is that hemicelluloses promote fibre swelling and lignin inhibits it. [14]  
 

3.7 The fine material’s influence on paper properties 
The loss of fine materials is presumed to be higher for a hand made sheets contrary machine 
made sheets. According to Moberg [26] the fibre retention probably is about the same in 
laboratory sheet construction as machine sheet construction, but the white water recirculation 
system on machine gives a more fines saturated suspension. This will result in a higher 
amount of fines in machine sheets contra laboratory sheets constructed without white water 
recirculation. Hand sheets made of pulp with a high fines content e.g. mechanical pulp are 
normally made with white water recirculation or with a higher basis weight with the intention 
to retain more fines.  
 
The median size of fines is a few micrometers. The largest fines particles are fibre fragments 
and the smallest fibrils or parts of fibrils with a size below 1 µm. Fines consist of cellulose, 
hemicelluloses, lignin, and extractives. In chemical pulps the hemicelluloses content of the 
fines is high, while in mechanical pulps the lignin content is higher since the fines of 
mechanical pulps originate partly from the lignin-rich middle lamella and the primary wall of 
fibres. The lignin content decreases with increased refining energy. As a result of the small 
particle size and the large surface area, fines can bind more water and therefore swell more 
than fibres. Because of the higher amount of hydrophobic lignin and extractives in mechanical 
pulp fines, the fines ability to swell in water is lower compared with chemical pulp fines. The 
knowledge of fines and their chemical composition and surface properties is of essential 
importance in order to understand how the fine materials in the pulp influence the paper 
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mechanical properties. In mechanical pulps, the fines content is important and strongly 
influences the structure and properties of the fibre network. The amount of fine material 
depends on the defibration process and final pulp freeness. In chemical pulps, the fines 
content is lower than in mechanical pulps. There are two types of fines in chemical pulps, the 
primary fines and the secondary fines. Primary fines are the material that is found in unbeaten 
pulps and include parenchyma cells from the wood. Secondary fines are created during 
beating and have lamellar and fibril parts of the fibre wall and colloidal material. Mechanical 
pulp fines could sometimes also be divided into primary and secondary fines. In this case the 
primary fines are the result of the mechanical decomposition of wood. Secondary fines are 
created during refining of the fibres.  
 
As mentioned earlier fines has a very large specific surface area because of the small particle 
size. Refining and beating will increase the surface area further. Because of their large surface 
area, fines improve bonding between fibres. In a paper the bondings primarily is formed 
during drying. Chemical pulp fines bond almost completely, which result in loss of free 
surface area. Mechanical pulp fines retain some free surface area, which contributes to the 
optical properties of the paper. [14] 
 
According to Bäckström et al (1996), the lignin content is twice as much in the fine material 
compared with the fibre material. In the primary fine material the carbohydrate composition 
differs from the one in the fibre fraction; the amount of xyloses is higher in the primary fine 
material. In secondary fine material the carbohydrate composition did not diverge that much 
compared with the origin pulps. The primary fine material contains an increased amount of 
metals compared with the fibre fraction. [7] 
 
In another STFI-report Bäckström et al (1996), state that primary and secondary fine material 
has swelling properties totally different from the removed fibre fraction. The secondary fine 
material has a larger affect on the WRV-value than the primary. The increase in WRV from 
fines content was greater for the pulp with kappa 45 than the one with kappa 90. The water 
retention value is a measure on the fibres' ability to keep water and the kappa value is a 
measure of the lignin content in the pulp. The pulps' dewatering capacity was determined as a 
Schopper-Riegler value (SR). The SR was mainly the same for the different pulps, i.e. with 
different kappa number. Secondary fine material increased the SR more than primary fine 
material.  
 
This report also describes the affect from fines on sheet properties. In this study sheets were 
made with 5 and 10% fines content respectively. When adding fine materials the density of 
the sheet increased. The presence of primary fine material as well as secondary was one of the 
factors that contributed to the increase in tensile index.  
 
The results in Bäckström's report showed that both primary and secondary fine materials 
improve the paper strength. The secondary fine material contributed more than the primary; 
this was especially valid for tensile index, tensile stiffness index, burst index and tensile 
energy absorption index. The zero-span tensile index measured on a dry sheet decreased when 
adding fine material and a deterioration of the paper fracture toughness index was received 
when adding primary fine materials. 
 
According to Bäckström et al (1996), primary fine materials were not contributed to the sheet 
tensile strength development in the same great extent as secondary fine materials. One of the 
reason could be that fine material, consist of a large part of ray cells and centre lamella lignin 
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as well as a lower surface charge. This could have influenced the bonding- and loading 
properties, and because of that result in a lower tensile index. The fine material does not 
influence the tensile stiffness index to a greater extent. This could partly be explained with the 
knowledge that fine material has a lower degree of crystallisation than the fibre fraction. The 
compression index increased with addition of 5% fine material, no difference between 
primary- and secondary fine material was noticed. Primary and secondary fine materials 
influence the burst index in different degrees. With an addition of 10% secondary fine 
material the burst index increased considerable. The primary fine material did not influence 
the burst index in the same extent. The secondary fine material also gives higher elongation 
and tensile index than primary fine material. Primary- and secondary fine material also affects 
the tensile energy absorption index. With an addition of 10% primary fine material the tensile 
energy absorption index increases with less than 20% for the pulp with kappa 45. For the pulp 
with kappa 90 this index is unchanged or lower. The contribution from secondary fine 
material is considerably greater. The increased tensile energy absorption index for secondary 
fine material partly depends on the higher tensile index value, but also on the higher 
elongation for secondary fine material than for primary. 
 
When adding primary fine material, the fracture toughness decreased and the sheet became 
more brittle. For the pulp with kappa 45 the fracture toughness index decreased with about 
10%, the pulp with kappa 90 shows the same trend. Secondary fine material does not 
influence the sheet fracture toughness notably. When adding 10% of secondary fine material 
the tear index decreased with 15%, for the pulp with kappa 45. When adding primary fine 
material the decrease was nearly 25%.  For the pulp with kappa 90, the increase in tear index 
was larger for secondary fine material than primary. The lower tear strength can be a result of 
many different factors of the paper. For example it is well known that a decrease in fibre 
length results in reduced tear index. The tear index also decreases with an increasing density 
in the sheet [8] [7]. 
 
According to Åkerblom (1999), the variation in fine content results in a large affect on the 
properties. For example, the sheets that had been enriched with fines showed a much higher 
E-modulus than the sheets free from fines. The affect on the CTMP was even higher. A 
relation between the board E-modulus and the fine content was developed. 
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Where E is the E-modulus and k is a sensitive constant. 
The report also shows that higher fines content results in an increase in STFI- density. [9] 
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4 Experimental 
 
Table 1. Pulps used in the experiments 

Pulps used in the experiments 
 
Experiment Pulp Date for pulp outlet WRV °SR 

Bleached SW 
 

16 June 2006, 08:10  30,8 Comparisons of 
different free 
drying methods  
 

Post refined CTMP 27 June 2006, 07:55  33,2 

Bleached SW 
 

16 June 2006, 08:10  30,8 Blotting papers 
influence on 
hand sheets 
shrinkage 
 

Post refined CTMP 27 June 2006, 07:55  33,2 

Bleached SW 16 June 2006, 08:10  30,8 Fine materials 
influence on 
hand sheet 
properties 
 

Post refined CTMP 27 June 2006, 07:55  33,2 

Bleached SW 9 August 2006 
10:10 

 39,2 The pressing 
loads influence 
on shrinkage and 
initial moisture 
ratio 
 

Post refined CTMP 9 August 2006 
10:30 

 28,4 

Bleached SW 9 August 2006 
10:10 

 39,2 Hand sheets 
with different 
basis weight 
 

Post refined CTMP 9 August 2006 
10:30 

 28,4 

Bleached SW 9 August 2006 
10:10 

 39,2 Two-ply Sheets, 
SW/CTMP-
mixture and 
furnish 
correlation 

Post refined CTMP 9 August 2006 
10:30 

 28,4 

Top ply furnish 11 September, 10:00 1,70 29,0 

Centre ply furnish 11 September, 10:00 1,51 35,3 

Measurements 
on cross profiles 
from machine 
and sheets made 
from the same 
furnishes as the 
cross profiles  
 

Bottom ply furnish 11 September, 10:00 1,62 22,1 
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4.1 Improvement on hand sheet quality and shrinkage measuring method 

4.1.1 Development of the present RCK- method 
One of the tasks within this diploma work was to find a way to improve the present RCK-
method for determination of shrinkage, by looking at the way of marketing the sheets to be 
able to follow the shrinkage and by investigate if the sheets can be photographed under a glass 
plate. One of the reasons to use a glass plate during photographing is that the cockles on the 
freely dried sheet will be flattened down by the glass plate and this will reduce measurement 
variations. 

4.1.1.1 Examine the opportunity to press the sheet under a glass plate during the 
photographing  

In earlier studies made at RCK the shrinkage measurements have been performed by using 
either a slide calliper or a camera combined with shrinkage measurement software. Because 
of the higher precision when using a camera instead of a slide calliper in shrinkage 
determination, the camera is going to be used in this work. In Goldszer's (2003) study [13] the 
sheets were pressed down by a weight placed on top of the sheet during the photographing. In 
this work a glass plate will be used instead of a weight in order to achieve a more efficient 
elimination of cockles (figure 17A-17B). One of the doubts was if the glass plate should cause 
reflections which would complicate the shrinkage measurements. Some tests were done and 
they showed that there were no problems with reflections. Therefore it was decided that the 
glass plate should be used when the sheets are photographed. 
 

 
Figure 17A. The glass plate used during 
photographing.  

Figure 17B. The glass plate with a sheet seen 
from above. 

4.1.1.2 New method for sheet marketing 
Today the marking used for shrinkage determination is done by using a mould with four metal 
tips that are pressed into the sheet (figure 18B). The distance between the dots is measured 
during drying in order to follow the shrinkage. The idea was to replace these tips with colour 
markings since the holes made with the tips might create tensions in the fibre network. 
Another issue is that the holes made with the tips are more difficult to observe since they tend 
to shrink during drying. The colour markings (Appendix III) were done with a pencil which 
consists of water-based varnish unable to smear or fade during drying. Neither do the 
markings interfere with the fibre network (figure 18A). To get the same direction and distance 
between the marking points a mould was made of a clear plastic material prepared with four 
drilled holes [4] 
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Figure 18A. The new marking equipment. It 
consists of a circular plastic disc with four 
bore holes. The markings are done with a 
pencil which consists of colour unable to 
smear. 

Figure 18B. The marking equipment used in 
earlier studies. A mould with four metal tips that 
are pressed into the sheet. 

 

4.1.2 Comparisons between different free drying methods 
One aim within this Diploma work was to investigate the possibility to dry the sheets under a 
wire or textile material. When sheets are allowed to dry freely they shrink and get cockled. 
The cockling can affect the results when measuring the sheets, e.g. at shrinkage- and thickness 
measurements. The intension was to receive sheets with a smoother surface without influence 
the free shrinkage.  
 
Since another project group within RCK already had started to investigate different free 
drying methods it was decided that the results from that study should be used in this work. 
The study is a part within lic. Project (WURC, Anders Moberg, 2006). 
 
The purpose with Moberg's study was to find a rational method to dry sheets freely, without 
any ambition of determining the shrinkage potential. Therefore experiments with different 
drying procedures were done.  
 
The sheets used in this study were 100 gsm square PFI-sheets (20*20 cm), this in order to get 
a high material usage. All sheets were made according to standard, using tap water. The 
sheets were dried in standard climate (23°C, 50 % RH). The pulp used was highly beaten 
unbleached softwood pulp with kappa 15 from Moberg’s lic. Project. The pulp had a high 
shrinkage potential.  
 
In the first study, pressing between smooth wire clothing and pressing between blotting 
papers were compared. Blotting papers are normally used for free dried sheets at RCK.  After 
pressing the sheets were dried in the RCK standard drying frame. The shrinkage when using 
the standard drying frame was compared with shrinkage when drying between slightly loaded 
wire clothing (approx. 48 Pa). The pulp used in this experiment was PFI-beaten 10 000 
revolutions.  
 
In the second study all sheets were pressed against smooth wire clothing. In this case the pulp 
used was VS-beaten at 250 kWh/t to 79 °SR. The sheets were dried by using different drying 
procedures. Some sheets were dried totally free on a synthetic wire and some sheets were 
dried between synthetic wire clothing on a bended drying frame with cotton clothing exposed 
with different loads (figure 19). 
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Figure 19. Principle sketch of the drying procedure  

4.1.3 The blotting papers' influence on hand sheets shrinkage 
To investigate the influence from blotting papers on shrinkage three different methods of 
making handmade sheets were developed. For each strategy ten sheets were produced, five 
sheets with the basis weight 60 g/m2 and five with 100 g/m2. The first sheets were couched 
and piled according to SCAN standard i.e. couched with blotting paper and piled with all the 
blotting papers in the same direction. The next strategy was to use a type of wire clothing 
between the sheets and the blotting paper during couching as well as piling. All the blotting 
papers had the same orientation. The last strategy was to alternate the orientation of the 
blotting paper and this was done by placing the blotting papers MD direction alternately in 0° 
and 90° according to a schedule (Appendix XL).  
 
All sheets were pressed according to SCAN standard. After pressing the sheets were marked 
with four dots (compare with present RCK model), photographed and weighed then placed in 
a drying frame and dried in a drying cabinet (30°C, 20 minutes). After drying the sheets were 
photographed and weight once again to determine the shrinkage potential and the moisture 
content. 

4.1.4 Fine material's influence on hand sheet properties 
The aim with this experiment was to study how the fines content influences the paper 
shrinkage. The pulps used in these experiments were bleached SW and post refined CTMP; 
these pulps were chosen to get one pulp with low shrinkage and one with high shrinkage. To 
receive stocks with various amount of fine material, the pulps were fractionated using the 
Bauer McNett equipment. To collect the fine material, the waste water was poured into 
vessels and the fine material was allowed to sediment whereupon the water was decanted. In 
this case the collected fine material was fibres and fibre fragments < 0.2 mm. 
 
Three types of stock were prepared with different amounts of fine content. The first stock was 
without fine content, the second contained one third of the received fine material and finally 
the third stock was prepared with two thirds of the collected fine material. Samples from each 
stock were sent to FibreMaster for analyses of fibre length distribution. From each stock 
seven hand sheets with a basis weight of 60 and 100 g/m2 were produced respectively, five of 

b 
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them for shrinkage measurements. All sheets were pressed according to SCAN standard. 
After pressing the sheets were marked with four dots (compare with present RCK model), 
photographed and weighed. The sheets were then placed in a drying frame and dried in a 
drying cabinet (30°C, 20 minutes). After drying the sheets were photographed and weight 
once again to determine the shrinkage potential and the moisture content. The other two 
sheets were in their wet state (before pressing) dissolved in water and sent to FiberMaster 
analysis. This was done in order to examine the loss of fines when producing hand sheets. The 
stocks were also analysed in FiberMaster to determine the fibre distribution and the amount of 
fine material before sheet making.  

4.1.5 The pressing load's influence on shrinkage and initial moisture ratio 
In this experiment two different pulps were used, bleached SW and post refined CTMP. From 
each pulp 24 sheets with a basis weight of 100 g/m2 were produced according to SCAN 
standard [19]. The sheets were divided into sets of six and pressed at different loads. Four 
different load of pressing was investigated, 100 kPa, 400 kPa (SCAN- standard [19]), 900 kPa 
and finally 1200 kPa. The pressing time was 5+2 minutes according to SCAN standard for 
each test. After pressing the sheets were photographed and weighed before they were placed 
in a drying frame and dried in a drying cabinet (30°C and 20 minutes). The low temperature is 
used in order to achieve a slowly drying course and a less cockled sheet [13]. After drying, the 
sheets were photographed and weighed once again to determine the shrinkage and moisture 
content. Finally two sheets from each pressing set were dried in 105°C over night and the 
initial moisture ratio was calculated. 

4.1.6 Hand sheets with different basis weight 
When the basis weight's influence on the shrinkage was studied, hand sheets were made both 
with and without white water recirculation. White water recirculation was used in order to 
receive sheets more similar the ones made on machine and to remain as much fines as 
possible. Sheets without white water recirculation were made with the purpose to compare 
differences between the two methods since white water recirculation is much more time-
consuming. Two different pulps were used; bleached SW and CTMP. The bleach softwood 
represents the outer ply and the CTMP represent the centre ply of the final cardboard. The 
hand sheets were made according to SCAN standard [19]. Freeness was determined for both 
pulps.  
 
The basis weights studied were 40, 65 and 80 g/m2 respective for bleached softwood and 65, 
100 and 120 g/m2 respective for CTMP, counted as conditioned basis weights. The basis 
weights were chosen on the basis of an interval that covers the basis weights of the plies in a 
machine sheet. To receive a so-called saturated white water, equilibrium was built up by teen 
cycles where the sheets were discarded. Saturated white water is regarded to be achieved 
when the fine material concentration is constant. The tenth sheet is used as a test sheet to 
check the basis weight. This procedure was repeated for every basis weight. For each basis 
weight five sheets were made for test measurements. Pressing was done according to SCAN 
standard. 
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4.1.7 How different plies and pulps affect each other during drying 
The input data to the simulation model Fibre-to-board is received from single hand sheets 
made of furnishes used in the different plies in the multiply board. During the simulation, the 
program transform the shrinkage potentials from the single sheets so that a predicted value for 
the multiply board can be received. Therefore the aim with this study was to investigate how 
different plies and pulps affect each other with respect to shrinkage. Measurements of sheets 
made of a SW/CTMP mixture will also be used trying to find a mixing rule between the total 
shrinkage of the mixture and the shrinkage of the individual furnish. 

4.1.7.1 Two-ply Sheets and SW/CTMP-mixture 
In this study two-ply sheets were made by couching two separate sheets of different furnish 
together. The separate sheets were made of CTMP and of bleached softwood respectively, 
with three different combinations (table 2). The sheets were made separately and than 
couched together in their wet condition i.e. directly from the wire. Five couched sheets from 
each combination were photographed on both sides before and after they were dried in a 
drying cabinet (30°C, 45 min). The sheets were marked and photographed on both sides to 
evaluate potential differences in shrinkage between the sides.  
 
Table 2. This table shows the combinations of the different furnishes in the two-ply sheets. 

 SW (g/m2) CTMP (g/m2) Total (g/m2) 
1 40 120 160 
2 65 120 185 
3 80 80 160 

 
An experiment was also performed where CTMP stock and bleached soft wood stock were 
mixed with the same quota of SW/CTMP as in the study of the two-ply sheets (table 3). Five 
sheets were made from each mixture. These sheets were photographed and dried in a drying 
cabinet (30°C, 45 min) before they were photographed once again.  
 
Table 3. The table shows the SW/CTMP quota in the sheets. 

 SW/CTMP quota  Total (g/m2) 
1 40/120 160 
2 65/120 185 
3 80/80 160 

 

4.1.8 Mixing rule 
This study was done in order to find if there is any relation between the total shrinkage of a 
mixture with different pulps and the shrinkage of each of the individual pulp in the same 
mixture, i.e. if any mixing rules can be implemented. Initially the relation between the total 
shrinkage and the shrinkage on the individual pulps in a mixture was assumed to be linear 
according to equation 30. 
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Mixing rule: A*a + B*b = C*c=A*(a-b) + b   Equation 30 

Where 

 
A = proportion of pulp A a = shrinkage for pulp A 
B = proportion of pulp B b = shrinkage for pulp B 
C = 1  c = totally shrinkage 
 
Comment: This relation takes no consideration to possible shrinkage variations between 
different basis weights.  
 
Data used in this study was the results both from hand sheets made of CTMP/SW pulp 
mixture with different proportion of SW and for sheets made of pure CTMP and SW pulp 
respectively (Table 12). The results from the pure pulps were put into equation 30 and 
evaluated together with the shrinkage result of the CTMP/SW mixture according to figure 36.  

4.1.9 Measuring the sheet cockle height 
To determine cockle height of a sheet a simple method was implemented. According to this 
method the sheets were placed between two plates and the distance between the plates was 
measured with a thickness measurement device (figure 20). The distance between the two 
plates was subtracted with the SCAN thickness measurements of single sheet [22]. This was 
done for all freely dried sheets made from bleached soft wood. Picture of cockled sheets can 
be seen in (Appendix XXXVIII) 
 

 

Figure 20. The figure shows the thickness gauge for determination of sheet unevenness (Appendix XXXIX) 

 
The method's reliability could be discussed, but it will give a quick measure of how the sheet 
will deform during drying, which makes is possible to compare the deformation of sheets 
made with different methods.  
 

4.2 Validation of the simulation model Fibre-to-board 

4.2.1 Measurements on cross profiles from machine and sheets made from same 
furnishes as the cross profiles  

With intention to compare hand sheets with machine sheets, six cross profiles were collected 
from a board machine within the Stora Enso group. Furnishes from the machine were 
collected at the same occasion, i.e. the same furnishes as the one used in the board. The main 
purpose with this study was to receive data that makes it possible to validate the Fibre-to-
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board model, i.e. if input data from these hand sheets along with machine settings is fed into 
the model, calculations that corresponds with machine sheet profile will be received. Three of 
the profiles were grinded with intension to receive the different plies in the board. The other 
three profiles collected from machine were used as reference in order to verify the model. 
From the three furnishes (top-, centre- and bottom ply) hand sheets with almost the same basis 
weight as the one in the board were made. Mechanical and physical properties were measured 
on all sheets. In the initial phase of this Diploma work an idea arose that shrinkage partly is 
reversible, therefore sheet from each of the grinded plies were moistened and the shrinkage 
was measured. The aim was to examine if rewetting of the sheets could be an alternative 
method in order to study the shrinkage during drying. 

4.2.1.1 Measurements on the whole cross profiles from machine 
At first the width of the profiles were measured (with a measuring-tape). This was done to 
determine the shrinkage on the machine CD profile. The width of the profiles after drying was 
compared with the width of the paper web before pressing, i.e. the width of the couch squirts. 
There was no measuring of the width of the paper web before the drying section, because 
there is no measuring device on the paper machine at this position. Further TSO 
measurements were done frequently, to determine CD variations. To obtain a reference, 
thickness and tensile strength were measured and density was calculated, all according to 
SCAN standard [21], [22].  

4.2.1.2 Measurements on sheets made of board furnish 
Sheets were made from furnishes collected on machine at the same time as the profiles, top 
ply (55 g/m2), centre ply (162 g/m2) and bottom ply (55 g/m2). The thought was to achieve 
basic conditions as close to the reality as possible, to be able to predict each ply's properties at 
some specific point in the manufacturing process. These sheets were made in order to 
investigate the shrinkage, and to determine the thickness, tensile strength, TSO, air 
permeability and density of each separate ply. The hand sheets were dried both freely and 
restrained and the results were compared with results from the different plies in the board.  

4.2.1.3 Measurements on ply grinded profiles 
Three of six profiles were subdivided into A-4 sheets. From tender side and middle position 
top-, centre- and bottom ply (Appendix XXVII) were grinded out in the grinding equipment at 
RCK. These sheets were used to determine the strength-, basic properties and shrinkage for 
each ply, and to receive input data to the Fibre-to-board software for future simulations. Nine 
A-4 sheets were grinded on tender side and nine in the middle position of the profile 
(Appendix XXVII). Six of the ply grinded sheets were strength tested, so that the results could 
be compared with the measurements on the sheets made from same furnish as the cross 
profiles.  
 
In order to determine the shrinkage in each ply, twelve of these A-4 sheets were punched into 
circles with an area of 200 cm2. These circular sheets were marked with four dots made with a 
permanent OH-pencil (Appendix III) and moistened over night. The day after the sheets were 
dried in a drying cabinet, photographed and the shrinkage was measured. To obtain a 
reference, circular sheets of 200 cm2 were also punched from the machine profile, two from 
tender side and two from the middle of the board (Appendix XXVII). Shrinkage was 
measured in the same way as for the ply polished sheets.  
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5 Results and discussion 

5.1 Improvement of hand sheet quality 

5.1.1 Comparisons of different free drying methods  
More detailed data can be obtained in appendix (XL). 
According to the results received from Anders Moberg the sheets pressed against wire 
clothing shows similar shrinkage as the sheets pressed against blotting papers (table 4). 
Pressing against blotting papers result in a more even shrinkage with small variations 
between”MD”and”CD”. Sheets dried between slightly loaded wire clothing gave the most 
even shrinkage and the smoothest sheets. The total shrinkage was slightly lower compared 
with sheets dried in the “RCK standard drying frame”. 
 
Table 4. Free shrinkage, %, for sheets made with different wet pressing and drying procedures. Pulp used in the 
experiment was unbleached SW Kraft with kappa 15, PFI-beated at 10 000 rev. Sheet forming with tap water 

Shrinkage, % “MD”- shrinkage, %  “CD”- shrinkage, %  Wet pressing and 
drying procedure 
for freely dried 
sheets 

Average var.coeff Average var.coeff. Average var.coeff. 

Dried in “standard 
frame” acc. to 
RCK method”, 
pressed against 
blotting paper 

-6.6  -13.9  -7.2  -3.4  -6.0  -21.7  

Dried in “standard 
frame” acc. to 
RCK”, pressed 
against Monodur 
wire clothing 

-6.7  -8.2  -6.7  -12.8  -6.6  -7.8  

Dried between 
Monodur wire 
clothing with 197 g 
blotting paper (ca 
48Pa) 

-6.4  -4.6  -6.5  -3.8  -6.3  -6.0  

*Measuring failure in shrinkage measuring: approx. 0.25% -units (ca 0.5/200 mm) 
 
In further tests, pressing against wire clothing was used since these sheets were more even 
and the wire clothing did not influence the shrinkage noticeable. 
 
Adding weights to the drying frame resulted in a distinctly decrease in shrinkage (table 5). 
These sheets also became very uneven (AIIII). One of the factors which contributed to the 
uneven sheets was that the “slide rail” on the drying frame was laden. 
 
When only the tare of the "slide rail" was used the shrinkage was comparable with the sheets 
dried totally free lying on the wire clothing. The sheets became even without a "waistline". 
The 125 um polyamide wire clothing (Monodur PA71N) was slightly better than the 3 um 
polyester wire clothing. 
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Table 5. Free shrinkage, %, for sheets wet pressed with smooth synthetic wire clothing. The drying procedures 
were varied. Pulp used in the experiment was unbleached SW Kraft with kappa 15, VS-beated at 250 kWh/h to 
79 °SR. 

Shrinkage, %  Drying procedures for 
freely dried sheets 

Drying pressure, [Pa] 

Average var.coeff. 
1 Restrained, pressed against 

a plate (SCAN standard) 3 
sheets 

0 0 - 

2 Lying freely on 3 um wire 
polyester wire clothing, 3 
sheets 

0 -9.7 -5.1 

3 Between 3 um polyester 
wire clothing, without extra 
weight, ca 200 g, 3 sheets 

4 -9.1 -1.5 

4 Between 3 um polyester 
wire clothing, with 1000g 
extra weight, 3 sheets 

24 -8.3 -7.6 

5 Between 3 um polyester 
wire clothing, with 2000g 
extra weight, 3 sheets 

43 -7.8 -6.9 

3b Between 125 um 
polyamide (Monodur) wire 
clothing, without extra 
weight, ca 200g, 2 sheets 

4 -9.4 -4.1 

*Measuring failure in shrinkage measuring: ca 0.25% -units (ca 0.5/200 mm) 
 

5.1.2 The influence of the blotting papers orientation on hand sheet shrinkage 
The pulps, CTMP and bleached SW, were received from a machine chest within the Stora 
Enso concern. This experiment was done with pulp from the pulp outlets 16 and 27 of June 
2006 (Appendix VIII-X). 
 
Table 6. Schopper-Riegler number for the pulps used in the experiment. 

 SW-fibre 1 CTMP 1 
°SR  30.8 33.2 

 
Hand sheets made according to SCAN standard [19] are isotropic, i.e. the fibres in the sheets 
have no orientation. Blotting papers on the other hand are made on paper machine and the 
main parts of the fibres in the blotting paper are orientated in MD. It has been observed that 
this might have an effect on isotropic hand sheets. The thought was that the fibre orientation 
in the wet blotting paper might straighten up the fibres in the laboratory sheets and slightly 
change their activation. The purpose with this study was to examine anisotropic blotting 
papers influence on hand sheets shrinkage and to see if pressing with wire clothing or altered 
blotting paper orientation can eliminate this phenomena (Appendix VIII-X). Considering the 
shrinkage of CTMP and SW fibres one can see in figure 21A and figure 21B that there are 
some differences in the sheets x, y- shrinkage between the three manufacturing methods; 
a) with the blotter paper in diverse orientation upon the sheet, b) with wire clothing next to the 
sheet and with all blotting paper in same orientation upon the sheet and finally c) with all 
blotting papers placed in the same orientation (Appendix VIII-X). One can not see any 
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noticeable improvement neither when the blotters orientation is altered nor when wire 
clothing is used closest to the hand sheet. The results do not show any univocal trend. This 
might due to the fact that the fibre orientation in the blotters during hand sheet forming does 
not have that large affect on the sheets made as believed. Another reason could be the 
measuring variances in the method or the pulps used. The “MD/CD” shrinkage ratio and the 
average shrinkage were measured on six sheets for each manufacturing method which might 
be too few. The pulps used were collected at the machine chest; these pulps consisted of 
process chemicals. The degree of beating may also influence the result. Perhaps the shrinkage 
would be affected different with other pulps free from chemicals or with another degree of 
beating.  
 
Among the sheets made of CTMP the largest difference in MD/CD ratio is in those made with 
the standard method at a basis weight of 100 g/m2, i.e. with the blotter papers closest the sheet 
and placed all in the same direction. The shrinkage for these hand sheets is 8 % higher in the 
blotters MD-direction. For the hand sheets made according to standard but with a lower basis 
weight, i.e. 60 g/m2 the difference in “MD/CD” shrinkage is only 1 %. The CTMP sheets 
made with altered blotting paper orientation and the sheets pressed with wire clothing 
(Appendix VIII-X) had a difference in ”MD/CD” shrinkage <4%.  
 
For the SW sheets with the basis weight of 60 g/m2 there is no univocal effect when using 
wire clothing or blotting paper orientation. For 100 g/m2 SW sheets the largest difference in 
“MD/CD” shrinkage is found among sheets made according to standard method, i.e. blotting 
paper with same orientation. The “MD/CD” ratio is in this case 1.09. 
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Figure 21A. The”MD/CD” shrinkage ratio for hand 
sheets made of CTMP pulp (33.2 °SR) with different 
piling methods during wet pressing. 1. Sheets without 
wire clothing and with constant blotting paper 
orientation, 2. Sheets with wire clothing and with 
constant blotting paper orientation and 3. Sheets made 
without wire clothing and with alternated blotting paper 
orientation. 

Figure 21B. The “MD/CD” shrinkage ratio for hand 
sheets made of bleached SW pulp (30.8 °SR) with 
different piling methods during wet pressing. 1. Sheets 
without wire clothing and with constant blotting paper 
orientation, 2. Sheets with wire clothing and with 
constant blotting paper orientation and 3. Sheets made 
without wire clothing and with alternated blotting paper 
orientation. 

 
Figure 22A shows the average shrinkage for the CTMP sheets in the "blotting papers' 
influence" experiment. According to the results there are only small differences in average 
shrinkage among the sheet made with 60 g/m2. Among the 100 g/m2 sheets the ones pressed 
with wire clothing shrank 3 % more than sheets made according to standard. The average 
shrinkage for the sheets made with altered blotting paper orientation is much lower and the 
confident interval is high. It is hard to find any specific “out layer” among these sheets since 
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half of them had shrunk approximately 1.6 % and the other half 0.8 %. The results presented 
in figure 22B shows small variations in average shrinkage among sheets made of bleached 
SW. 
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Figure 22A. Average shrinkage for sheets made of 
CTMP pulp (33.2 °SR). 1. Sheets made without wire 
clothing and with constant blotting paper orientation, 2. 
Sheets made with wire clothing and with constant 
blotting paper orientation, and 3. Sheets made without 
wire clothing and with alternated blotting paper 
orientation.  

Figure 22B. Average shrinkage for sheets made of 
bleached SW pulp (30.8 °SR). 1. Sheets made without 
wire clothing and with constant blotting paper 
orientation, 2. Sheets made with wire clothing and with 
constant blotting paper orientation, and 3. Sheets made 
without wire clothing and with alternated blotting paper 
orientation. 

 

5.1.2.1 Density  
When densities among hand sheets with different manufacturing methods are compared one 
can see a trend that sheets pressed with wire clothing have a higher density. Comparing sheets 
with different basis weight the difference in density between sheets with 60 g/m2 and those 
made with 100 g/m2 are less clear for CTMP sheets compared to the one made of SW (figure 
23A and figure 23B). Further results from sheet property measurements can be obtained in 
appendix (Appendix VII). 
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Figure 23A. Density for sheets made of CTMP pulp 
(33.2 °SR). 1. Sheets made without wire clothing and 
with constant blotting paper orientation, 2. Sheets made 
with wire clothing and with constant blotting paper 
orientation, and 3. Sheets made without wire clothing 
and with alternated blotting paper orientation.  

Figure 23B. Density for sheets made of bleached SW 
pulp (30.8 °SR). 1. Sheets made without wire clothing 
and with constant blotting paper orientation, 2. Sheets 
made with wire clothing and with constant blotting paper 
orientation, and 3. Sheets made without wire clothing 
and with alternated blotting paper orientation. 
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5.1.2.2 Cockle height on hand sheets piled with different methods  
Figure 24 shows that sheets couched and pressed with wire clothing and constant blotting 
paper orientation next to the sheets are less cockled than sheets without wire clothing. The 
results from Moberg's study showed the same trend. This might be due to the lower shrinkage 
and to the fact that wire clothing will straighten the fibre during couching and pressing, which 
results in smaller cockle size after drying. The blotting papers influence on the sheets might 
also have an affect. One purpose with this study was to find a method to achieve less cockled 
sheets in order to improve the shrinkage measuring. Today it is hard to determine the 
shrinkage because the cockling influences the results.  
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Figure 24. Cockle height (acc. to method described on p.24 and Appendix XXXIX) on sheets made of bleached 
SW pulp (30.8 °SR) with different piling method. 1. Sheets made without wire clothing and with constant blotting 
paper orientation, 2. Sheets made with wire clothing and with constant blotting paper orientation, and 3. Sheets 
made without wire clothing and with alternated blotting paper orientation. 

5.1.3 Fine materials influence on shrinkage 
The pulps, CTMP and bleached SW, were received from a machine chest within the Stora 
Enso concern. This experiment was done with pulp from the pulp outlets 16 and 27 of June 
2006 (Appendix I). 
 
Table 7. Schopper-Riegler number for the basis pulps used in the experiment. 

 SW-fibre 1 CTMP 1 
°SR 30.8 33.2 

 
Earlier experiments have shown that the shrinkage actually takes place at the bonding sites; it 
is also known that fine material fills the cavities between the fibres, resulting in a denser 
sheet. These facts will probably explain the results in our experiments.  
 
As one can see in figure 25A and figure 25B the shrinkage increases with increased fines 
content, the reason is that fine material facilitates more bonding sites. Increased amount of 
fine materials had a more obvious affect on CTMP than on bleached SW; this is probably due 
to the fact that CTMP contain a higher amount of fine materials and SW pulps normally 
consist of longer and stiffer fibres with less comparative bonding areas. As a result of the 
small particle size and the large surface area, fines can bind more water and therefore swell 
more than fibres. Fine materials affect on shrinkage is lower for CTMP, which can be 
explained with the higher amount of hydrophobic lignin and extractives in mechanical pulp 
fines, the fines ability to swell in water is lower compared with chemical pulp fines. 
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Figure 25A. Shrinkage for hand sheets made of CTMP 
pulp. 1. Sheets made without fines 2. Sheets made with 
extra fines (1/3 of the total collection fines) and  
3. Sheets made with 2x extra fines (2/3 of the total 
collection fines). 

Figure 25B. Shrinkage for hand sheets made of bleached 
SW pulp. 1. Sheets made without fines 2. Sheets made 
with extra fines (1/3 of the total collection fines) and 
3. Sheets made with 2x extra fines (2/3 of the total 
collection fines). 

5.1.3.1 Distribution of fibre length 
FiberMaster analyses on the stocks used in the fine material study showed that the stocks 
contained different amount of fine material (figure 26A and figure 26B). As expected the 
stock with no extra fines added had almost no fibre material < 0.5 mm and the stocks where 
fines were added consisted a much higher share of fibre material within the range 0-0.5 mm. 
The difference is most obvious among the CTMP stocks because the initial amount of fines 
<0.2 is higher in CTMP basis pulp than SW basis pulp.  
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Figure 26A. Fine material content in CTMP stock 
where various amounts of fines were added. 1. No fines 
added 2. Extra fines 3. x extra fines  

Figure 26B. Fine material content in SW stock where 
various amounts of fines were added. 1. No fines added 
2. Extra fines 3. x extra fines 

 
Considering the loss of fine material in the SCAN sheet former (Appendix IV) one can see a 
decrease in the fine material content in the formed sheets, the retention was lowest for sheets 
made with the lower basis weight (60g/m2) (figure 27A-29B). This can be explained by that a 
higher basis weight prevents the fines to go with the waste water, since the fibre network is 
more compact. As expected the differences were higher for the CTMP made sheets, this 
because mechanical pulp consists of more fine material and have a more porous structure. 
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Figure 27A. Fine material content in CTMP (machine 
chest furnish) before and after sheet making 1. Furnish 
2. Sheets made with a basis weight of 60g/m2 and  
3. Sheets made with a basis weight of 100g/m2 

Figure 27B. Fine material content in SW pulp (machine 
chest furnish) before and after sheet making 1. Furnish 
2. Sheets made with a basis weight of 60g/m2 and  
3. Sheets made with a basis weight of 100g/m2 
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Figure 28A. Fine material content in CTMP stock with 
extra fines added, before and after sheet making  
1. Stock 2. Sheets made with a basis weight of 60g/m2 
and 3. Sheets made with a basis weight of 100g/m2 

Figure 28B. Fine material content in SW stock with 
extra fines added, before and after sheet making  
1. Stock 2. Sheets made with a basis weight of 60g/m2 
and 3. Sheets made with a basis weight of 100g/m2 
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Figure 29A. Fine material content in CTMP stock with 2 
x extra fines added, before and after sheet making  
1. Stock 2. Sheets made with a basis weight of 60g/m2 
and 3. Sheets made with a basis weight of 100g/m2 

Figure 29B. Fine material content in SW stock with  
2 x extra fines added, before and after sheet making  
1. Stock 2. Sheets made with a basis weight of 60g/m2 
and 3. Sheets made with a basis weight of 100g/m2 
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5.1.3.2 Cockling on hand sheets made with different fines content 
One problem when determining shrinkage is, as mentioned, measurements on cockled sheets. 
Results from the fines study show (figure 30) that sheets with higher fines content are more 
cockled than sheets without fines. This is probably due to the fact that the more fine material 
there is the more bonding sites will be created. Shrinkage will occur within these bonding 
sites and cause micro-compressions, which will result in cockling. The cockling is more 
obvious at a higher basis weight, because these sheets retain more fine material than sheets 
made with a lower basis weight.  
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Figure 30. Average cockle height on sheet made of bleached SW pulp with different fines content. The cockle 
height is measured according to a method developed within this degree project (Appendix XXXIX and page 24). 
1. Sheets made with no fines, 2. Sheets made with extra fines, 3. Sheets made with 2*extra fines 

5.1.4 Shrinkage at different pressing loads 
The examination of how the degree of consolidation and the initial moisture content after 
pressing affects the shrinkage was performed with pulps taken out August 2006. These pulps 
had different ºSR number than the pulps taken out 16 and 27 of June 2006 (Appendix I). 
 
Table 8. Schopper-Riegler number for pulps used in the pressing load experiment. 

 SW-fibre 2 CTMP 2 
°SR 39,2 28,4 

 
A fibre's degree of swelling has an important matter on the dryness achieved after pressing. 
As shown in table 8 the largest affect on moisture ratio is between 100 kPa and 400 kPa. The 
reason could be that laboratory platen presses only can remove water to a certain level  
 
Table 9. Moisture content after wet pressing for sheets with a basis weight of 100 g/m2. 

Moisture ratio after pressing Shrinkage 
Pressure [kPa]  SW [%] CTMP [%] SW [%] CTMP [%]  
100 70 66 5,66 1,02 
400 58 53 5,82 1,46 
900 58 55 5,64 1,32 
1200 56 45 5,30 1,38 
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An increased pressing load also gives rise to a higher sheet density. The results in this study 
shows unchanged shrinkage for the SW pulp when different pressing loads were used. Within 
the density interval 270-320 kg/m3, the shrinkage among sheets made of CTMP pulp 
increases. While the shrinkage in the density interval 320-380 kg/m3 is mainly the same. A 
study made by Wahlström [1] also found that free shrinkage on paper of Kraft pulp is 
unchanged when different pressing loads are used. In the same study the shrinkage for the 
CTMP paper increased with increasing pressing load. There is no information in Wahlström's 
study about the pressing loads used; this and the fact that the pulp properties might be 
different from the one used in our experiment may be the reason way the results differ. If the 
densification had been higher it might have been easier to see a trend. 
 
Another reason why the density is low among freely dried sheets might be that the fibres in 
these sheets relax after pressing. The sheets moisture content after pressing can also affect the 
shrinkage. Results in earlier studies show that free shrinkage is affected first when the dry 
solids content after pressing exceed the WRV value [13].  
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Figure 31A. Shrinkage on CTMP (28.4 °SR) hand 
sheets pressed at different loads. 

Figure 31B. Shrinkage on SW (39.2 °SR) hand sheets 
pressed at different loads. 

 

5.1.5 Hand sheets with different basis weight 
Also this experiment was performed with pulps taken out 9 of August 2006. These pulps had 
different ºSR number than the pulps taken out 16 and 27 of June 2006 (Appendix I). 
 
Table 10. The table shows Schopper-Riegler number for the pulps used in the experiment. 

 SW-fibre 2 CTMP 2 
°SR 39,2 28,4 

 
The results in figure 32A and figure 32B indicate a very small variation in shrinkage between 
sheets with different basis weights. According to articles were the basis weight's influence on 
shrinkage has been studied it should be a linear increase in shrinkage from 60 g/m2 to 120 
g/m2, but the results from this study almost shows a horizontal relation. The reason could be 
that the pulps used had different properties. The pulps used in this study were from machine 
chest and include some chemicals, e.g. neutral size, wet strength agent, alum and EDTA. The 
pulps used in experiments from the articles were pulps without chemicals. The confidence 
intervals are large for all sheets, which deteriorates the results reliability. The variations in the 
results can be due to the cockles on the sheets, especially for SW sheets. 
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Shrinkage for SW hand sheets made with 
different basis weights
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Figure 32A. Shrinkage of hand sheets made of CTMP 
pulp (28.4 °SR) 1. With white water recirculation and  
2. Without white water recirculation. The sheets were 
made with different basis weights 

Figure 32B. Shrinkage of hand sheets made of SW 
pulp (39.2 °SR) 1. With white water recirculation and 
2. Without white water recirculation The sheets were 
made with different basis weights 

5.1.5.1 Density 
As can be seen in figure 33A-B there is a small increase in density from higher basis weight, 
mainly for SW. This increase might be due to the fact that the loss of fine material is lower 
among sheets with higher basis weight. Another reason can be that these sheets are thicker 
and therefore more affected during pressing. Further results from sheet property 
measurements can be obtained in appendix XXI-XXII. 
 

Density for SW hand sheets made 
with different basis weight

100
200
300
400
500
600
700

35 45 55 65 75 85

Basis weight, g/m2

D
en

si
ty

 s
in

gl
e 

sh
ee

t, 
kg

/m
³

1

2

Density for CTMP hand sheets made 
with different basis weight

0

100

200

300

400

60 80 100 120 140

Basis weight, g/m2

D
en

si
ty

 s
in

gl
e 

sh
ee

t, 
kg

/m
³

1

2

 
Figure 33A. Density for hand sheets made of CTMP 
pulp (28.4 °SR) 1. With white water recirculation and 2. 
Without white water recirculation. The sheets were 
made with different basis weights 

Figure 33B. Density hand sheets made of SW pulp (39.2 
°SR) 1. With white water recirculation and 2. Without 
white water recirculation The sheets were made with 
different basis weights 
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5.1.5.2 Cockling on hand sheets with different basis weight 
Today cockling among freely dried sheets is a problem because it obstructs the shrinkage 
measuring. The results from the measurements will be a combination of true shrinkage and 
the effect from the cockles. 
 
Figure 34 show that a higher basis weight gives larger cockle size. This is probably due to the 
fact that sheets with higher basis weight consist of more fine material, because of a higher 
retention during forming. The fine material fills the cavities between the fibres, which will 
create more bonding sites. Shrinkage will occur within these bonding sites and cause micro-
compressions, which will result in cockling. 
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Figure 34. Cockling of sheets with different basis weight made of SW pulp (39.2 °SR) 
1. without white water recirculation (WWW) and 2. Without white water recirculation and formed without dwell 
time in the sheet former.  

5.1.6 How different plies and pulps affect each other during shrinkage 
The pulps, CTMP and bleached SW, were received from a machine chest within the Stora 
Enso concern. This experiment was performed with pulps from the second pulp outlet 
(Appendix II). The aim with this experiment was to examine if the shrinkage for individual 
pulps correspond with the shrinkage for sheets made of a SW/CTMP mixture or for sheets 
made of two plies i.e. one ply of SW and one ply of CTMP that were couched together. In the 
simulation model Fibre-to-board the shrinkage for individual pulps was used.  
 
Table 11. Schopper-Riegler number for pulps used in the experiment. 

 SW-fibre 2 CTMP 2 
°SR 39.2 28.4 

 
The mixture and the couched multiply sheets correlates well to each other according to 
shrinkage. Figure 35 shows that the shrinkage increases with an increased amount of fine 
material in both cases. This indicate that the different plies or furnishes will affect each other 
rather alike whether they are couched together as two separate sheets or if the furnishes are 
mixed before the sheets are formed. CTMP tend to shrink less than soft wood and when they 
are mixed or plied together the CTMP will counteract the SW shrinkage and the total sheet 
will shrink less. It can also be observed in figure 35 that the shrinkage is higher for sheets 
made of CTMP/SW mixture than for the two-ply sheets. The explanation is perhaps that 
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sheets made of a mixture will create one fibre network, while the two-ply sheets create two 
fibre networks, one in each ply. The bonds and forces within the fibre network in the 
CTMP/SW mixture might affect the shrinkage different compared with the bonds and forces 
between the CTMP and SW ply in the two-ply sheets. Another thing that can be seen in figure 
35 is that the shrinkage increases with increased SW content. This is because SW fibres have 
a higher shrinkage potential compared with CTMP fibres. 
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Figure 35. Shrinkage for hand sheets made of: 1. SW/CTMP mixture. 2. Two-ply sheet SW-side. 3. Two-ply sheet 
CTMP-side 

5.1.6.1 Mixing rule 
This study was done in order to find out if there is a linear relation between the total shrinkage 
of a mixture with different pulps and the shrinkage of each of the individual pulp in the same 
mixture, i.e. if any mixing rules can be implemented. Initially the relation between the total 
shrinkage and the shrinkage on each of the individual pulps in the mixture was assumed to be 
linear according to equation 30. 
 
Mixing rule: A*a + B*b = C*c ⇒c = A*(a-b) + b   (30) 
 
A = proportion of pulp A (SW) a = shrinkage for pulp A (SW) 
B = proportion of pulp B (CTMP) b = shrinkage for pulp B (CTMP) 
C = 1  c = totally shrinkage for the  

  (SW/CTMP) mixture 
 
Data used in this study was the results both from hand sheets made of CTMP/SW pulp 
mixture with different proportion of SW and for sheets made of pure CTMP and SW pulp 
respectively (Table 12). The results from the pure pulps were put into equation 30 and 
evaluated together with the shrinkage result of the CTMP/SW mixture according to figure 36.  
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Table 12. Data used in this study came from shrinkage measurements on sheets made of SW/CTMP mixture and 
from sheets made of SW and CTMP respectively.  

 A B  c b c 
Basis  
weight 

Prop. 
SW 

Prop. 
CTMP 

Shrinkage  
mixture sheets 

Shrinkage 
SW 

Shrinkage 
CTMP 

Shrinkage 
Mixing rule 

40    7.23   
65    6.79 1.08  
80    6.93 0.93  
120     0.98  
160 0.25 0.75 2.42   2.49 
185 0.35 0.65 2.74   3.10 
160 0.50 0.50 3.36   3.99 
Average - - - 6.98 1.00 - 

 
In figure 36 the shrinkage is plotted against the proportion of SW pulp. Curve 1 shows the 
shrinkage on sheets made of SW/CTMP mixture and it can be seen that this curve is linear, R2 
= 0. 99, is a strong indication for a linear correlation between the total shrinkage of a mixture 
with different pulps and the shrinkage of each of the individual pulp in the same mixture. 
Curve 2 shows the shrinkage according to the mixing rule i.e. where the shrinkage from 
separate sheets have been used in the calculations according to equation 30. If curve 1 and 
curve 2 is compared one can see that the real condition is below the mixing rule. 
 

 1.30 + y1.58 = y 21 ⋅  (31) 
 

 2  curve =y  and  1 curve = y  where  21  
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Figure 36. Shrinkage plotted against proportion of SW pulp. 1. Total shrinkage for sheets made of SW/CTMP 
mixture. 2. Shrinkage calculated according to equation 30, where input data was collected from sheets made of 
single pulps, i.e. SW and CTMP respectively. 
 
The relations how different layers affect each other during drying that is used in the Fibre-to-
board model today are shown in equation 1-23 on page 4-5. These relations are a little bit 
more complicated than the assumption used in this study. 
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5.2 Validation of the simulation model Fibre-to-board 

5.2.1 Shrinkage on hand sheets made of different ply furnishes 
In this experiment top-, centre- and bottom ply furnishes were used. These furnishes were 
received from a machine chest within the Stora Enso concern.  

Table 13. Schopper-Riegler number for the different furnishes used 

 Top-ply furnish Centre ply furnish Bottom furnish 
°SR 29.0 35.3 22.1 

 
Figure 37-39 shows that there is a slightly difference in shrinkage potential between sheets 
made with- and without white water recirculation for top-, centre- and bottom furnish. The 
reason might be that sheets made with white water recirculation retain more fine material than 
sheets made without white water recirculation. The fine material creates more bonding sites, 
and since the shrinkage occurs within these bonding sites the sheets with a higher fine 
material content shrinks more. It can also be seen in figure 37-39 that the shrinkage potential 
is lower for the centre ply furnish compared with top- and bottom ply. The reason is that the 
centre ply consists of CTMP, i.e. mechanical pulp and the other two furnishes mainly contain 
SW fibres. 
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Figure 37. Shrinkage at different moisture content for top ply furnishes 1. With white water recirculation and  
2. Without white water recirculation.  
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Shrinkage potantial for center ply furnish 
with and without white water
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Figure 38. Shrinkage at different moisture content for centre ply furnishes 1. With white water recirculation and 
2. Without white water recirculation.  
 

Shrinkage potantial for bottom ply furnish 
with and without white water

0

1

2

3

4

5

6

7

0,00 0,10 0,20 0,30 0,40 0,50 0,60

Moisture ratio

S
hr

in
ka

ge
 %

  .
...

.

1

2

 
Figure 39. Shrinkage at different moisture content for outer ply furnishes 1. With white water recirculation and 
2. Without white water recirculation.  

5.2.1.1 Density 
As seen in figure 40 and figure 42 the density for the top ply and bottom ply hand sheets are 
lower than for the corresponding layer in the board. One reason might be that the platen press 
used for pressing the hand sheets can not give as high pressures as a roll press on machine. It 
can also be due to the fact that the fibres in a freely dried sheet will relax after pressing, which 
will influence the density. The low density received for hand sheets might be one of the 
reasons why the Fibre-to-board simulations differ from the reality, since the density affect the 
shrinkage. Among the centre ply sheets in figure 41 the difference was not as sharp as for the 
top and bottom ply sheets. Further results from sheet property measurements can be obtained 
in appendix XVI-XVII and XXIV-XXVI. 
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Density for hand sheets made of top ply furnish 
and ply polished sheets from CD profile
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Figure 40. Density for top ply furnish, hand sheets (400 kPa, 5+2 min) and sheets grinded from board CD-
profile. 1. Free dried hand sheets made with white water recirculation. 2. Free dried hand sheets made without 
white water recirculation. 3. Restrained dried hand sheets made with white water recirculation. 4. Restrained 
dried hand sheets made without white water recirculation. 5. Grinded machine sheet from (edge position) on 
tender side. 6. Grinded machine sheet from centre of the board cross profile (Appendix XXVII) 
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Figure 41. Density for centre furnish, hand sheets (400 kPa, 5+2 min)  and sheets grinded from board CD-
profile. 1. Free dried hand sheets made with white water recirculation. 2. Free dried hand sheets made without 
white water recirculation. 3. Restrained dried hand sheets made with white water recirculation. 4. Restrained 
dried hand sheets made without white water recirculation. 5. Grinded machine sheet from (edge position) on 
tender side. 6. Grinded machine sheet from centre of the board cross profile. (Appendix XXVII) 



 44 

Density for hand sheets made of bottom ply furnish 
and ply polished sheets from CD profile
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Figure 42. Density for bottom furnish, hand sheets (400 kPa, 5+2 min) and sheets grinded from board CD-
profile. 1. Free dried hand sheets made with white water recirculation. 2. Free dried hand sheets made without 
white water recirculation. 3. Restrained dried hand sheets made with white water recirculation. 4. Restrained 
dried hand sheets made without white water recirculation. 5. Grinded machine sheet from (edge position) on 
tender side. 6. Grinded machine sheet from centre of the board cross profile. (Appendix XXVII) 
 

5.2.1.2 Distribution of fibre length for different furnishe s 
The results in Figure 43 shows that the loss of fine material, within the range of 0-0.1 mm, is 
higher for sheets made without white water recirculation. When white water recirculation is 
used more fines are added via the fine material saturated white water. That compensates the 
losses during the hand sheet making. When considering the range of 0.1-0.2 mm the 
circumstance is the opposite, there is less fine material within this range among the sheets 
made with white water recirculation. This might be because the white water consists of a 
higher amount of fines within the range of 0.0-0.1 mm. The insecurity during e.g. hand sheet 
making and the slushing of the sheets might also be a source of error. 
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Figure 43. The amounts of fines before and after sheet making for top ply furnish 1. Furnish before sheet making 
2. Sheets made without white water recirculation and 3. Sheets made with white water recirculation 



 45 

In figure 44 it can be seen that sheets made with white water recirculation has the highest 
amount of fine material compared to furnish before sheet making and sheets made without 
white water recirculation. This can be due to a higher concentration of fine material in the 
saturated white water, which gives an increased fine content in the sheets. The effect is most 
obvious for sheets made with centre ply furnish i.e. chemical pulp since the fine material 
losses is higher.  
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Figure 44. The amounts of fines before and after sheet making for centre ply furnish 1. Furnish before sheet 
making 2. Sheets made without white water recirculation and 3. Sheets made with white water recirculation 
 
Figure 45 shows that the trend for bottom ply furnish is similar the one for centre ply. The 
only difference is that the fine content is unchanged after the sheet forming for sheets made 
with white water recirculation.  
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Figure 45. The amounts of fines before and after sheet making for bottom ply furnish 1. Furnish before sheet 
making 2. Sheets made without white water recirculation and 3. Sheets made with white water recirculation 
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5.2.2 Measurements on the board cross direction profiles and on grinded plies 
Material used in this experiment was CD profiles collected from the jumbo roll on a paper 
machine within the Stora Enso concern. The aim with this experiment was to receive a 
reference for simulations in Fibre-to-board. More results about mechanical and physical 
properties can be obtained in appendix XXIV-XXVI 

5.2.2.1 Shrinkage in machine cross direction 
As seen in table 14 the results from the calculations showed that the paper web had shrunk  
4.8 % during drying. The plan was to use the width of the jumbo roll, before and after drying 
as a reference. Unfortunately the width of the paper web between the press section and drying 
section is hard to determine since the paper machine have no measuring device at this 
location. Within this study an estimation of the width on the paper web between the couch 
squirts before pressing was done. This makes it hard to receive a reference, since the input 
data to the simulation model is measured on hand sheets whose shrinkage during drying is 
estimated after wet pressing and after drying. (Paragraph 5.2.3 the Fibre-to-board simulation).  
 
Table 14. Calculations of the paper web shrinkage in cross direction  

Width on the jumbo roll Distance between couch squirts Shrinkage  
 
(mm) (mm) (%) 
Profile 1 5494  -  - 
Profile 2 5495  -  - 
Profile 3 5492  -  - 
Average 5494 5770 *)Estimated value 4.8 

 

5.2.2.2 TSO measurements for the CD profiles 
Figure 46 shows that the tensile stiffness index according to TSO measurements (Appendix 
VI) is lower in the edges than in the middle of the profile. This is because the edges of the 
paper web are able to move more freely during drying than the middle, since the middle is 
kept restrained in the paper machine. 
 

 
Figure 46. TSI-GM measurements (Appendix VI) on cross profiles  
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5.2.2.3 Shrinkage on moistened sheets 
Figure 47 shows a difference in expansion between the middle position and the tender side of 
the profile. The ply grinded sheets expand more on the tender side than in the middle position. 
The reason might be that there is a higher shrinkage during drying on the tender side 
compared to the more restrained middle position of the paper web. On the paper machine the 
middle position is stretched in the machine direction and therefore the shrinkage is prevented 
during drying. The edges in the other hand are not that restrained and can move more freely 
during drying, which result in a higher shrinkage. It is odd though, that the reference sheet 
shows the opposite, but this could be due to the fact that the reference has much higher basis 
weight. 
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Figure 47. Expansion of board cross profile and ply polished profile after rewetting in the 1. Middle of the 
profile. 2. On the Tender side 
 
As shown in figure 48-50 the shrinkage potential for each individual ply in the paper board is 
approximately 2.5-3%. This indicates that shrinkage measurements on rewetted sheets do not 
correspond with the shrinkage measurements on sheets that never have been dried. Normally 
centre ply furnish (CTMP) has a much lower shrinkage potential than top ply furnish. The 
reason might be that rewetted sheets do not shrink as much as sheets that never have been 
dried. One issue that probably had an effect on the shrinkage is the fact that the sheets were 
not completely free from fibres from adjacent ply after they had been grinded.  
 
It can also be seen in the results in figure 48-50 that grinded sheets from middle position of 
the CD profile have approximately the same shrinkage potential as the sheets grinded from 
the tender side. Since the sheets from tender side expanded more (Appendix XLII) than the 
ones from the middle position during moistening, the tender side was assumed to have the 
highest shrinkage potential. 
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Shrinkage for top ply from board CD profile

0,00

0,50

1,00

1,50

2,00

2,50

3,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

Moisture ratio

S
hr

in
ka

ge
 %

1

2

 
Figure 48. Shrinkage for top ply grinded sheets 1. From middle of the CD profile 2. From tender side. 
 

Shrinkage for centre ply from board CD profile
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Figure 49. Shrinkage for centre ply grinded sheets 1. From middle of the CD profile 2. From tender side 
 

Shrinkage for bottom ply from board CD profile
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Figure 50. Shrinkage for grinded sheets of bottom ply 1. From middle of the CD profile 2. From tender side 
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5.2.3 The Fibre-to-board simulation 
The result from the simulation made in Fibre-to-board shows that the CD tensile stiffness 
index corresponds with the reference, i.e. machine board. Unfortunately the MD tensile 
stiffness index differs. Considering the CD shrinkage for the machine sheet the simulated 
value was lower than the shrinkage measured on the reference, i.e. machine board. One reason 
might be that the reference value (machine cross profile) correspond to the shrinkage from 
before pressing to after drying, while the shrinkage measurements on hand sheets used as 
input data to the simulation model starts after pressing. Today there is no measuring device on 
the paper machine for determination of the width of the web between pressing- and drying 
section, therefore the width of the machine sheet has to be measured before the wet web 
enters the pressing section and finally after the drying section. This means that it can be hard 
to compare the machine sheets and the hand sheets since the moisture content when the 
shrinkage measuring starts is not the same. It is uncertain if the pressing affects the width of 
the paper web, since the paper web is stretched in machine direction which might compensate 
for the increase in width caused by the pressing load. 
 

 
Figure 51. Fibre-to-board simulation  
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6 Conclusions 
The aim with this Master Thesis was to verify and improve the simulation method Fibre to 
board, by optimizing the method of hand sheet making and improve the method of shrinkage 
measurement in purpose to receive result from simulations as close to the reality as possible. 
The intention was to compare at least one simulation in the Fibre-to-board model (with input 
data from hand sheets) with a real machine board. Conclusions that can be made from the 
results received in this study are; 
 
Shrinkage measuring method according to RCK 

•  When the camera is used in shrinkage measurements it is an advantage to press the 
sheets under a glass plate during the photographing, otherwise the cockles on the sheet 
may affect the measurements, which makes it hard to determine the true shrinkage. 

• There is no problem using pencil markings instead of metal tips during shrinkage 
measurements on hand sheets. The pencil used consists of water-based varnish, which 
neither smears nor fades during drying and it does not interfere with the fibre network. 

• Either for the rewetted cross profiles and the grinded sheets the pencil markings was a 
problem. The pencil used in these experiments was a permanent OH-pencil.  

 
Hand sheet quality 

• Pressing against wire clothing instead of blotting papers gives less cockled sheets. 
These sheets also tend to have a higher density. 

• It can be established that the shrinkage for sheets dried between wire clothing in a 
drying frame using only the tare of the “slide rail” is comparable with the shrinkage of 
sheets dried totally free lying on the wire clothing. The 125 um polyamide wire 
clothing (Monodur PA71N) was slightly better than the 3 um polyester wire clothing 

• Neither wire clothing (between the blotting paper and hand sheet) nor orientated 
blotting papers (against the hand sheet) during pressing eliminated the influence of 
anisotropic blotters on the shrinkage for isotropic hand sheets. 

 
Shrinkage 

• The amount of fine material influences sheet properties. An increase in fines content 
gives rise to a higher shrinkage, higher density, increased TSI and more cockling.  

• Shrinkage measurements on rewetted machine cross profiles or grinded sheets, which 
have been dried once before, is not a reliable method for shrinkage determinations. 

• The FiberMaster analyses showed that there are losses in fine materials during hand 
sheet making. These can partly be compensated by using white water recirculation, 
which can be preferable when mechanical pulp is used. Since sheets made of soft 
wood pulp tends to be more cockled with a higher fines content, white water 
recirculation can not be recommended. 

• Different pressing loads did not have much influence on the shrinkage. The density 
increased with higher load, but the results did not reach machine sheet densities. To 
receive higher densities, another press than the platen press used in these studies has to 
be adopted. A higher pressing load resulted in less cockled sheets. 

• In this study the basis weight did not have an obvious affect on the shrinkage, 
therefore the basis weight on hand sheets used as input data to the simulation model 
Fibre-to-board might not be that important.  

• It was found that there is a linear relation between the total shrinkage of a SW/CTMP 
mixture and the shrinkage of each individual furnish. One can also see that the 
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shrinkage increases with higher amount of SW fibres. Another conclusion is that if 
two sheets made of different pulps are couched and pressed together the total 
shrinkage will be affected.  

 
Fibre-to-board simulation 

• The Fibre-to-board simulation resulted in a calculated CD TSI value for the simulated 
board that corresponds with the value received from measurements on the machine 
board, but unfortunately not the MD TSI value. 
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7 Recommendations 
Paper machine 

• Since the shrinkage on the board is of powerful impact to receive a reference for 
simulations in the Fibre-to-board model, an improvement of the width measuring on 
the paper machine is recommended for the future, so that the total shrinkage on the 
paper web can be determined. 

 
Hand sheet properties 

• Since sheets pressed between wire clothing were less cockled, wire clothing (Monodur 
PA71N) is to recommend in future works. 

• For hand sheets made of mechanical pulp, white water recirculation resulted in sheets 
with higher fine content. Unfortunately this is a time-consuming process, since the 
white water has to be saturated before the sheets could be made. The 
recommendations for future trials are to use white water recirculation when hand 
sheets of mechanical pulp are made, if the shrinkage of the sheet is of essence.  

• The wet-pressing strategy that is used for hand sheet making today, gives a density far 
from that on machine sheets. The platen press used within this Master thesis did not 
have the capacity to remove enough water and to compress the hand sheets to a 
density comparable with the density on machine sheets. Therefore future trials are 
needed, either to investigate how the wet-pressing method should be improved in 
order to achieve a hand sheet density that is comparable with the density on machine 
sheets, or to compensate for the failure in density in the simulation program Fibre-to-
board. The origin plan within this Master thesis was to use a hot press nip in order to 
receive a sheet that correspond better with a machine sheet and to obtain a density 
profile in the sheet z- direction. Unfortunately the hot press nip probably will result in 
more restrained dried sheets with lower moisture content, which makes it impossible 
to determine the shrinkage of these sheets. But maybe this is a method to investigate 
further in future trials.  

 
The shrinkage program based on MATLAB calculations 

• The shrinkage measuring program in MATLAB has to be improved so that the 
measurements will proceed faster. Another issue is the reliability in the measurements. 
The measurement errors have to be overhauled, in order to determine if the variations 
in the results are due to the program or to the quality on the hand sheets. 

 
The simulation model Fibre-to-board 

• Maybe losses of fine material during hand sheet making could be compensated with a 
calculation element in the model. 
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Appendices 
Appendix I 

 

Schedule of pulps used in the experiments  
 

 Pulps used in the experiments 

Pulps used in the experiments 
 
Experiment Pulp Date for pulp outlet WRV °SR 

Bleached SW 
 

16 June 2006, 08:10  30,8 Comparisons of 
different free 
drying methods  
 

Post refined CTMP 27 June 2006, 07:55  33,2 

Bleached SW 
 

16 June 2006, 08:10  30,8 Blotting papers 
influence on 
hand sheets 
shrinkage 
 

Post refined CTMP 27 June 2006, 07:55  33,2 

Bleached SW 16 June 2006, 08:10  30,8 Fine materials 
influence on 
hand sheet 
properties 
 

Post refined CTMP 27 June 2006, 07:55  33,2 

Bleached SW 9 August 2006 
10:10 

 39,2 The pressing 
loads influence 
on shrinkage and 
initial moisture 
ratio 
 

Post refined CTMP 9 August 2006 
10:30 

 28,4 
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Appendix II 
 

 
Bleached SW 9 August 2006 

10:10 
 39,2 Hand sheets 

with different 
basis weight 
 

Post refined CTMP 9 August 2006 
10:30 

 28,4 

Bleached SW 9 August 2006 
10:10 

 39,2 Two-ply Sheets, 
SW/CTMP-
mixture and 
furnish 
correlation 

Post refined CTMP 9 August 2006 
10:30 

 28,4 

Top ply furnish 11 September, 10:00 1,70 29,0 

Centre ply furnish 11 September, 10:00 1,51 35,3 

Measurements 
on cross profiles 
from machine 
and sheets made 
from the same 
furnishes as the 
cross profiles  
 

Bottom ply furnish 11 September, 10:00 1,62 22,1 
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Appendix III 
 

Equipment  
 

• Wire clothing:     Monodur 
     PA71N 
 

• Pencil marking 
o Hand sheets     Faber-Castell 
     Castell 9610 Document 
     Wasserlack (water-based varnish) 
     Germany 
 
o Profiles & Grinded sheets    Faber-Castell 
     OH-Lux 1513 
     Permanent 
 

 
• WRV 

o Centrifuge     Zentrifugen 
     Fabric: Hettich 
     Type: Rotixa/RP 
     Serial no: 2761 

 
• SR°:     AB Lorentzen & Wettre 

     Box 4. s-164 93 Kista 
     Type. 95041 
     No. 2260 
     App. 14W 
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Appendix IV 
 

• STFI thickness:     Serie no. 05-01 
     Model no. TJ05 
     TJT- Teknik AB 
     Spjutvägen 7F 
     s-17 561 Järfälla, Sweden 
 

• SCAN thickness:     SCAN-thickness 
     AB Lorentzen & Wettre 
     App. 51D2 
     Type: 222 
     No. 5989 
     Sweden 
 

• Bauer McNett:     App. 11B 
     Type: 4−4 
     No. 498-5001 
     Stockholm, Sweden 
 

• Tensile strength:     Tensile tester 
     AB Lorentzen &Wettre 
     Type: SE064 
 

• Sheet former:     SCAN sheet former 
     AB Lorentzen &Wettre 
     Box 4. s-164 93 Kista 
     Type: 4-1 
     No. 220 
     App. 32A 
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Appendix V 
 

• Camera:     Digital camera 
     SONY 
     DSC-F505V 
     Hybrid LCD 
 

• FibreMaster:     STFI FiberMaster 
     Fiber Tracker AB 
     184 84 Åkersberga, Sweden 
 

• Bench Press     Sheet press 
     Pneumatic 
     Pressure: 400 kPa 
     Pressure gap: approx. 19 cm 
     Pressure area: 214 cm2 

     Supplied with stop-watch 
     AB Lorentzen &Wettre 
     Box 4. s-163 93 Stockholm 
     Type: 1-5, SE040 
     No. 512 
 

• Floor Press     Sheet press 
     Hydraulic 
     Pressure: 100-1200 kPa 
     Pressure gap: approx. 7.5 cm 
     Pressure area: 200-625 cm2 
     Separate stop-watch 
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Appendix VI 
 

• TSO- tester     L&W TSO-tester 
     AB Lorentzen & Wettre 
     Code: 150 
     Type: 965985 
     No. 330 
     Stockholm, Sweden 
 

• Air permeance tester     L&W Air permeance tester 
     Code: SE 166 
     Type: 970524 
     No. 174 
 

• Punch     Sheet punch 
     Mecman 
     Series: 1000 
     Type: ME 12000 
     Prod. No. 1016-05-003-1 
     Stroke: 50 mm 
     Max. op. pressure: 8 bar 
     Sweden 
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Appendix VII 
 

The anisotropic blotting papers influence on isotropic hand sheets 
 Hand sheet properties 

The blotting papers influence on isotropic hand sheets 
 CTMP  SW 

Blotter orientation same altered same altered 
Material closest sheet blotter wire blotter blotter wire blotter 

Grammage (g/m2) 62,5 106,1 62,5 103,9 63,7 113,4 69,1 110,5 69,5 111,0 68,6 111,6 
Sd 1,97 2,54 2,25 1,70 1,49 0,97 0,83 0,75 1,10 0,67 1,76 2,21 

Thickness single sheet 
(um) 

215 334 205 302 226 360 130 176 129 176 130 183 

Sd 7,0 9,6 5,5 10,3 7,3 7,1 4,1 3,3 3,8 6,4 4,5 8,1 
Thickness STFI (um) 180 297 169 271 189 321 126 187 121 185 123 185 

Sd 19,4 23,0 17,0 23,9 17,5 22,3 36,6 50,2 30,3 45,0 30,8 36,9 
Density single sheet 

(kg/m3) 
291 317 305 344 282 315 532 627 539 630 528 609 

Density STFI (kg/m3) 348 357 370 383 337 353 549 591 576 598 560 603 
Air permeance L&W 

(um/Pa s) 
89,7 29,1 51,4 17,5 84,0 36,1 2,40 1,30 2,28 0,977 2,71 1,11 

Sd 11 2,6 10 3,2 6,4 4,1 0,47 0,051 0,47 0,11 0,73 0,20 
Air resistance Gurley 

L&W (s) 
1,4 4,4 2,6 7,5 1,5 3,6 55,7 98,8 58,5 132,2 51,3 118,6 

Sd 0,18 0,40 0,51 1,33 0,12 0,45 14,57 3,84 13,57 14,56 19,45 20,34 
Air permeance Bendtsen 

L&W (ml/min) 
7913 2570 4534 1547 7407 3180 211 114 201 86 239 98 

Sd 939,0 233,5 919,9 285,2 565,8 359,7 41,8 4,5 41,6 9,6 64,3 17,6 
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Appendix VIII 
 

 Schedule of the blotting papers orientation 
 

Procedures at sheet making of sheets for determination of free shrinkage 
 

 
A. Sheets pressed with wire clothing 
 
B. Current procedure (2006-01-30) 

 
C. Change of orientation of blotting papers 

 
 

Definition of blotting paper orientation 
 
 

MD 0°

MD 90°

Blotting paper
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Appendix IX 
 

Wet pressing step 1 – Stack of sheets and blotting papers and their orientation (400 kPa for 5 minutes) 
 

A B C

Plastic plate Plastic plate Plastic plate
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 90°
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 90°
Wire clothing Sheet n Sheet n
Sheet n osv.↑ osv.↑

Sheet 7 Sheet 7
osv.↑ New blotting paperMD 0° New blotting paperMD 0°
Sheet 3 Old blotting paperMD 0° Old blotting paper MD 0°
Wire clothing New blotting paperMD 0° New blotting paperMD 90°
New blotting paperMD 0° Sheet 6 Sheet 6
Old blotting paper MD 0° New blotting paperMD 0° New blotting paperMD 0°
New blotting paperMD 0° Old blotting paper MD 0° Old blotting paper MD 90°
Wire clothing New blotting paperMD 0° New blotting paperMD 90°
Sheet4 Sheet 5 Sheet 5
Wire clothing New blotting paperMD 0° New blotting paperMD 0°
New blotting paperMD 0° Old blotting paper MD 0° Old blotting paper MD 0°
Old blotting paper MD 0° New blotting paperMD 0° New blotting paperMD 90°
New blotting paperMD 0° Sheet 4 Sheet 4
Wire clothing New blotting paperMD 0° New blotting paperMD 0°
Sheet 3 Old blotting paperMD 0° Old blotting paper MD 90°
Wire clothing New blotting paperMD 0° New blotting paperMD 90°
New blotting paperMD 0° Sheet 3 Sheet 3
Old blotting paper MD 0° New blotting paperMD 0° New blotting paperMD 0°
New blotting paperMD 0° Old blotting paper MD 0° Old blotting paper MD 0°
Wire clothing New blotting paperMD 0° New blotting paperMD 90°
Sheet 2 Sheet 2 Sheet 2
Wire clothing New blotting paperMD 0° New blotting paperMD 0°
New blotting paperMD 0° Old blotting paper MD 0° Old blotting paper MD 90°
Old blotting paper MD 0° New blotting paperMD 0° New blotting paperMD 90°
New blotting paperMD 0° Sheet 1 Sheet 1
Wire clothing New blotting paperMD 0° New blotting paperMD 0°
Sheet 1 New blotting paperMD 0° New blotting paperMD 90°
Wire clothing Plastic plate Plastic plate  
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Appendix X 
 

Wet pressing step 2 – Stack of sheets and blotting papers and their orientation (400 kPa for 2 minutes) 
 

A B C

Plastic plate Plastic plate Plastic plate
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 0°
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 90°
Wire clothing Sheet n Sheet n
Sheet n osv.↑ osv.↑

Sheet 7 Sheet 7
osv.↑ New blotting paperMD 0° New blotting paperMD 0°
Sheet 3 New blotting paperMD 0° New blotting paperMD 90°
Wire clothing Sheet 6 Sheet 6
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 0°
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 90°
Wire clothing Sheet 5 Sheet 5
Sheet4 New blotting paperMD 0° New blotting paperMD 0°
Wire clothing New blotting paperMD 0° New blotting paperMD 90°
New blotting paperMD 0° Sheet 4 Sheet 4
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 0°
Wire clothing New blotting paperMD 0° New blotting paperMD 90°
Sheet 3 Sheet 3 Sheet 3
Wire clothing New blotting paperMD 0° New blotting paperMD 0°
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 90°
New blotting paperMD 0° Sheet 2 Sheet 2
Wire clothing New blotting paperMD 0° New blotting paperMD 0°
Sheet 2 New blotting paperMD 0° New blotting paperMD 90°
Wire clothing Sheet 1 Sheet 1
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 0°
New blotting paperMD 0° New blotting paperMD 0° New blotting paperMD 90°
Wire clothing Plastic plate Plastic plate  
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Appendix XI 
 

Fine content experiment 
 Fine materials influence on hand sheets 

The fine materials influence on hand sheet properties 
 CTMP SW 

 No fines Extra fines 2 x Extra fines No fines Extra fines 2 x Extra fines 

Grammage 
(g/m2) 

63 108 62 106 63 103 65 109 67 111 68 116 

Sd 1,35 1,34 0,63 0,93 0,64 1,19 2,36 1,22 1,45 1,10 1,58 1,12 
Thickness single sheet (um) 298 455 220 333 204 293 125 185 129 182 127 184 

Sd 14,4 8,7 7,2 8,4 5,4 8,3 2,6 7,0 3,7 3,0 2,4 4,8 
Thickness STFI (um) 243 412 182 296 171 263 112 187 123 189 124 196 

Sd 24,8 22,5 17,3 20,1 16,9 21,8 24,3 34,2 29,9 43,8 34,4 50,3 
Density single sheet (kg/m3) 213 239 286 321 314 353 523 589 523 614 540 632 

Density STFI (kg/m3) 261 264 345 360 374 394 584 584 547 591 555 594 
Tensile strength (kN/m) 0,44 0,87 1,31 2,54 1,82 3,11 3,18 5,20 3,97 6,72 4,60 7,59 

Sd 0,04 0,10 0,07 0,11 0,09 0,19 0,18 0,22 0,23 0,31 0,21 0,31 
Tensile index (Nm/g) 7,0 8,0 20,8 23,8 28,5 30,1 48,7 47,6 58,9 60,0 67,0 65,3 

Strain at failure 
(%) 

0,96 0,94 1,74 2,01 2,36 2,60 7,08 7,39 8,68 9,16 9,99 10,60 

Sd 0,12 0,13 0,11 0,14 0,23 0,28 0,35 0,27 0,24 0,26 0,38 0,55 
Tensile energy absorption (J/m2) 2,6 5,0 14,6 33,9 28,4 54,7 138,9 243,6 203,2 371,0 266,9 481,2 

Sd 0,57 1,27 1,80 3,90 4,49 9,46 12,7 14,26 12,46 18,77 17,61 33,44 
Tensile energy abs. index (J/g) 0,04 0,05 0,23 0,32 0,44 0,53 2,13 2,23 3,02 3,31 3,89 4,14 

Tensile stiffness (kN/m) 65,2 133,5 140,9 267,3 161,6 284,0 136,9 250,2 141,7 278,1 149,3 306,4 
Sd 4,13 10,73 6,06 8,57 5,58 11,51 14,46 35,59 8,05 14,60 12,04 28,26 
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Tensile stiffness index (kNm/g) 1,03 1,23 2,24 2,50 2,53 2,74 2,10 2,29 2,10 2,48 2,18 2,63 
Air permeance L&W (um/Pa s) >100 >100 >100 53,7 24,2 10,8 61,0 27,5 9,82 3,27 1,04 0,437 

Sd 0 0 0 8,6 1,6 0,70 3,3 1,8 1,7 0,31 0,24 0,060 
Air resistance Gurley L&W (s) 1,3 1,3 1,3 2,4 5,3 11,9 2,1 4,7 13,4 39,4 128,3 297,0 

Sd 0,00 0,00 0,00 0,46 0,34 0,76 0,12 0,32 2,36 3,59 25,92 39,26 
Air permeance Bendtsen L&W (ml/min) 8818 8818 8818 4739 2138 949 5376 2425 866 289 91 39 

Sd 0,9 0,9 0,9 761,4 141,9 61,9 293,7 163,0 145,7 26,9 21,0 5,3 
 
 Initial moisture ratio for hand sheets with different amount of fines 

Initial moisture ratio for sheets made with various fine content 
  SW SW  SW  CTMP  CTMP  CTMP  
  Without fines Extra fines 2x extra fines Without fines Extra fines 2x extra fines 

60 gsm 0,56 0,56 0,59 0,46 0,49 0,53 

100 gsm 0,57 0,58 0,60 0,46 0,49 0,54 
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Mechanical and physical properties for sheets with different amount of fine material 
 

Density for SW sheets with various fines content
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Density for hand sheets made of CTMP pulp. 1. Sheets 
made without fines 2. Sheets made with extra fines and 3. 
Sheets made with 2x extra fines. 

Density for hand sheets made of bleached SW pulp. 1. 
Sheets made without fines 2. Sheets made with extra 
fines and 3. Sheets made with 2x extra fines. 
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Air permeance for SW sheets with various fines content
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 Air permeability for hand sheets made of SW pulp. 1. Sheets made without fines  
 2. Sheets made with extra fines and 3. Sheets made with 2x extra fines. 
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TSI for CTMP sheets with various fines content
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Tensile stiffness index for hand sheets made of CTMP 
pulp. 1. Sheets made without fines 2. Sheets made with 
extra fines and 3. Sheets made with 2x extra fines. 

Tensile stiffness index for hand sheets made of bleached 
SW pulp. 1. Sheets made without fines 2. Sheets made 
with extra fines and 3. Sheets made with 2x extra fines. 
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Experiments with sheets made of YS, CS and BS furnish 
Hand sheet properties 

Sheets made of YS, CS or BS furnish with- and without white water recirculation dried freely or restrained 
 YS CS BS 
 WW WWW  WW WWW  WW WWW  
 Free 

dried 
Restrained 

dried 
Free 
dried 

Restrained 
dried 

Free 
dried 

Restrained 
dried 

Free 
dried 

Restrained 
dried 

Free 
dried 

Restrained 
dried 

Free 
dried 

Restrained 
dried 

Grammage (g/m2) 61,3 57,1 59,8 54,5 174,9 163,4 173,5 167,7 59,8 55,2 59,6 55,0 
Sd 0,61 1,61 0,53 0,30 2,58 2,38 1,85 3,00 0,66 1,19 0,49 0,65 

Thickness single 
sheet (um) 

119 81 118 83 346 300 354 318 119 82 118 80 

Sd 4,0 2,1 3,1 1,1 13,1 9,3 12,6 7,8 2,6 1,9 4,5 2,1 
Thickness STFI 

(um) 
101 65 97 67 321 269 325 288 104 71 103 66 

Sd 25,7 4,8 23,9 0,5 26,6 20,8 25,8 18,1 20,8 5,1 21,6 4,4 
Density single 
sheet (kg/m3) 

514 702 505 657 506 544 490 527 502 673 504 684 

Density STFI 
(kg/m3) 

605 874 616 818 545 607 534 583 578 781 579 831 

TSI MD (kNm/g) 3,86 9,49 3,45 9,30 4,49 6,61 4,34 6,51 4,06 9,07 3,79 8,73 
TSI CD (kNm/g) 4,29 9,58 4,30 9,13 4,48 6,31 4,08 6,04 3,78 8,85 3,36 9,09 

TSI MD/CD 0,90 0,99 0,80 1,02 1,00 1,05 1,06 1,08 1,07 1,03 1,13 0,96 
TSO angle MD (°) 16,00 39,78 20,11 3,66 -9,87 4,58 2,20 -3,56 -36,60 -20,05 -5,53 63,55 
Tensile strength 

(kN/m) 
3,60 4,62 3,52 4,21 7,54 8,57 6,99 8,37 3,24 3,87 3,19 3,83 

Sd 0,168 0,180 0,123 0,117 0,209 0,648 0,213 0,527 0,219 0,404 0,149 0,171 
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Tensile index 
(Nm/g) 

58,7 81,0 58,9 77,2 43,1 52,4 40,3 49,9 54,1 70,0 53,6 69,6 

Strain at failure 
(%) 

8,99 3,77 8,87 3,79 5,05 2,65 4,91 2,50 8,53 3,33 8,66 3,72 

Sd 0,388 0,291 0,264 0,192 0,394 0,417 0,317 0,353 0,528 0,451 0,406 0,295 
Tensile energy 

absorption (J/m2) 
200,5 120,7 191,8 110,2 267,3 163,7 241,8 150,2 172,2 90,1 168,1 98,4 

Sd 12,14 13,15 7,82 8,06 27,93 38,74 20,70 29,51 16,04 19,90 11,58 11,70 
Tensile energy 
abs. index (J/g) 

3,27 2,11 3,21 2,02 1,53 1,00 1,39 0,90 2,88 1,63 2,82 1,79 

Tensile stiffness 
(kN/m) 

146,4 470,8 150,7 423,5 576,6 932,8 543,1 942,1 141,6 428,2 119,0 401,8 

Sd 9,07 10,94 10,94 7,84 22,14 35,84 20,37 27,87 14,63 14,86 20,23 5,19 
Tensile stiffness 
index (kNm/g) 

2,39 8,25 2,52 7,76 3,30 5,71 3,13 5,62 2,37 7,75 2,00 7,31 

Air permeance 
L&W (um/Pa s) 

1,48 1,56 3,09 4,62 1,11 1,07 1,82 1,49 4,21 4,51 10,1 8,86 

Sd 0,034 0,57 0,50 0,52 0,066 0,092 0,060 0,096 1,0 0,37 0,29 0,76 
Air resistance 

Gurley L&W (s) 
86,3 88,4 42,2 28,0 115,4 120,0 70,4 86,4 31,8 28,6 12,7 14,5 

Sd 1,99 22,71 6,35 2,93 6,72 10,31 2,38 5,38 7,32 2,18 0,36 1,32 
Air permeance 
Bendtsen L&W 

(ml/min) 

131 138 273 407 98 95 160 131 371 397 889 782 

Sd 3,0 50,7 44,1 46,2 5,8 8,1 5,3 8,5 88,8 32,9 25,5 67,2 
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Experiments with different pressing loads 
 The pressing loads influence on hand sheet properties 

The pressing loads influence on shrinkage 
 SW CTMP 
 100 kPa 900 kPa 1200 kPa 100 kPa 900 kPa 1200 kPa 

Grammage (g/m2) 115.7 109.4 107.4 105.8 106.6 106.5 
Sd 1.09 0.83 0.82 2.56 3.01 0.92 

Thickness single sheet (um) 219 167 161 396 304 282 
Sd 9.9 5.1 4.3 14.3 16.0 5.8 

Thickness STFI (um) 238 177 167 359 273 251 
Sd 65.8 46.2 40.8 22.7 24.4 21.8 

Density single sheet (kg/m3) 528 655 669 267 351 378 
Density STFI (kg/m3) 486 617 645 295 391 424 

Air permeance L&W (um/Pa s) 3.53 0.343 0.221 52.6 20.7 16.4 
Sd 0.41 0.076 0.047 7.2 1.6 3.0 

Air resistance Gurley L&W (s) 36.7 395.0 603.6 2.5 6.2 8.1 
Sd 5.00 123.38 136.75 0.36 0.51 1.83 

Air permeance Bendtsen L&W 
(ml/min) 

311 30 19 4642 1822 1443 

Sd 36.2 6.7 4.2 630.6 143.6 268.8 
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Mechanical and physical properties for sheets pressed at different loads 
 

Density for hand sheets made of CTMP furnish 
with different pressing loads
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Density for hand sheets made of CTMP pulp (28.4 
°SR) pressed at different loads. 1. Density single sheet. 
2. Density STFI. 

Density for hand sheets made of SW pulp pressed at 
different loads. 1. Density single sheet. 2. Density STFI. 
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Shrinkage on CTMP hand sheets (28.4 °SR) pressed at 
different loads. 

Shrinkage on SW hand sheets (39.2 °SR) pressed at 
different loads. 
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Cockling on hand sheets pressed at different loads 
 

Cockling for SW hand sheets pressed 
at different loads 
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  Average cockle size for hand sheets made of SW pulp and pressed at different pressing loads. 
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Experiments with SW- and CTMP pulp 
Hand sheet properties 

Sheets made of SW- or CTMP pulp with- and without white water recirc ulation 
 SW CTMP 
 WW WWW  
 40 gsm, 

extra ark 
65 gsm, 
extra ark 

40 gsm 65 gsm 80 gsm 65 gsm, with 
wire clothing 

65 gsm 80 gsm 120 gsm 65 gsm 80 gsm 120 gsm 

Grammage (g/m2) 47.6 77.3 59.9 70.0 96.7 75.3 68.5 87.9 119.4 68.0 85.0 126.7 
Sd 1.07 1.01 0.72 11.47 0.79 1.70 1.36 1.10 3.87 0.92 0.95 3.89 

Thickness single 
sheet (um) 

113 144 122 130 164 138 228 272 360 241 288 361 

Sd 2.2 4.5 2.4 2.4 7.2 9.2 6.0 8.7 9.3 4.9 11.7 32.9 
Thickness STFI 

(um) 
90 138 112 130 197 135 193 237 329 203 255 336 

Sd 3.8 8.9 3.9 4.0 14.8 12.9 5.8 4.9 6.9 20.1 20.8 37.9 
Density single 
sheet (kg/m3) 

420 539 492 539 591 544 300 323 331 283 295 351 

Density STFI 
(kg/m3) 

529 562 533 538 491 559 355 370 363 335 334 378 

Air permeance 
L&W (um/Pa s) 

0.283 0.126 0.162 0.126 0.103 0.165 42.2 18.9 13.9 84.6 63.2 25.1 

Sd 0.081 0.015 0.026 0.016 0.0077 0.015 5.8 1.3 1.6 5.8 4.5 5.0 
Air resistance 

Gurley L&W (s) 
479.7 1030.3 5.3 1031.7 1250.7 779.6 3.1 6.8 9.3 1.5 2.0 5.2 
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Sd 115.30 131.72 0.87 152.82 93.17 67.44 0.41 0.47 1.19 0.10 0.14 0.94 

Air permeance 
Bendtsen L&W 

(ml/min) 

25 11 2189 11 9 15 3721 1668 1222 7464 5577 2215 

Sd 7.1 1.3 397.1 1.5 0.7 1.3 510.0 111.1 143.6 513.0 396.6 444.9 
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Sheets made with and without dwell time in the forming process 
 Hand sheet properties 

Ordinary sheets and sheets made without dwell time in the sheet forming process 
 SW 
 65 gsm 65 gsm, without dwell time 40 gsm 65 gsm 80 gsm 

Grammage (g/m2) 75.8 74.4 46.8 77.4 89.6 
Sd 1.98 1.14 1.83 1.32 1.60 

Thickness single sheet (um) 135 133 100 136 154 
Sd 1.9 3.4 3.7 5.3 6.3 

Thickness STFI (um) 149 144 80 149 168 
Sd 53.9 48.3 18.1 53.0 55.9 

Density single sheet (kg/m3) 561 558 466 568 581 
Density STFI (kg/m3) 508 516 587 519 532 

Air permeance L&W (um/Pa s) 0.286 0.448 1.10 0.289 0.245 
Sd 0.014 0.078 0.18 0.024 0.029 

Air resistance Gurley L&W (s) 448.4 292.9 119.9 444.7 527.3 
Sd 21.68 50.86 23.58 37.30 61.06 

Air permeance Bendtsen L&W (ml/min) 25 39 97 26 22 
Sd 1.2 6.9 15.7 2.1 2.5 
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Experiments with ply polished profiles and machine board profile 
 Properties on machine board cross profile and grinded sheets from cross profile 

 Machine board profile and grinded profiles 
 Ref FS YS FS CS FS BS FS Ref Mitt YS mitt CS mitt BS mitt 

Grammage (g/m2) 270.3 58.2 174.6 43.2 268.7 58.9 165.6 55.1 
Sd 1.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Thickness single sheet 
(um) 

442 76 317 57 440 75 299 73 

Sd 7.0 1.3 0.8 1.4 3.7 0.9 1.0 0.6 
Thickness STFI (um) 427 69 303 51 429 70 287 65 

Sd 10.0 2.0 3.3 1.6 9.1 1.9 2.9 1.9 
Density single sheet 

(kg/m3) 
611 769 550 754 611 785 554 757 

Density STFI (kg/m3) 633 844 576 850 627 840 577 846 
TSI MD (kNm/g)  13.08 8.57 9.45  12.76 8.62 11.60 
TSI CD (kNm/g)  4.38 2.96 3.56  4.74 3.40 4.11 

TSI MD/CD  2.99 2.90 2.65  2.69 2.54 2.82 
TSI Min (kNm/g)  4.38 2.96 3.55  4.73 3.40 4.11 
TSI Max (kNm/g)  13.10 8.58 9.48  12.77 8.62 11.60 

TSI Max/Min  2.99 2.90 2.67  2.70 2.54 2.82 
TSO angle MD (°)  2.19 -1.56 -2.50  1.95 1.17 0.55 

Tensile strength MD 
(kN/m) 

24.39 6.14 10.58 2.25 24.21 5.74 10.07 3.52 

Sd 0.616 0.357 0.540 0.360 1.026 0.380 0.334 0.398 
Tensile index MD (Nm/g) 90.2 105.5 60.6 52.2 90.1 97.4 60.8 63.9 

Tensile strength CD 
(kN/m) 

9.99 2.02 4.90 1.27 10.41 2.17 4.96 1.73 
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Sd 0.275 0.138 0.168 0.093 0.262 0.102 0.146 0.141 
Tensile index CD (Nm/g) 37.0 34.7 28.1 29.3 38.8 36.8 30.0 31.3 
Stretch at break MD (%) 1.89 1.56 1.55 1.17 1.89 1.49 1.51 1.16 

Sd 0.095 0.107 0.061 0.227 0.080 0.143 0.120 0.218 
Stretch at break CD (%) 6.31 5.45 4.92 4.21 5.27 4.69 4.11 4.03 

Sd 0.270 0.613 0.511 0.653 0.357 0.509 0.225 0.906 
Tensile energy absorption 

MD (J/m2) 
297.4 60.7 103.7 17.0 295.6 54.1 96.9 25.8 

Tensile energy absorption 
CD (J/m2) 

458.7 82.5 175.2 37.6 404.8 75.2 146.3 51.1 

Sd 28.63 13.27 24.21 8.03 37.38 11.48 11.11 14.70 
Tensile energy abs. index 

MD (J/g) 
1.10 1.04 0.59 0.39 1.10 0.92 0.58 0.47 

Tensile energy abs. index 
CD (J/g) 

1.70 1.42 1.00 0.87 1.51 1.28 0.88 0.93 

Tensile stiffness MD 
(kN/m) 

2566.1 728.3 1212.3 329.3 2557.3 698.5 1176.2 521.3 

Sd 50.22 31.98 56.76 40.26 91.55 25.45 21.63 17.25 
Tensile stiffness CD 

(kN/m) 
813.8 198.2 381.9 108.1 913.9 221.1 417.0 171.7 

Sd 26.43 9.54 7.27 8.16 9.35 4.47 11.21 6.66 
Tensile stiffness index 

MD (kNm/g) 
9.49 12.51 6.94 7.62 9.52 11.85 7.10 9.46 

Tensile stiffness index CD 
(kNm/g) 

3.01 3.40 2.19 2.50 3.40 3.75 2.52 3.12 

Air permeance L&W 
(um/Pa s) 

 5.09 4.41 8.90  4.51 4.65 6.06 
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Sd  0 0 0  0 0 0 
Air resistance Gurley 

L&W (s) 
 25.1 29.0 14.4  28.4 27.5 21.1 

Sd  0.00 0.00 0.00  0.00 0.00 0.00 
Air permeance Bendtsen 

L&W (ml/min) 
 449 389 785  398 410 534 

Sd  0.0 0.0 0.0  0.0 0.0 0.0 
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Schematically figure of which positions the grinded sheets were collected 
 

A B C
Tender side 1 1 1

2 2 2 For strenght properties
3 3 3 For rewetting
4 4 4
5 5 5
6 6 6
7 7 7
8 8 8
9 9 9

10 10 10
11 11 11
12 12 12 For rewetting

Middle 13 13 13 For strenght properties
14 14 14
15 15 15
16 16 16
17 17 17
18 18 18
19 19 19
20 20 20
21 21 21
22 22 22
23 23 23
24 24 24
25 25 25

Drive side 26 26 26
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Loss of fine material during sheet making (SW pulp) 
Fine material content before and after sheet making (SW) 

Fine material content in SW pulp from machine chest before and after sheet making 
 Basis stock 

(with chemicals) 
Without fine material With extra fine material With  2 x extra fine material 

 Basis 
stock 

60 g/m2 
sheets 

100 g/m2 
sheets 

Washed 
stock 

without 
fines 

60 g/m2 
sheets 

100 g/m2 
sheets 

Washed 
stock with 
extra fines 

60 g/m2 
sheets 

100 g/m2 
sheets 

Washed 
stock with 
2 x extra 

fines 

60 g/m2 
sheets 

100 g/m2 
sheets 

Fibre 
length 

FiMa l/l 
(mm) 

2,05 2,06 2,04 2,38 2,38 2,35 2,15 2,18 2,18 1,98 2,03 2,03 

Sd 0,01 0,001 0,026 0,014 0,005 0,014 0,004 0,018 0,001 0,002 0,007 0,011 

n 2 2 3 2 2 2 2 2 2 2 2 2 

Fibre 
width 

FiMa w/l 
(um) 

27,5 27,7 27,5 29,2 28,9 28,9 28 28,1 28,1 27,1 27,2 27,1 

Sd 0,14 0 0,06 0,07 0 0 0 0,01 0,07 0,01 0,14 0,01 

n 2 2 3 2 2 2 2 2 2 2 2 2 

Shape 
factor 

FiMa s/l 
(%) 

85,5 85,8 86 85 85,2 85,4 85,5 85,8 85,8 85,9 86,4 86,4 

Sd 0,08 0,01 0,1 0,35 0,21 0,29 0,08 0,01 0,14 0,21 0,14 0,02 

 



 Ö 

Appendix XXIX 
 

n 2 2 3 2 2 2 2 2 2 2 2 2 

 
 

2,3 2,28 2,27 2,42 2,44 2,4 2,34 2,35 2,36 2,28 2,29 2,3 

Sd 0,003 0,001 0,024 0,016 0,003 0,011 0,002 0,019 0,004 0,004 0,009 0,021 

n 2 2 3 2 2 2 2 2 2 2 2 2 

Fibre 
width ISO 
FiMa w/l 
>0.20 mm 

(um) 

29 29 28,9 29,5 29,3 29,3 29,2 29,1 29,1 28,8 28,8 28,8 

Sd 0,14 0 0,1 0 0 0,07 0 0 0,14 0 0,07 0,07 

n 2 2 3 2 2 2 2 2 2 2 2 2 

Shape 
factor ISO 
FiMa s/l 

>0.20 mm 
(%) 

84,8 85,3 85,3 84,9 85,1 85,4 84,9 85,4 85,4 84,9 85,7 85,6 

Sd 0,07 0,07 0,15 0,35 0,14 0,21 0 0 0,06 0,28 0,15 0,02 

n 2 2 3 2 2 2 2 2 2 2 2 2 

Fibre 
length 

FiMa l/n 
(mm) 

0,55 0,59 0,57 1,25 1,18 1,21 0,67 0,72 0,71 0,49 0,54 0,52 

Sd 0,014 0,003 0,016 0,006 0,023 0,017 0,001 0,003 0,004 0,002 0,001 0,005 

n 2 2 3 2 2 2 2 2 2 2 2 2 
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Loss of fine material during sheet making (CTMP pulp) 
Fine material content before and after sheet making (CTMP) 

Fine material content in CTMP pulp from machine chest before and after sheet making 
 
 

Basis stock 
(with chemicals) 

Without fine material With extra fine material With  2 x extra fine material 

Fibre 
length 

FiMa l/l 
(mm) 

Basis 
stock 

60 g/m2 
sheets 

100 g/m2 
sheets 

Washed 
stock 

without 
fines 

60 g/m2 
sheets 

100 g/m2 
sheets 

Washed 
stock with 
extra fines 

60 g/m2 
sheets 

100 g/m2 
sheets 

Washed 
stock with 
2 x extra 

fines 

60 g/m2 
sheets 

100 g/m2 
sheets 

Sd 0,013 0,027 0,046 0,032 0,031 0,021 0,029 0,030 0,010 0,003 0,008 0,028 
n 2 3 3 3 2 2 2 2 2 2 2 2 

Fibre width 
FiMa w/l 

(um) 

30,9 31,8 31,4 37,8 36,8 37,3 30,5 32,5 32,1 28,8 29,8 29,6 

Sd 0,07 0,21 0,31 0,12 0,35 0,14 0,35 0,35 0,21 0,00 0,14 0,14 
n 2 3 3 3 2 2 2 2 2 2 2 2 

Shape 
factor FiMa 

s/l (%) 

90,1 90,4 90,5 90,9 91,2 91,2 90,1 90,6 90,7 89,8 90,4 90,3 

Sd 0,01 0,09 0,15 0,16 0,08 0,08 0,01 0,00 0,08 0,00 0,06 0,00 
n 2 3 3 3 2 2 2 2 2 2 2 2 

Fibre 
length ISO 
FiMa l/l 

>0.20 mm 
(mm) 

1,83 1,85 1,83 2,09 2,05 2,10 1,84 1,92 1,87 1,75 1,77 1,77 

Sd 0,022 0,030 0,041 0,034 0,020 0,025 0,006 0,024 0,003 0,012 0,001 0,029 
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n 2 3 3 3 2 2 2 2 2 2 2 2 
Fibre width 
ISO FiMa 
w/l >0.20 
mm (um) 

36,8 37,1 36,8 39,6 39,0 39,5 36,9 37,7 37,5 36,1 36,4 36,5 

Sd 0,07 0,20 0,21 0,12 0,21 0,21 0,07 0,21 0,07 0,14 0,00 0,14 
n 2 3 3 3 2 2 2 2 2 2 2 2 

Shape 
factor ISO 
FiMa s/l 

>0.20 mm 
(%) 

90,0 90,3 90,5 90,8 91,1 91,2 90,3 90,6 90,7 89,9 90,3 90,4 

Sd 0,00 0,12 0,21 0,15 0,02 0,08 0,07 0,00 0,08 0,00 0,13 0,21 
n 2 3 3 3 2 2 2 2 2 2 2 2 

Fibre 
length 

FiMa l/n 
(mm) 

0,25 0,27 0,27 0,66 0,58 0,60 0,23 0,29 0,28 0,20 0,22 0,21 

Sd 0,000 0,005 0,010 0,008 0,027 0,001 0,008 0,007 0,007 0,001 0,002 0,004 
n 2 3 3 3 2 2 2 2 2 2 2 2 
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How the plies in a board influence each other 
The plies influence 

 Hand sheets made of two plies (one SW ply and one CTMP ply) and hand sheets made of SW/CTMP mixture 
 Two plies 

65(SW)+120(CTMP) 
65(SW)+120(CTMP) 

mixture 
Two plies 

40(SW)+120(CTMP) 
40(SW)+120(CTMP) 

mixture 
Two plies 

80(SW)+120(CTMP) 
80(SW)+120(CTMP) 

mixture 
Grammage 

(g/m2) 
195,8 201,1 163,8 172,3 171,0 177,6 

Sd 1,99 1,74 3,21 1,10 1,73 1,44 
Thickness 

single sheet 
(um) 

435 439 395 412 362 346 

Sd 12,5 14,7 7,1 18,1 7,8 12,3 
Thickness STFI 

(um) 
 413     

Sd  32,5     
Density single 
sheet (kg/m3) 

450 458 414 418 472 514 

Density STFI 
(kg/m3) 

 487     

Air permeance 
L&W (um/Pa s) 

 3,35     

Sd  0,31     
Air resistance 
Gurley L&W 

(s) 

 38,4     
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Sd  3,57     
Air permeance Bendtsen 

L&W (ml/min) 
 296     

Sd  27,7     
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FiberMaster analyses 
FiberMaster 

 YS, CS and BS furnish to Fibre Master analyses 
 YS CS BS 
 Basis 

furnish 
55 g/m2 sheets, 

WWW  
55 g/m2 sheets, 

WW 
Basis 

furnish 
55 g/m2 sheets, 

WWW  
55 g/m2 sheets, 

WW 
Basis 

furnish 
55 g/m2 sheets, 

WWW  
55 g/m2 sheets, 

WW 
Fibre length 

FiMa l/l (mm) 
1,44 1,45 1,47 1,47 1,50 1,45 1,53 1,54 1,54 

Sd 0,005 0,010 0,020 0,009 0,002 0,009 0,026 0,013 0,029 
Fibre width 

FiMa w/l (um) 
23,0 23,0 23,0 28,0 28,2 27,9 23,1 23,0 23,0 

Sd 0,07 0,21 0,14 0,28 0,00 0,21 0,07 0,07 0,14 
Shape factor 
FiMa s/l (%) 

88,0 88,4 88,1 88,7 88,8 88,9 88,0 88,6 88,5 

Fibre length 
ISO FiMa l/l 
>0.20 mm 

(mm) 

1,58 1,58 1,61 1,85 1,88 1,88 1,66 1,66 1,67 

Sd 0,008 0,008 0,019 0,016 0,006 0,009 0,030 0,006 0,030 
Fibre width 

ISO FiMa w/l 
>0.20 mm (um) 

23,8 23,8 23,9 31,3 31,4 31,5 23,8 23,7 23,7 

Sd 0,14 0,21 0,07 0,35 0,14 0,00 0,00 0,07 0,14 
Shape factor 
ISO FiMa s/l 

>0.20 mm (%) 

87,6 88,0 87,8 88,2 88,3 88,4 87,7 88,4 88,2 
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Sd 0,01 0,14 0,00 0,08 0,01 0,06 0,08 0,21 0,21 
Fibre length 

FiMa l/n (mm) 
0,50 0,52 0,51 0,31 0,32 0,29 0,55 0,58 0,54 

Sd 0,007 0,012 0,006 0,000 0,003 0,008 0,001 0,017 0,009 
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TSO measurements  
 TSO measurements (YS = Top ply, CS = Centre ply, BS = bottom ply) (WW = white water recirculation, WWW = without white water recirculation) 

TSO measurements on hand sheets made of top ply-, centre ply- and bottom ply furnishes 
 TSI MD 

(kNm/g) 
TSI CD 
(kNm/g) 

TSI MD/CD TSO angle 
MD (°) 

GM 

YS, 55 gsm, 400 kPa, with WW, freely dried 3,86 4,29 0,90 16,00 5,774 
CS, 162 gsm, 400 kPa, with WW, freely 

dried 
4,49 4,48 1,00 -9,87 6,343 

BS, 55 gsm, 400 kPa, with WW, freely dried 4,06 4,48 1,07 -36,60 6,042 
YS, 55 gsm, 400 kPa, without WW, freely 

dried 
3,45 4,30 0,80 20,11 5,515 

CS, 162 gsm, 400 kPa, without WW, freely 
dried 

4,34 4,08 1,06 2,20 5,957 

BS, 55 gsm, 400 kPa, without WW, freely 
dried 

3,79 3,36 1,13 -5,53 5,058 

YS, 55 gsm, 400 kPa, with WW, dried 
restrained 

9,49 9,58 0,99 39,78 13,483 

CS, 162 gsm, 400 kPa, with WW, dried 
restrained 

6,61 6,31 1,05 4,58 9,140 

BS, 55 gsm, 400 kPa, with WW, dried 
restrained 

9,07 8,85 1,03 -20,05 12,674 

YS, 55 gsm, 400 kPa, without WW, dried 
restrained 

9,30 9,13 1,02 3,66 13,030 

CS, 162 gsm, 400 kPa, without WW, dried 
restrained 

6,51 6,04 1,08 -3,56 8,886 

BS, 55 gsm, 400 kPa, without WW, dried 
restrained 

8,73 9,09 0,96 63,55 12,602 
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TSO- CD freely dried sheets
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TSO-CD for restrained dried sheets
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TSO-CD measurements on freely dried sheets made 
1. With white water recirculation and 2. Without white water recirculation 

TSO-CD measurements on restrained dried sheets made1. With white water 
recirculation and 2. Without white water recirculation 
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Pictures of cockled sheets 
 

 
    A cockled sheet 
 

 
    A cockled sheet seen from above 
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Picture of the thickness measurement device to determine the height of the cockles 
 

 
   The thickness measurement device to determine the height of the cockles  
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Experiments with different drying methods 
Measurements from experiment with different drying methods 

Torktryck 1a 1b 1c 2a 2b 2c 3a 3b 1a 1b 1c "MD" 2a 2b 2c "CD" 3a 3b
Ursprungsmått före torkning och krympning (%) 200.5 201.5 282.5

Kappa 15 Na 10.000 PFI - arkning i kranvatten Pa medel var.koeff. medel var.k var.k

3 "standardram", pressad mot läskark 0 186.5 185.5 186.0 191.0 186.5 191.0 264.0 263.5 -6.6% -13.9% -7.0% -7.5% -7.2% -7.2% -3.4% -5.2% -7.4% -5.2% -6.0% -21.7% -6.5% -6.7% -6.6%
5 "standardram", pressad mot Monodurduk 0 188.0 185.0 188.0 188.5 187.0 189.0 263.0 264.0 -6.7% -8.2% -6.2% -7.7% -6.2% -6.7% -12.8% -6.5% -7.2% -6.2% -6.6% -7.8% -6.9% -6.5% -6.7%
4 Mellan monodur med 197 g läskpapper (ca 48Pa) 48 187.0 188.0 187.5 189.5 189.0 188.0 263.5 265.0 -6.4% -4.6% -6.7% -6.2% -6.5% -6.5% -3.8% -6.0% -6.2% -6.7% -6.3% -6.0% -6.7% -6.2% -6.5%

Kappa 15 Na 250 kWh/t - arkning i kranvatten Pa medel var.koeff. 200.7 201.6 282.5
1 Inspända direkt pressad mot platta (standard) 3 ark 0 200.7 201.6 282.3 282 0.0% 0.0% 0.0% 0.0% 0.0% -0.1% -0.2%
2 Fritt liggande på 3 µm  polyestervira , 3 ark 0 182.6 181.0 255.0 255 -9.7% -5.1% -9.0% -9.0% -10.2% -10.2% -9.7% -9.7%
3 Mellan 3 µm polyestervira utan extra vikt, ca 200g, 3 ark 4 182.3 183.0 257.0 257.3 -9.1% -1.5% -9.2% -9.2% -9.2% -9.2% -9.0% -8.9%
4 Mellan 3 µm polyestervira med 1000g extra vikt, 3 ark 24 182.3 186.0 259.0 260 -8.3% -7.6% -9.2% -9.2% -7.7% -7.7% -8.3% -8.0%
5 Mellan 3 µm polyestervira med 2000g extra vikt, 3 ark 43 183.7 187.0 261.3 260 -7.8% -6.9% -8.5% -8.5% -7.2% -7.2% -7.5% -8.0%

3b Mellan 125 µm polyamid (Monodur) utan extra vikt, ca 200g, 2 ark 4 181.0 182.0 256.5 257 -9.4% -4.1% -9.8% -9.8% -9.7% -9.7% -9.2% -9.0%

Mätfel:  ca 0.5mm / 201mm = 0.25% enheter

Uppmätta mått på frikrympta ark
Krympning

200.5 201.5 282.5

1a

1b

1c

2a 2b 2c

3a

3b

282.5

201.5

200.5
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Picture of a square cockled sheet 
 

 
  Figure f. Picture of a cockled sheet 
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Expansion on moistened grinded sheets and reference  
from machine cross profiles  

 
Expansion and moistened grinded sheets and reference (YS = Top ply, CS = Centre ply, BS = Bottom ply) 

Expansion after moisten 
ark X=CD, %  Y=MD, %  Average expansion, % GM, %  

ref. middle 1 -2,32 -0,352 -1,34 0,9036814 
ref. middle 2 -2,6 -0,365 -1,48 0,9741663 
CS middle 1 -1,98 -0,313 -1,15 0,7872357 
CS middle 2 -1,78 0,365 -0,71  
BS middle 1 -2,88 -0,412 -1,65 1,0892933 
BS middle 2 -2,84 0,352 -1,24  
YS middle 1 -2,54 -0,222 -1,38 0,7509194 
YS middle 2 -2,34 0,439 -0,949  

ref. TS 1 -2,6 0,124 -1,24  
ref. TS 2 -2,31 0,176 -1,07  
CS TS 1 -2,5 -0,129 -1,31 0,5678908 
CS TS 2 -2,38 -0,0775 -1,23 0,4294764 
BS TS 1 -3,43 -0,129 -1,78 0,6651842 
BS TS 2 -3,33 0,146 -1,59  
YS TS 1 -2,75 0,268 -1,24  
YS TS 2 -2,87 0,138 -1,36  
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Schedule for how the test strips for tensile measurements were cut out 
 

Grinded sheets 

 

MD 

CD 
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Tender side of machine board profile 
 

 
 
 

Tender 
side 

30 
cm 

34,6 
cm 


