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“The more one knows about the fundamental nature of a material or a process, the 
more likely it is that some improvement can be effected.” 

    James d’A. Clark 
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Abstract 
For a more profound understanding of how a process works, it is essential 

to have a relevant description of the material being processed. With this 
description, it will be easier to evaluate and control processes to produce more 
uniform products with the right properties. The focus of this thesis is on how 
to describe mechanical pulps in ways that reflect its character. 

Mechanical pulps are made from wood, a highly heterogeneous material. 
Common practice within the pulping industry and academy is to describe 
mechanical pulps and its wide variety of particles in terms of averages. The 
energy efficiency of the mechanical pulping process is usually calculated 
without taking into account the characteristics of the wood fed to the process. 
The main objective of the thesis is to explore ways to make more detailed 
descriptions of mechanical pulps. A second objective is to propose useful 
ways to visualise these descriptions.  

The studies were carried out in full-scale mill operations for TMP of 
publication grades and CTMP for board grades with Norwegian spruce as 
raw material. The particles in the pulps were analysed in an optical particle 
analyser for several properties such as length, curl, wall thickness, diameter, 
and external fibrillation for 10,000 to 60,000 particles per sample to cover their 
wide property variation. The data was analysed by factor analysis, a method 
to reduce the multidimensional data space, and also compared with data 
simulations.  

Several examples were identified where averages based on wide and 
skewed distributions may hide useful information and therefore result in 
misleading conclusions regarding the fibrous material and process 
performance. A method was developed to calculate the distribution of a 
common bonding factor, BIND (bonding indicator) for individual particles. 
This factor is calculated from external fibrillation, wall thickness and diameter 
measured in an optical particle analyser. Distributions of BIND is one way to 
characterize and visualise the heterogeneity of mechanical pulp. A 
characteristic BIND-distribution is set in the primary refiner stage, depending 
on both wood and process conditions and remains mostly intact through the 
process. 

It was demonstrated that both BIND-distributions and 4D maps of the 
measured property distributions could be used to assess the tails of the 
distributions (extreme values), energy efficiency, and fractionation efficiency 
in a new way. It was even possible to get a measure for energy efficiency for 
a primary stage refiner, since a method was developed where the wood raw 



x 

material was evaluated in the same way as the pulp discharged from the 
refiner.  

It was demonstrated that the average length-length-weighted fibre length, 
commonly referred to as the average weight-weighted fibre length, is a 
relevant way to express the amount of long fibres, i.e. “length factor”. The 
commonly used average length-weighted fibre length may lead to erroneous 
conclusions. Through data simulations of curl and fibre length on particle 
level it was found that today’s analysers may underestimate the true length 
of the particles, especially if they are prone to be curled. As a result, the 
ranking of pulps may be altered.  

It was concluded that although there is an ISO standard, or long-time used 
property, it does not necessarily imply that it is a relevant method. Misleading 
conclusions may be drawn based on current methods; here, modifications of 
these methods are suggested. 

The main contribution of this study is the finding that that a highly 
heterogeneous material such as mechanical pulps could be described in new 
ways through visualisation of data in 4D maps. These maps reveal casual 
connections and more pertinent questions may be raised in the 
communication along the chain product-pulp-wood. 

Going beyond averages may reveal discrepancies in the process and 
material that were previously unknown, and lead to a more profound 
understanding. It seems that the mechanical pulping process can be even 
further simplified than previously expected. It has been concluded that to 
operate the process more efficiently, and for make products with just the right 
quality, the main focus should be on the raw material and the primary refiner 
stage from a heterogeneity point of view.  
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Sammanfattning på svenska 
För att få en fördjupad förståelse av hur en process fungerar är det väsentligt 
att ha en relevant beskrivning av materialet som processas. Det gör det 
enklare att utvärdera och styra processer för att tillverka produkter med jämn 
kvalitet med just de rätta egenskaperna. Fokuset i denna avhandling är hur 
mekaniska massor kan beskrivas för att reflektera deras karaktär.  

Mekaniska massor är gjorda av ved som är ett mycket heterogent material. 
Inom massaindustrin och den akademiska världen beskrivs nästan 
uteslutande mekaniska massor och dess stora variation av partiklar i form av 
medelvärden. Energieffektivitet hos processer för mekaniska massor 
beräknas vanligtvis utan att ta hänsyn till hur vedråvaran är beskaffad. 
Huvudmålet med denna avhandling var att undersöka sätt att ge en mer 
detaljerad beskrivning av mekaniska massor. Ett andra mål var att föreslå 
användbara sätt att visualisera beskrivningarna.  

Undersökningarna genomfördes i fabriksskala för termomekanisk massa 
(TMP) för tryckpapper respektive kemitermomekansik massa (CTMP) för 
kartong, alla med gran som råvara. Partiklarna som utgör massa analyserades 
in en optisk partikelanalysator som mätte egenskaper såsom längd, curl 
(krokighet), väggtjocklek, diameter samt extern fibrillering. För att täcka den 
stora variationen i partiklarnas egenskaper mättes för varje prov 10 000 till 
60 000 partiklar. Data analyserades med faktoranalys, en matematisk metod 
at kondensera datarymden. Dessutom modellerades samband mellan 
fiberegenskaper med datasimulering.  

Åtskilliga exempel visades där medelvärden baserade på breda och skeva 
fördelningar kan dölja användbar information och därmed ge missvisande 
slutsatser vad avser såväl fibermaterialet som processen. En metod 
utvecklades för att beräkna distributionen av en så kallad gemensam 
bindningsfaktor, BIND (bonding indicator) på partikelnivå. Denna faktor är 
beräknad ifrån extern fibrillering, väggtjocklek samt diameter mätta in en 
optisk partikelanalysator. Fördelningen av BIND är ett sätt att beskriva och 
visualisera heterogeniteten hos mekaniska massor. En karaktäristisk BIND-
fördelning skapas i det först raffineringssteget, beroende på både veden och 
processbetingelserna, och bibehålls nästan intakt i de följande processtegen.  

Det visades att både BIND-fördelningarna samt fyrdimensionella kartor 
baserat på rådata av partikelegenskaperna kunde användas för att 
beskriva ”svansar” i distributionerna (extremvärden). Dessutom är det 
möjligt att på ett nytt sätt få mått på energieffektivitet samt 
fraktioneringseffektivitet. Till och med energieffektivitet hos ett 
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primärraffineringssteg var möjligt att få ett mått på eftersom vedråvaran 
utvärderades på samma sätt som massan som kom ut från nämnda processteg.  

Vidare visades det att längd-längd-viktat medelvärde av fiberlängd, även 
benämnt vikt-viktat medelvärde, är ett relevant mått för att uttrycka andelen 
långfiber i en massa. Det vanligtvis inom branschen använda längd-viktade 
medelvärdet av fiberlängd kan leda till felaktiga slutsatser. Genom 
datasimulering av curl och fiberlängd på partikelnivå framkom det att dagens 
fiberanalysatorer kan undervärdera den verkliga längden hos partiklar 
särskilt om de är curlade. Rangordningen av massor kan bli omkastad.  

Trots att det finns ISO standarder eller under lång tid använda egenskaper 
innebär det inte att det är en relevant metod utan kan leda till att felaktiga 
slutsatser dras. Modifiering av existerande metoder samt nya metoder har 
föreslagits.  

En viktig lusats i denna avhandling är att ett mycket heterogent material, 
såsom mekaniska massor, är möjliga att beskriva genom visualisering av data 
i form av fyrdimensionella kartor. Dessa visar på orsakssamband samt 
underlättar kommunikationen i kedjan produkt-massa-ved. Mer relevanta 
frågor är därmed möjliga att ställa.  
Genom att gå bortom medelvärden är det möjligt att upptäcka avvikelser i 
processen och materialet, icke kända tidigare, och ge en mer grundläggande 
förståelse. Det finns starka indikationer på att den mekaniska massaprocessen 
är möjlig att förenkla mer än tidigare antagits. Dessutom kan slutsatser dras 
hur processen kan köras effektivare och göra det möjligt att tillverka 
produkter med rätt kvalitet genom att   fokusera på vedråvaran samt 
primärraffineringssteget, allt utifrån från ett heterogenitetsperspektiv.  
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1 Introduction 
There are many reasons to make things out of wood. One major reason is the 
need for sustainable production, where plants of different kinds may serve as 
raw material for various products. Deeper knowledge of the material will 
increase the possibilities to be even more sustainable. Wood is a 
heterogeneous material – this can be seen by looking at a cross section of a 
trunk, Figure 1 (a).   

In spruce wood, the annual rings consist of two main types of fibres. The 
bright areas are fibres with relatively thin walls, while the dark areas are fibres 
where the walls are much thicker. This can be seen by taking a closer look at 
a single annual ring of the wood, Figure 1 (b).  

 
Figure 1. (a) Cross section of wood. (b) Magnification of an annual ring.  

The thin-walled fibres are formed during the early part of the growth 
season in spring. Their main purpose is to transport water and nutrition to the 
tree. The thick-walled fibres are harder and formed during the late part of the 
growth season in summer. Their main purpose is to give strength to the tree.  

Products made from wood like buildings, floors and furniture are made 
by sawing the trees into smaller parts and then further converting them into 
specific products. Each piece of a product is unique due to the characteristic 
pattern of the annual rings. There are other products made from wood with 
much smaller dimensions. In pulping, the wood is divided into separate fibres 
and even smaller particles. This fibre material, pulp, exhibits wide variations 
in many aspects; some particles are thin-walled, some are thick-walled, some 
are long, some are short, some are smaller pieces from the fibre wall. In a 
slurry of water, the fibres and particles are put together again to make a wide 
range of paper, sanitary, and board products. Some of them are recycled after 
being used, to become raw material for other products.  
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The main focus in this thesis is on how to describe the heterogeneous 
nature of pulps in a useful way, more specifically focused on the mechanical 
pulping process. Mechanical pulps are produced by separating and 
developing the fibres in the wood by mechanical means in processes which 
require high input of electrical energy but one of the advantages is a high yield. 
In order to be able to reduce the energy input and produce more uniform 
products of just the right quality, frequent measures of the pulp quality are 
very valuable. Therefore, it is of utmost importance to describe the pulp in a 
way that reflects its nature. Describing a heterogeneous material in terms of 
averages is often insufficient and may lead to erroneous conclusions as it may 
hide useful information. Common practice within the pulping industry is to 
work with averages. In this thesis, we will investigate the possibilities of a 
more profound understanding of the material by going beyond averages. One 
of the challenges of describing a material in terms of heterogeneity, compared 
to using averages, is that more variables are needed. “Just the right quality” 
applies not only to the material but also to descriptions of the material, 
unnecessary detail can obscure important findings. To reduce the 
dimensionality of data space, factor analysis has been applied to reveal the 
underlying structures of the nature of the material. Such approaches may 
facilitate a clearer communication along the value chain product-pulp-raw 
material leading to reduced environmental impact due to a reduction of 
energy and off-spec production. 

The main part of the achieved results is considered to be possible to 
generalize for any wooden material divided into particles where intact fibres 
are the largest components.  
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1.1 Objectives and scope 
The main objective was to explore ways to make more detailed descriptions 
of the heterogeneous material mechanical pulp. These descriptions should be 
based on images of individual particles in sufficient numbers to cover their 
wide variation in many aspects.  

A second objective was to propose useful ways to visualise these 
descriptions as a basis for: 

• a more profound understanding of processes and wood raw materials  
• controlling the processes to achieve uniformity, just the right quality  
• a clearer communication along the value chain product-pulp-wood 

This work should hopefully inspire to take steps towards the final goal: to 
link descriptions of heterogeneity to specifications of what is needed to make 
products of a given quality at maximized energy efficiency. In addition, new 
insights may give ideas for new products based on wood.  

Only pulps manufactured from Norway spruce wood in full-scale mill 
operations of printing and board grades were used. This work was based on 
the particle properties length, wall thickness, diameter, external fibrillation 
and curl measured in an optical fibre analyser. The smallest particles have a 
minimum length of 0.2 mm. There are other aspects that are important, but 
these are outside the scope. Furthermore, the purpose was not to characterize 
the network of particles nor finer particles.  

 
In this thesis “bonding” is used in the sense “overall bonding”, which in an 
unspecified way covers all aspects of how the fibrous material sticks together 
in a sheet structure. In this work, “bonding” includes both the contact area 
where fibrous material comes sufficiently close to adhere and the 
strength/mechanical properties of the bonding that occur in these contacts. 
The complexity of adhesion between the particles in a mechanical pulp is 
acknowledged (Pettersson et al. 2021).  

 

1.2 Content description 
First, there is a popular version of the thesis in section 1.4. This was inspired 
by trying to explain to friends, none of whom is an engineer, what my work 
is all about.  

In section 2, the background of this work begins with short descriptions of 
Norwegian spruce as wood raw material together with the process stages of 
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making mechanical pulps. Following, there is a review of published work on 
how to describe the heterogeneity of mechanical pulps.  

Section 3 deals with the material, methods and process design of the 
studies performed.  

Section 4 presents major results and related discussion from the first steps 
to the most recent findings and insights.  

Section 5 presents the conclusions of the research in this thesis. 
Section 6 are concluding remarks. 

1.3 Description of the papers 
A brief overview of the main content of each paper and how the papers 

are linked will be given here, as a map. First some information on how to use 
the map. 

Assume that we have a heterogeneous material and measure ten 
properties of each one of 10,000 particles that constitute the material. The data 
set will then be 100,000 numbers. Such a large dataset is quite difficult for the 
human brain to grasp. However, if we ignore that the material is 
heterogeneous we can calculate averages of the ten properties, respectively. 
This will give us a data set of ten numbers. This is easier to grasp but we may 
lose crucial information about the material by using averages. So, the question 
is: what should we do to reduce the data set but still reflect the heterogeneity? 

With this question in mind, the seven papers in the thesis are positioned 
in a map in Figure 2. Going north on the map means that we use an increasing 
number of variables in order to describe the material. Going east means that 
we have divided the material into more fractions.  
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Figure 2. Map of paper I-VII in the thesis. * paper II has no specific position on the 
map. 

Paper I deals with common practise of how to describe mechanical pulps. 
This is to work with collective properties, such as hand sheet testing and 
averages of fibre properties, in total about 10-15 variables, upper left square. 
In the paper, it is demonstrated that it was possible to control the quality of 
mechanical pulps in terms of two independent common factors for more 
uniform paper products compared to traditional ways of control. One of the 
factors reflects the fibres’ ability to come in contact and bond to each other 
(F1), while the other factor (F2) reflects their length. We realised that this 
approach facilitated the communication between pulp and paper makers in 
the mill. However, we were still using averages of pulp and fibre properties.  

In paper II, the importance of a well-designed procedure when collecting 
samples and analysing pulp properties is highlighted with respect to refining 
process conditions. We suggest modifications of existing standards and 
implementation of new ones.  

In paper III-V, experiences are shared in the development of a new 
method to describe the heterogeneity on particle level with respect to F1 
(related to bonding). This parameter was called BIND (Bonding INDicator). It 
was demonstrated that BIND-distributions could be used to assess the 
influence of wood raw material, fibre development from wood to product, the 
tails of the distributions (extreme values), energy efficiency and fractionation 
efficiency in a new way. 
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In paper VI, the focus is on how to describe the length of the particles 
considering their great variation. It was found that commonly used methods 
might lead to erroneous conclusions. Based on new ways to analyse pulps, the 
renaissance of a long-time forgotten method, the length-length weighting of 
the fibres is suggested.  

In paper VII, findings are combined with respect to distribution in 
bonding and in length to describe the character of pulp in new ways, by using 
4D maps. It is also demonstrated how averages of fibre properties may 
obstruct a more profound understanding of mechanical pulps and their 
processes. Furthermore, it is shown how direct access and evaluation of raw 
data of six properties of about 50,000 particles may lead to new insights.   

The aim has been an appropriate balance between a manageable number 
of variables and descriptions reflecting the heterogeneity of the material. This 
is likely to facilitate the communication along the chain product-pulp-wood.  

1.4 Popular scientific summary 
Dear Friends, 
Thank you so much for giving me the opportunity to share and discuss parts 
of my PhD work during a coffee break in the summer of 2020. Your reflexions 
were greatly appreciated, and gave me a new and slightly different 
perspective on the world of wood fibres. Discussing fibres with you, being 
specialist in non-fibres areas, on a sunny day in Krusbo at the lake Hålsjön 
will remain a cherished memory for me. The following is a rough summary 
of our discussion.  

We started from the bottom by looking at a wooden floor we have installed 
in our house, Figure 3 (a).  

 

Like most wooden floors, the floor has a characteristic pattern on the bottom 

 

Figure 3. (a) Wood floor plank. (b) Thin-walled and thick-walled fibres. 
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side. Looking at the cross section, you see the annual rings, which is what 
creates the pattern. When touching the upper surface of the floor plank you 
can feel that it is soft, although it has a wavy structure, and as you can see it 
has a striped pattern. There are dark wide bands between brighter, and 
narrower, bands. Looking at the cross section, you see the annual rings, which 
show a similar pattern, however, reversed. The dark bands are narrow while 
the bright bands are wide. Why is it like this?  

We start with the cross section. Wood from spruce or pine are primarily 
made up of fibres that are about between 1 and 7 mm long, the main part 
being about 3 mm long. The length to width ration is about 100 to 1, which 
means that they are about 0.03 mm wide. The wide bright areas in the cross 
section consists of fibres with a wall thickness of about 0.001 mm. They are 
formed during the spring and their main purpose is to transport water to the 
growing tree. They are called thin-walled or early wood fibres. The fibres in 
the more narrow and dark areas of the cross section are about 5 times as thick-
walled. They are formed in the summer and called late wood fibres. Their 
main purpose is to give strength to the tree. The inner part of the fibre is called 
lumen where there is air and/or water. To get a feeling for the two fibre types, 
I brought models of them to be able to demonstrate how different they feel. A 
punctured bicycle hose simulated the thin-walled fibres while a gas hose 
simulated the thick-walled fibres, Figure 3 (b). 

In the upper part of the figure, you see how the fibres are arranged as seen 
through a microscope. As I am sure you can remember, the stiff gas hose was 
almost impossible to compress while the bicycle hose was soft and easily 
flattened. The difference between the two fibre types is one reason for the 
striped pattern and wavy structure of the wooden floor. In the sawmill, the 
floor planks are brushed in order to remove the upper layer of the soft thin-
walled fibres while the stiffer thick-walled fibres are unaffected. After being 
brushed, the floor plank is stained, in our case brownish, and then slightly 
ground in order to remove the stain on the upper part of the surface, which is 
the thick-walled fibres. This is another reason for the striped pattern. In 
conclusion: The two fibre types give wood its heterogeneous character and a 
floor with a unique structure for each plank. If, however, there would have 
been only one fibre type, each plank would have been almost identical and 
there would have been no tactile or visual fascination.  

Other products from wood are paper and board. A closer look at a cross 
section of a newsprint paper clearly shows that also this product is 
heterogeneous in nature, Figure 4. 
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Figure 4. Cross section of a paper showing the different fibre types. 

We can see both thin-walled fibres and thick-walled fibres in contact with 
each other. Many of the thick-walled fibres are round and maintain their 
native form while the thin-walled fibres are collapsed and flatter.  

There are mainly two ways to transform wood to pulp. One way is to 
separate the fibres by treating wood chips with chemicals at high 
temperatures. The so-called chemical pulp is used where strength is essential, 
like paper bags. From one tonne of wood we get about 500 kg of pulp with 
relatively high fibre length. The other way is to separate the fibres by 
mechanical actions in a so-called refiner. The purpose is also to treat the fibres 
so that they become more flexible. Some fibres will be cut and smaller parts 
of the fibre wall will be removed. The refiners are driven by big motors where 
the energy applied is relatively high. From one tonne of wood about 950 kg of 
mechanical pulp can be produced. This pulp is used where high printability 
and bulk is required such as newspapers, magazines and board products like 
boxes for transportation for online purchases.  

The purpose of my PhD work is to find ways to describe the fibre material 
in a way that increases the understanding of how the wood material is 
developed in the processes. The hope is that this should facilitate a clearer 
communication between pulp makers and paper and board makers. The 
paper and board makers should specify the characteristics of the 
heterogeneous material they want to receive from the pulp mill, out of which 
they are supposed to make uniform products in a cost-efficient and 
environmentally friendly way. In my work, I focus on the mechanical pulping 
processes in Kvarnsveden paper mill just 20 km away and in the board mills 
Fors and Skoghall. 

Although it is well known among people in the paper and board industry 
that wood has annual rings due to the early wood and late wood fibres, most 
people tend to ignore (or forget) that they are dealing with a heterogeneous 
material. Mechanical pulps are commonly characterized by measuring several 
pulp properties. We have studied how frequently such variables are 
published by counting how many times each of them was used in figures in 
the 23 IMPCs held from 1973 to 2018. IMPC stands for International 
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Mechanical Pulping Conference and is the most important international 
conference in the area. More than 5000 figures were examined. The results 
show that mechanical pulp to 97% is described in terms of average properties. 
In other words, mechanical pulp is viewed as a homogeneous material. Just 
3% of the variables reflect the heterogeneous nature.  

Below I will share insights from trying to describe the fibre material 
sufficiently well to eventually arrive at a more profound understanding of the 
causes and effects relevant to the mechanical pulping community.  

Over a century ago, when selling and buying pulp, the quality was judged 
by chewing the pulp, spitting it out and offering a very low price (Atack 1970). 
More objective measures have been developed since then. One of the first was 
to estimate the length of the fibres (paper VI). Because fibres vary in length, 
several fibres have to be measured, most commonly in a microscope or image 
analyser. From the measurements, an average is calculated. As you may 
remember when we met, you were asked to calculate the average fibre length 
for five pulps (A-E), each consisting of one or two fibres, Figure 5. 

As you can see, the four pulps A-D are different with respect to the 
distribution in length. Pulp A is homogeneous while pulp D is most 
heterogeneous. However, they all have the same average fibre length, 3 mm. 
Looking at pulp D and E, they are almost identical. If you squint, you might 
not be able to detect the small particle in pulp D and pulp E will then look 
identical. Although they are almost identical, the average length of pulp E is 
twice that of pulp D, 6 mm.  

 
Figure 5. Five “pulps” each consisting of one or two fibres. 

It seems that average fibre length is not a good way to describe the pulps 
with respect to fibre length. The pulp and fibre community has realized this 
and suggested that since longer fibres are heavier they should have a higher 
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impact when the average length is calculated. Common practise within the 
pulp and paper community has for almost a century been to give a weight for 
each fibre according to its length. Hence, a twice as long fibre has a weight 
and impact on the average that is twice as high. The underlying assumption 
is that all fibres have the same weight per unit length. This means that a 
population of fibres would look something like the illustration in Figure 6. 

However, there is a problem here, a very serious problem because this 
view is far from reality. An example of what a real population of fibres could 
look like can be seen in the photo taken 51 years ago, Figure 7.  

 

Figure 6. All particles have the same weight per unit 
length.  

Figure 7. Photo of fibres 
(Browning and Parker 
1970).  

The bigger particles are fibres while the tiny particles are small and narrow 
fragments that have detached from the fibre wall in the refiner. These 
fragments have a much lower weight per unit length than the coarser fibres. 
Arranging one gram of these tiny fragments one after the other will make a 
row much longer than a corresponding row from one gram of the coarser 
fibres. Hence, assuming the same coarseness for all particles give a misleading 
picture of how fibres have been developed in the process. By the use of the 
length-weighted average fibre length, which assumes that coarseness is 
constant for all particles, it seems that within the mechanical pulping 
community, people have actually had two completely opposing views at the 
same time of what fibres look like and how they are developed in the refiner 
(most people have probably been unaware of this). For a more relevant 
measure of average fibre length and to reduce the risk of drawing erroneous 
conclusions, in my thesis I propose to use an assumption which was presented 
already in 1942 – but almost completely neglected by scientists, researchers, 
suppliers and pulp and paper makers. This assumption is that longer particles 
are coarser (we are aware that this is a simplification, but have found that it 
reduces the risk of drawing erroneous conclusions).  
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So far, we have a simplified view of fibres, and they have been illustrated 
as completely straight. This is true in the wood where they are almost straight. 
However, this is not the case after the fibres have been separated and treated 
in the refiner – after treatment the fibres are said to be curled. As you may 
remember when we met, you were asked to act like a particle analyser. In a 
particle analyser, particles flow through a cuvette and images of particles are 
taken with a camera. Based on these images, the length of each particle is 
calculated. An example of how images of three particles, each with a total 
length of 3 mm, with different curl may be visualized are shown in the upper 
part of Figure 8.  

 
Figure 8. Three particles (fibres) of different curl analysed from perpendicular 
directions. The photos show the particle we analysed in the summer. 

In the analyser, the position of the camera is fixed. However, the curled 
particles may look different from different angles. When acting as an analyser, 
you estimated all three particles to be 3 mm long, c.f. upper part of Figure 8. 
Then you turned your position 90 degrees to the left and looked at the same 
particles, c.f. lower part in Figure 8. Being orientated this way we found that 
two of the three particles looked shorter than 3 mm. Particle number 2 looked 
like it was 2 mm, while the most curled particle, particle number 3, was 
estimated to be only 1 mm long.  

The two-dimensional view in the images of the particles may lead to 
misleading conclusions as to how a process works. Assume that a process 
makes the particles straighter – this will lead to a higher length value, and one 
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may draw the conclusion that the particles have actually become longer. 
Another outcome may be that the measured length has decreased, leading to 
the conclusion that the particles have become shorter, when in reality, instead, 
their curl has increased. A third outcome may be that the measured length is 
unaffected during the process, making you think that nothing has changed, 
when actually, the particles have become both shorter and straighter. 
Analysing multiple particle length measurements together with data about 
the characteristics of the fibre wall, I have found that the particles with thicker 
walls tend to be straighter (paper VII). However, at a given length interval 
there are particles of varying degree of curl, which means that using averages 
may lead to erroneous conclusions about the nature of the material. In my 
thesis, I propose ways to estimate the real (three-dimensional) length of 
particles (paper VII). I also propose ways to illustrate the heterogeneous 
nature of the material in 4D maps (paper VII).  

As you have seen, the fibres in wood are extremely different in appearance. 
In order to find possible reasons for variation in properties of a paper product 
it is therefore of interest to look at the individual particles. Advertisement is 
still common in magazines, and advertisers want their products to look 
appealing and attractive in print. However, the human eye is very sensitive 
to irregularities in patterns, such as the two shown in Figure 9. 

 

Figure 9. Two dot patterns where dots are missing 

Two dots in the left image and one dot in the right image are missing. 
Although these dots constitute only about 1% of the total number of dots, the 
irregularity is easily found. A paper is printed by adding colours to the paper 
surface. Figure 10 shows a magnification of a printed surface where there are 
a number of black dots. 
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Figure 10. Photo where there is a dot missing in the middle (Martorana et al. 2006). 

In the centre of the image there is an absence, a dot is missing. Other 
researchers have found that there is often a surface crater above a certain size 
detected close to a missing dot. When we met in summer, we simulated a 
printing process and studied the influence of fibre types. We had a piece of 
paper and you held a marker pen in your hand. On the paper, there was a 
thin-walled fibre (bike hose), Figure 11 left. 

 
Figure 11. Printing trial, summer 2020. 

There was no problem putting a dot on the paper. However, when we 
replaced the bike hose with a thick-walled gas hose, the marker was not able 
to get in contact with the paper, Figure 11 right. This was even more difficult 
when there were two gas hoses on top of each other. Although we reduced 
the length of the gas hose, we could not get in contact with the paper. Adding 
some bike hoses to the gas hose it still remained impossible, although the 
average wall thickness of these fibres was strongly reduced. The thick-walled 
fibre was still present. 

It seems that a small amount of stiff fibres, independent of length, may 
lead to craters and reduced printability, since only a few missing dots may be 
a disturbance in the perception of a print. Again, we have seen that an average 
value, although based on several fibres, may hide crucial information about 
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the fibres. Adding thin-walled fibres to a thick-walled fibre will not make the 
thick-walled fibre thinner, Figure 12. 

 
Figure 12. Thin- and thick-walled fibres at load. 

In our research, we have developed a method where a model is used to 
describe how the fibres’ ability to get in contact with each other may vary in 
a population (paper III, IV, V). The distribution in data may differ quite a lot 
between pulps, while the averages remain the same. We have found that the 
raw material has a stronger influence on the distribution in data than the 
process (paper V). However, the process conditions give a characteristic 
shape of the distribution. The distribution could be said to be a fingerprint or 
“DNA” of the particle population. 

Working in a mill it is often interesting to compare how competitors are 
doing. Nowadays it is not so easy to exchange pulp samples. However, we 
got samples of fibres from the Ortviken paper mill in Sundsvall by purchasing 
a copy of the newspaper Sundsvalls Tidning, printed on paper from this mill, 
Figure 13 left.  

 
Figure 13. “Fingerprints” of papers. 

The refiners in Ortviken are of the same kind as in Kvarnsveden. We 
disintegrated the paper from Sundsvall in water and analysed the fibres with 
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our method. We found that the fingerprint of the fibres was similar to what 
we have in Kvarnsveden (paper V). Even small differences could be detected, 
which have later been verified. There is much information to be found in the 
paper. We also analysed disintegrated paper from the magazine produced for 
internal communication to the personnel at Holmen Hallstavik paper mill, 
Figure 13 right. This mill uses another type of refiners, which we also had in 
Kvarnsveden. These samples exhibited a similar fingerprint as seen in the 
refiners in Kvarnsveden. The fingerprint of the fibres is set in the early stage 
of the process and remains until the final product.  

Of course, those of you living here in Krusbo know where Krusbo is. 
However, some readers may be unfamiliar with the location. Suppose you 
travel from Skoghall board mill to Krusbo. The fastest route according the 
map is marked in Figure 14. 

 
Figure 14. Map in 2D. 

On the map you see where the capitals Oslo and Stockholm are located. 
You also see where Fors board mill and Kvarnsveden paper mill are. The 
distance between Skoghall and Krusbo is 233 kilometres and takes about three 
hours to drive. This kind of 2D map is a well-accepted model for the earth. 
We have north and south along the vertical direction and perpendicular to 
that we have east and west along the horizontal direction. The map could be 
more detailed, so that you could find even the smallest gravel road, and it 
could also indicate the altitude (which is independent from the geographical 
coordinates). However, for our present purpose, to go from Skoghall to 
Krusbo, the above map is a good enough representation of reality. Now, 
assume for an instant, that we make an even simpler model of the earth by 
only viewing the north and south direction. Such a 1D map would look 
something like Figure 15.  
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Figure 15. Map in 1D. 

This map shows that if we go from Skoghall to Krusbo we pass by 
Stockholm, Oslo, Fors, and Kvarnsveden. So, let us start from Stockholm! 
After Stockholm, we go to Oslo and so on until we arrive at Krusbo. A total 
distance of 1355 kilometres, which will take us about 16 hours – five to six 
times as long as the shortest route according to the 2D map. This example is 
meant to demonstrate that a too simple view of reality may lead to a high 
degree of inefficiency and waste of resources.  

What does this have to do with pulp production and fibres? I would say 
quite a lot, which I will illustrate at the end of this condensed version of the 
thesis. Here, I will share insights from the fibre world that we gained some 30 
years ago in Kvarnsveden. It actually started with something that paper and 
pulp people agree is one of the most important properties of the fibres ‒ 
uniformity over time. However, there is no agreement on how to define 
uniformity. The papermakers would like consistency over time (if they are 
happy with the pulp received, if not, they would like it to change). In the 
beginning of the 90s, there were complaints from the printers of the paper. 
Sometimes the quality was acceptable, and sometimes a property of the paper 
was outside the specification. For the last century, the quality of the pulps 
going to the paper machine has been measured by making a pad of three 
grams of pulp and measure how easy it is for water to go through the pad. In 
the pad, there are billions of particles all the way from long fibres to the very 
smallest, almost invisible, fragments of the fibre wall. Hence, a change in the 
dewatering value may depend on a combination of several underlying factors. 
When comparing the properties of the paper with the dewatering value we 
found that there was a poor correlation. However, we found one property of 
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the pulp that correlated to the paper quality. When we combined several 
properties of the pulp into two factors, we found that one of these, the so-
called bonding factor, correlated strongly to the paper quality that the 
customers complained about (paper I). The two factors, bonding and length, 
could be said to give a 2D map of the fibre world. Furthermore, we found that 
the bonding factor was easier to control by the operators than the dewatering 
value that has traditionally been used. Encouraged by this, we ignored the 
dewatering value and focused on the bonding factor, and found that the paper 
quality increased in uniformity. We were happy, and so were the customers. 
What happened to the dewatering value when the operators did not try to 
control it? It was more stable! We believe that this is because we sometimes 
create fluctuations through incorrect actions in the process as a result of not 
having a good enough map of the fibre world.  

The quality of the pulp was illustrated in a 2D map where there was a 
target window, Figure 16.  

 
Figure 16. 2D map of a part of the fibre world. 

The map clearly illustrated how uniform the quality of the pulp was. It 
actually facilitated the communication in the mill about quality. It was so easy 
to see if the quality was outside the specification that the maintenance staff 
sometimes asked if it was time to change discs in the refiners.  

The 2D map of fibre quality was installed in the Fors board mill online. 
The operators asked the superintendent what they should do to be inside the 
quality window. The answer they got was to “turn the knobs in the process 
and see what happens”. Actually, this is a rather good way to see how 
something works. The operators managed to move around in the 2D quality 
map in both dimensions. They travelled far away from the target window and 
managed to get back inside it. Of course, it is possible to make a more detailed 
map, which may sometimes be required to find our current location or where 
we want to go.  
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In conclusion, I would like to stress that wood, pulp and paper are 
heterogeneous materials. They should be described as such to eventually 
reach a more profound understanding of the fibre world. Several examples 
have been found in mill operation where averages seem to give a misleading 
picture. Hans Rosling, one of the authors of Factfulness, warns against 
comparing averages for a more profound understanding of a subject. Use 
independent or orthogonal factors that reflect the heterogeneity of the 
material to describe where we are, how good we are at being uniform, and 
communicate (in Fiberish) along the value chain. The highly heterogeneous 
nature of wood-based materials should be more deeply scrutinized so we can 
benefit from the mixture of both the stiffer thick-walled fibres and the more 
thin-walled fibres. Wood-based products are often used when a combination 
of bulk and printed surface is needed.  

We wrap up this version of my thesis by returning to the floor where we 
started. It has to be cleaned, and the wood residuals should be put in the 
garbage bag, Figure 17. 

 
Figure 17. A paper bag and a plastic bag. 

The bag made of paper stands on its own (very bulky) with no support, 
while the plastic bag collapses. 

I hope insights gained in this work will be applicable to other 
heterogeneous wood-based materials to be developed for new and existing 
products. Again, thank you so much for our fibre talk. It was a great pleasure, 
dear friends. 
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2 Background 
First, a brief overview of spruce as wood raw material, pulping processes, 
refiner concepts and evaluation of mechanical pulp quality will be presented. 
Following is a more in-depth background of the heterogeneity of mechanical 
pulps.  
 

2.1 Short overview of material and process 
One purpose of pulping processes is to separate the fibres in the wood matrix. 
The fibres can be separated by using mechanical actions or chemicals. In the 
former, it can be done by feeding wood chips through a refiner. A refiner 
consists of two discs where either one disc is fixed and the other is rotating 
(single disc) or both discs are counter rotating (double disc). Each disc has a 
pattern and the diameter of a disc may be up to almost two meters. The chips 
are fed into the centre and move outwards. They are first separated into 
individual fibres and then further treated, a process that peels off smaller 
particles from the fibre walls. The gap between the discs is in the order of 
magnitude of 1 mm. The residence time from feed to discharge is about 1 
second. To facilitate the fibre separation the chips are presteamed and the 
temperature in the disc gap is about 150 °C. The effect of the motors may be 
up to 30 MW. The pulp made in such a process is called TMP 
(thermomechanical pulp). In some cases, chemicals are added ahead of the 
refiner, and then the process is commonly referred to as CTMP (chemi-
thermomechanical pulp).  

To make fibres suitable for paper/board products, the fibres must not only 
be separated but also made flexible, which may be done in the first (primary) 
refiner stage or in subsequent refiner stage(s). Some parts of the fibre wall are 
then partly peeled off, which gives fibrils still attached to the fibres or 
individual particles, called fines. When the fibres are treated when passing 
the refiner gap, the wall thickness will decrease. In addition to fine material, 
there are also some fibres that will be cut. This results in mechanical pulp 
containing a wide range of particle sizes.  

There is a wide variety of process solutions, not only with respect to the 
primary refiner stage but also with respect to the whole process from wood to 
pulp sent to the paper/board machine. In the section Material and Methods, 
processes investigated in this study are described.  

In some mills, the original mechanical pulping process remains: the stone 
groundwood (SGW) process. Here, debarked logs are pressed towards a 



 

38 

rotating stone where the fibres are torn from the wood matrix and finer 
particles are detached from the fibre wall. The yield in the mechanical pulping 
processes is high, in the range of 90-95%.  

There are several methods to determine the characteristics of mechanical 
pulps. Some are measured on wet suspension. Amount of unseparated fibres 
(shives) may be determined by screening the pulp suspension through slots, 
usually 0.15 mm wide, which corresponds to the width of 4-5 fibres. It was 
previously common to determine the amount of long fibres by fractionating a 
very diluted pulp suspension in a Bauer McNett device. The apparatus 
consists of 3-5 tanks – each one equipped with a screen through which a 
portion of the pulp is allowed to pass to the next tank. The next tank has a 
finer screen. After running for 10 minutes, the amount of material retained in 
each tank is determined. Nowadays, it is common to use optical particle 
analysers to determine length of particles by using image analysis. These 
instruments usually also report the width and external fibrillation (fibrils 
attached to the wall) of particles. In some cases, also fibre wall thickness is 
determined. A third property that may be determined on pulp suspension is 
freeness, which reflects the ability to dewater through a pad of 3 grams of 
pulp.  

In addition to these “wet” tests, a common way to characterise pulps is to 
simulate the paper/board making process and make hand sheets in the 
laboratory, see Figure 19. The sheets are then commonly tested for strength 
properties, apparent density, and optical properties, and depending on the 
focus of the study, a range of other characteristics.  

It was previously common to just look at the pulp particles to judge their 
quality. A much diluted pulp suspension was put on a blue glass with a frame. 
Experienced pulp makers could then determine the quality. Microscopes have 
also been used for characterisation. Fifty years ago, Atack (1971) highlighted 
the need for “profound knowledge of fibre properties, of the manner in which 
they are affected by processing and of their contribution to the end-use 
requirements of the product”. He mentioned relevant basic pulp parameters, 
such as fibre dimensions and surface area, adapted for the prediction of 
product quality and continuous monitoring for control. 

In this study the pulps have been characterized by a FibreLabTM optical 
analyser. This gives measures on particle level of length, width, wall thickness, 
and external fibrillation based on image analysis of images such as those in 
Figure 18.  
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Figure 18. Images of particles as captured in FibreLabTM. 
 

2.2 A heterogeneous material 
Wood, the raw material, is almost as heterogeneous as the products made 
from mechanical pulps. Division of wood into individual particles, pulp, 
increases the possibility of variation in e.g. size, shape, ultra-structure, surface 
properties, chemical composition and configuration of wood polymers, 
charged groups, etc. Although these pulp particles vary greatly in several 
aspects, we usually describe a pulp in terms of averages and collective 
properties. Examples are: average fibre wall thickness (measured on a mixture 
of thin-walled earlywood and thick-walled latewood fibres), tensile index of 
hand sheets (all particles interacting to form a thin layer, which is then 
dewatered, pressed, and dried in a way that may or may not resemble the way 
the products are manufactured) and dewatering resistance (of a pad 
consisting of billions of particles). Paper and pulp makers usually agree that 
uniformity is the most important characteristic of both the pulp and the paper. 
If we know how to produce pulp with uniform characteristics, we may also 
be able to move into other operating areas (or volumes). However, there is no 
consensus on how to define uniformity. 

Microscope images of wood and mechanical pulp clearly illustrates the 
material’s high degree of heterogeneity. This is illustrated in Figure 19, with 
a photo of annual rings in wood, micrographs of a cross section of a wood 
matrix, fibre cross sections in a primary stage TMP, and mechanical pulp in 
light microscope. To the far right there is a cross section of a product, a 
printing paper, showing the variation among the particles.  
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Figure 19. Principle drawing of how the flow of the actual material goes from left to 
right, lower red arrow. The upper red arrow shows the flow of information from right to 
left, which is supposed to include a description of material for process control and 
preferably feedback on the delivered quality in relation to its function in the products 
made, i.e. we would like a material with this specification. The lower right end shows 
the laboratory evaluation of pulp where hand sheets are made for further analysis. Blue 
arrows highlight the heterogeneity of wood (1), product (2) and pulp (3).  

There are two directions shown by red arrows. Flow of actual material 
from left to right. Flow of information from right to left, description of 
material for process control and preferably feedback on the delivered quality 
in relation to its function in the products made, i.e. “we would like a material 
according to this specification”. In the lower right end, the laboratory 
evaluation of pulp is shown, where hand sheets are made for further analysis. 
It should be emphasized that the laboratory analysis of the hand sheets gives 
a description of the hand sheets, not the fibres themselves as they are sampled 
after the refiner.   

2.3 Independent factors 
Many authors point out the benefits of describing the characteristics of a 
material by few and independent properties (Steenberg 1957, Clark 1958, 
Clark 1978, Heikkurinen et al. 1991). Forgacs’ approach to describing a 
mechanical pulp with (at least) two independent factors, the S-factor (shape) 
and the L-factor (length), is based on extensive microscopy studies in 
combination with hand sheet properties (Forgacs 1963). Strand used factor 
analysis on a huge database of pulp and hand sheet properties to characterize 
mechanical pulps (Strand 1987). Factor analysis was first introduced in the 
area of psychology (Spearman 1904). Strand was able to derive two 
independent common factors reflecting “bonding” (Factor 1) and “fibre 
length” (Factor 2). Furthermore, Factor 1 and Factor 2 correlate to the S and L-
factor, respectively. Examining a few independent common factors instead of 
several conventionally measured properties, which are more or less correlated, 
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makes it easier to get an overview of the status of the processed material and 
to optimize the process. In order to understand the process and the material, 
Clark stresses the importance of examining independent fibre characteristics 
instead of “the complex freeness-burst-tear system that is discussed but 
almost defies analysis” (Clark 1958).  

Although Forgacs proposed a long time ago that at least two factors are 
required to characterize mechanical pulps, there are still efforts made to use 
only one factor. Below is an example of the influence of the amount of longer 
fibres in pulp on the surface roughness of sheets. It is quite common to believe 
that a lower amount of longer fibres will always be favourable for a lower 
surface roughness. The amount of longer long fibres is often expressed as the 
amount of fibres (as a weight fraction) retained on the 16 mesh wire in a Bauer 
McNett fractionator (hence R16). In one article, it is claimed that a higher 
amount of longer fibre fractions tends to cause a higher surface roughness 
(Hill et al. 2017). However, generally, this does not hold, since the relation can 
also be the other way around. This is shown where six pulps from mills 
producing SC or LWC grades are compared, where the amount of R16 is in 
the range 1-16% (Ferritsius and Rautio 2007). For a more complete picture, not 
only the quantity but also the quality of the longer fibres is important. One 
way to evaluate this could be to examine the tensile index of hand sheets made 
of the Bauer McNett fraction P16/R30, as proposed by Mohlin (1989). In the 
study by Ferritsius and Rautio, the pulps with a higher amount of R16 fraction 
have a higher value of tensile index of the R16/R30 fraction, which correlates 
well with a lower surface roughness. Further, in a study of twelve TMP lines 
producing printing grades carried out to identify the “best available 
technology”, it is shown that a given level of surface roughness can be reached 
over a wide range in amount of R16 fraction (Ferritsius et al. 2014). In 1987, 
Strand showed that roughness was negatively correlated to Factor 1 “bonding” 
and positively correlated to Factor 2 “fibre length” (Strand 1987). Hence, both 
“quality” and “quantity” must be taken into account in order to extend our 
understanding of the underlying reasons for changes in the properties of hand 
sheets and paper. It is not the fibre length in itself that gives a higher 
roughness, which shows that it is important to find the factors behind a certain 
pulp property. For deeper insight into the process and the material, it may be 
necessary to examine pulp on particle level instead of all particles collectively 
on the hand sheet level.  
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2.4 Common and uncommon ways to describe mechanical 
pulps 

Mechanical pulps are commonly characterized by measuring several pulp 
and hand sheet properties. We have studied how frequently such variables 
are used in research by counting how many times each property occurs in the 
figures of conference proceedings, more specifically in the 23 International 
Mechanical Pulping Conferences (IMPCs) that were held between 1973 and 
2018. IMPC is the most important international conference in the area. Over 
5000 figures were examined. The results clearly show that collective 
properties such as freeness and tensile index, and a set of averages of fibre 
dimensions are the most common variables, Figure 20. 

 
Figure 20. Freeness is the most common variable used to describe mechanical pulps. 
Distributions of fibre dimensions and independent common factors constitute on 
average 3-4% of the variables. 

Independent common factors constitute 4% of the variables, while a 
description of the distribution of fibre properties (heterogeneity) is even more 
rare, 3%. The “shives content” was as low as 5%, although shives are one of 
the main challenges for product quality when striving to operate at reduced 
levels of specific energy in refining. Uniformity, process stability, raw 
material, and extractives were represented in very few figures. Optical 
properties other than the light scattering coefficient, were not included in this 
survey.  

Although less frequent, the heterogeneous nature of mechanical pulp 
fibres with respect to their cross-sectional dimensions were addressed in a 
handful of papers at IMPCs and also in journals. The focus has been on linking 
wood and product character (Höglund and Wilhelmsson 1993), determine 
energy efficient operating conditions (Kure 1999), define fibre characteristics 
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critical for hand sheet properties (Reme 2000), compare fibre property 
distributions with averages (Pulkkinen et al. 2006), describe the heterogeneity 
of long fibres with respect to a measure of a bonding indicator (Reyier 
Österling 2015), and describe how the heterogeneity of the long fibres is 
developed from wood to final product (Ferritsius et al. 2009). Wood and 
Karnis (1979) state that “It is shown that average pulp properties do not 
adequately characterize a mechanical pulp with respect to its linting 
propensity”. They presented the KW fractionator, which gives a measure of 
the linting propensity of the pulp. A method to get a distribution in fibre 
flexibility by studying the bending characteristics of fibres in a laminar flow 
is reported by (Forgacs et al. 1957). However, focusing on the extreme ends of 
the distributions, the “tails”, is extremely rare.  

2.5 Tails − the extremes of distributions 
Describing a heterogeneous material in terms of distributions makes it 
possible to characterize it beyond average values that may hide useful 
information. There is some published work indicating the importance of a 
small fraction at an extreme end of a fibre distribution for the properties of the 
product. High quality printing surfaces is an important functional property of 
publication papers. One of the measures of this is a low number of missing 
dots after printing. In order to find possible reasons for missing dots in 
gravure printing of SC paper, Provotas and Uesaka (2003) modelled the paper 
structure in 3D. They conclude that the existence of as small a fraction as 8% 
by weight of stiff and coarse fibres suffices to create quite large holes in the 
surface of the paper, which may cause missing dots. They also conclude that 
the fibre length did not significantly affect the amount of surface holes. In 
addition, Høydahl and Dahlqvist (1997) found that “a wide range of missing 
dots were found indicating a poor correlation against paper roughness 
measured with PPS. The spread at any PPS-number is an average roughness 
measurement, concealing the micro roughness of the sheet surface created by 
the thick-walled, non-flattened fibres.” They state, “further development of 
the SC-paper relies on the skill to control the dimensions of the individual 
fibres.” Martorana and co-workers examined printed paper, looking for the 
origin of missing dots in gravure printing (Martorana et al. 2006). In nearly all 
cases where there is a surface crater above a certain size, the absence of a dot, 
a missing dot, is detected. They also see that sometimes a dot is missing in a 
position near large fibres. It seems that a small amount of stiff fibres may lead 
to craters and reduced printability, since it is often said among technical 
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customer service staff that only a few missing dots may be a disturbance in 
the perception of a print.  

Browning and Parker (1970) report that normal groundwood testing does 
not correlate to linting of the paper. Their approach is to examine the quality 
of groundwood by microscopy of the pit pulp from individual grinders. It 
was found that a single grinder out of a battery could cause problems when 
the paper made from a mixture of pulp from all grinders was printed. 
Browning and Parker summarise “It is interesting to note here that by 
examination of the groundwood it was now possible to forecast if a paper 
would give high lint, before it was actually made”. Wood and Karnis built the 
KW fractionator, which separates particles in hydrocyclones into fractions 
with different linting propensity, PLPI (Wood and Karnis 1979, Karnis and 
Wood 1977). This device may be described as a “Bauer McNett classifier” with 
respect to Forgacs’ S-factor. They state that the PLPI is a function of the 
distribution of bonding potential of the fibres and that even lint candidates 
below 1%, may cause problems with lint in the pressroom. Furthermore, they 
state that average pulp and hand sheet properties cannot (not even the S-
factor) predict the PLPI of mechanical pulps.  

After some persistence, we suggest that neither averages of fibre 
properties nor collective properties are sufficient to characterize mechanical 
pulps with respect to their influence on the functional properties of the 
product. We therefore propose that measures reflecting the heterogeneity of 
the fibre material would be useful for a more profound understanding of and 
insight into the process of the material and products made from it.  

2.6 Length factor 
In earlier days, fibre length was determined using a microscope and manual 
measurement of the length of individual fibres (Klem 1929; Clark 1942). This 
procedure is time-consuming and only a very limited number of fibres can be 
measured. Today, optical fibre analysers based on image analysis are common. 
These analysers report, among other things, the length of a large number of 
particles (≈104) ranging from fines to the longest particles. Because there is a 
distribution in length, values of the average length can be calculated in several 
ways (Clark 1942, 1985; Parham and Church 1977; Ring and Bacon 1997; 
Pulkkinen et al. 2006). One is to calculate the mean length of all particles. This 
is also called the arithmetic or numerical average where the shortest particle has 
the same influence on the average as the longest. Weighted averages on the 
other hand, are based on a calculation where some data points contribute 
more than others. For example, the longer fibres will exert a stronger influence 
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on the average when each fibre is given a weight proportional to the square 
root of its length (length to the power of 0.5). To give a higher relative 
influence of the longer fibres on the average, each fibre can be given a weight 
according to the first power of its length and even more if the particles are 
weighted with the second power of their length. Mathematically there is no 
“rule” as to how the weights of the data points should be given. If other 
properties than length are measured it is possible to use these for weighting, 
e.g. fibre volume, fibre area etc.  

Many years ago, it was discovered that the arithmetic average 
underestimates the presence of long fibres (Clark 1942). Clark notes that 
“Fibre length measurements should be, as accurately as is practical, a measure 
of the weighted average fibre length by true weight [mass]”. However, it is 
still practically impossible to determine the mass (“weight”) of each particle 
measured for length. Clark devised a method to estimate a weighted average 
fibre length, involving fractionation of the pulp and fibre length 
measurements of the individual fractions. This is very time-consuming. 
However, it is possible to estimate a value of the weighted average fibre 
length by mass based only on measurements of the length of the particles 
(Clark 1942, 1962 and 1985; Parham and Church 1977; Ring and Bacon 1997). 
Two ways of estimating the mass of each fibre have been suggested. In the 
first, the assumption is that all particles have the same coarseness, meaning 
that the fines have the same coarseness as the longest fibres and that all fibrils 
are attached to the fibres. The mass of each particle is then proportional to its 
length. Based on this estimated value we will get the average length-weighted 
fibre length. The second way to estimate the mass of each fibre is to assume 
that the fibre coarseness is proportional to the length of the particle, which is 
supported by Clark’s studies (1962). With this assumption, the mass of each 
particle is proportional to its second power of length. Based on this value we 
get an average often referred to as the average weight-weighted or mass-
weighted fibre length. In this paper, we denote this average the length-length-
weighted fibre length, since this is what the calculation actually gives (see 
“Methods and Material” for equations). The arithmetic average fibre length is 
obviously very sensitive to the amount of the shortest particles included in 
the calculations. In order to further reduce the influence of fines (except 
weighting using length to the power larger than 0), the particles with a length 
of less than approximately 0.2 mm are sometimes omitted. 

The by far most common way of describing fibre length in the literature, 
and common practice in most mills, is the average length-weighted fibre 
length. In the preprints of the International Mechanical Pulping Conferences 
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from 2005, 2009, 2011 and 2014, 97% of all tables and figures dealing with 
“fibre length” either refer to the length-weighted value or it is not stated how 
the calculations are made. The remaining 3% use the average length-length-
weighted value. Clark recommends the use of the average length-length-
weighted fibre length because it correlates more strongly to the handsheet 
properties (Clark 1942, 1985). Other authors give the same recommendation 
for the following reasons: “The arithmetic and length-weighted means always 
underestimate the contribution of the longer, coarser fibre fractions in the 
pulp” (Jang and Seth 2004) and “...papermaking fibres are sold by weight” 
(Pulkkinen et al. 2006).  

However, there are also papers that favour the use of the length-weighted 
average. Some even suggest that specifically the use of the length-length-
weighted average “should be discontinued” in connection with optical 
analysers (Ring and Bacon 1997). They recommend the length-weighted 
average because it is “a more appropriate fibre length average for predicting 
pulp performance in the final sheet” (ibid.). Bentley and Scudamore (1994) 
argue that “the use of the length-weighted average fibre length is preferred 
by Kajaani researchers who consider it to give a better prediction of the 
papermaking potential of the fibres”. However, there is no reference where 
results supporting this statement can be examined more closely. In the book 
Papermaking Science and Technology (Levlin and Sölderhjelm 1999), there is also 
a reference to Bentley and Scudamore (1994) regarding the use of the length-
weighted average fibre length. Paavilainen claims that for the length-
weighted value “the impact of fines is compensated for” and it is considered 
to be “the best index for characterizing the influence of fibre shortening” with 
respect to the papermaking potential of a pulp (Paavilainen 1990). In contrast 
to this, Batchelor and Kure (1999) finds that “the length-weighted fibre length 
did not correlate with changes in the number of long fibres per unit mass, 
indicating that the length-weighted fibre length was not accurately tracking 
the reduction in fibre length with refining”. The generation of fines during 
refining is suggested to be the main reason for this. Producers and consumers 
of pulp began to show an interest in the proportions of fibres to fines quite 
early (see e.g. Klem 1929, Brecht and Holl 1939, Brecht and Klemm 1953, 
Marton 1964). 
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3 Materials and Methods 

3.1 Flow sheets of publication paper grades of TMP 
Simplified flow sheets are shown for the two TMP lines at Kvarnsveden mill, 
Figure 21.  

 
Figure 21. Simplified flow sheets of the single disc and double disc TMP lines at 
Kvarnsveden mill. Sampling positions indicated by a blue triangle.  

 
In the positions marked by a blue triangle, composite samples were taken 

and analysed for studies described in paper I and paper V.  

3.2 Factor analysis  
The principle of factor analysis is to derive a number of independent common 
factors underlying a larger number of measured interrelated variables, and 
determine how much of the total variance in the measured properties these 
factors can describe (Yong and Pearce 2013). If all variables in a data set are 
uncorrelated, there will be as many factors as variables to account for the total 
variance. If, however, all variables are strongly correlated to each other, there 
is only one factor needed. Factor analysis was performed by using the 
software FactNet 5.0. 
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The independent factors F1 and F2 may be calculated from measured 
properties according to Equation 1 and Equation 2.  

 
F1 = a1,1 * p1 + a1,2*p2+…+ a1,n*pn  (1) 

F2 = a2,1 * p1 + a2,2*p2+…+ a2,n*pn  (2) 
 
where pi = ith pulp property and ai,j  = constants 
 
Furthermore, the properties may be calculated from the factors F1 and F2 

according to Equation 3 and Equation 4. 
 
p1= b1,1 * F1 + b1,2*F2+ e1   (3) 
p2= b2,1 * F1 + b2,2*F2+ e2   (4) 
 
where pi = ith pulp property, bi,j  = constants and ei =error term 
 

For further details see e.g. Strand (1987). 
 

3.3 Influence of shives and sheet density on tensile index 
To study the influence of shives level and density of the sheet, two primary 
stage TMPs were examined. Pulp A had a shives content of 0.9% (Somerville 
0.15 mm), while pulp B had a shives content of 0.6%. The pulps were also 
screened in a Somerville screen with a 0.15 mm slot width (Tappi T 275) to 
make it possible to form hand sheets from the screen accepts. A third case was 
studied where the removed shives were remixed to the screen accepts. Hand 
sheets were made according to ISO 5269-1 (65 g/m2) and calendared at 60 ◦C 
in a laboratory steel calender EP-210 at three load levels; 15, 45, and 100 kN/m. 
This gave a range in apparent density of about 500-700 kg/m3 compared to 400 
kg/m3 for the uncalendered sheet (ISO 534). Tensile index was measured for 
40 strips according to ISO 1924-3.  

3.4 Estimation of tensile index and collecting pulp samples 
This study on tensile index comprises testing of both machine-made 
newsprint paper and hand sheets from pulp of SC grade. In total 120 MD 
strips were tested. For further details, see paper II. The second part of this 
study examined how to take relevant pulp samples from the blow-line of a 
primary stage refiner. During the test, no changes in production rate, plate 
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gaps or dilution water flow rates were made, meaning that the Valmet CD 82 
refiner was running at a given state of operation. At this state, a total of 20 
composite pulp samples were collected at the blow-line. For ten of these a 
pulp sampling period of three minutes were used and for the other ten a 
period of one minute was used. In terms of pulp grab samples, the one-minute 
composite pulp sample corresponds to ten pulp grab samples, while the three-
minute composite pulp sample corresponds to thirty pulp grab samples. For 
further details, see paper II.  

3.5 Fractionation and analysis of pulps in hydrocyclones 
In short, a wide range of mechanical pulps produced from spruce (Picea abies 
L. Karst.) were fractionated one by one in a four-stage Noss hydro cyclone 
system to give five fractions each (c.f. the similarity to the KW fractionator 
mentioned in the background section).  

 
Figure 22. The four-stage hydrocyclone pilot fractionation was designed to give five 
streams from each feed pulp. TMP1 is a single disc news grade, TMP2 a double disc 
news grade, TMP3 a double disc SC grade, SGW an SC grade, and CTMP a single 
disc board grade. TMP1 was used as a reference and hydrocyclone settings were 
adjusted so that approximately 20% of the TMP1 R100 material went with each 
hydrocyclone stream. The same hydrocyclone settings were then used for all pulps in 
the study.  

 
These fractions were further fractionated in a Bauer McNett device. The 

fractions P16/R30 and P30/R50 mesh were run in an optical particle analyser 
(FibreLab™) and analysed for fibre diameter, fibre wall thickness, external 
fibrillation and length. The readings of wall thickness in FibreLabTM are 3-4 
times higher compared to SEM analyses of fibre wall thickness (paper IV). 
External fibrillation of a particle is calculated according to Equation 5. 

 
External fibrillation=Area (fibrills) / Area (fibrills+particle)*100  (5) 
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In total about 30,000 fibres were analysed per fraction as a triplicate sample. 

In parallel, hand sheets of the fractions P16/R30 and P30/R50 mesh of the 
cyclone fractions were made (cf. Mohlin 1989) and analysed for tensile index 
and apparent density. The pulps studied were double disc TMP of news and 
SC grade, single disc TMP of news grade, single disc CTMP of board grade, 
and SGW pulp of SC grade. Linear regression was performed for fibre 
properties and hand sheet properties of the fractions P16/R30 and P30/R50. 
Factor analysis was performed on data of fibre diameter, fibre wall thickness, 
external fibrillation, and tensile index and apparent density of the hand sheets 
made from a total of twelve fractions per pulp. For details, see paper III-V.  
 

3.6 Influence of process design and process conditions 
TMP samples were taken at two mills producing newsprint paper grade. The 
raw material at the Kvarnsveden mill was Norway spruce (Picea abies L. 
Karst.). At the mill, there was one line with single disc refiners of the Valmet 
CD single disc type in the primary stage, followed by a screen room with 
screens and hydrocyclones and flat single disc reject refiners. The other line 
was equipped with double disc refiners of Valmet DD type in the primary 
stage, followed by a screen room with screens and hydrocyclones and double 
disc reject refiners. The refiners were operating under normal conditions for 
the mill. Samples were taken over a period of five months at several positions, 
such as main line refining, before and after rejects refiner, and final pulp. At 
Hylte Bruk mill, where newsprint was produced from Norway spruce, there 
was single disc refiners of the Andritz Twin type in the primary and 
secondary stage, followed by a screen room with screens and a single disc 
reject refiner. The refiners were operating under normal conditions for the 
mill. Samples were taken as composite samples over one hour after the 
primary, secondary main line stage, and after disc filter, respectively. Samples 
were analysed in FibreLabTM as described in Section 3.5. For further details, 
see paper V.  
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3.7 Influence of raw material 
The trial with different assortments of spruce wood was performed at a CTMP 
plant producing board grades. The wood raw materials were three types of 
Norway spruce (Picea abies L. Karst.): chips produced from 100% roundwood, 
100% sawmill chips and a 50/50 mix of the two. Moisture content of the chip 
assortments were 59% (sawmill), 56% 50/50 mix), and 53% (roundwood). The 
chip refiner was a Valmet CD 82 single disc. Each of the chip assortments were 
run at three levels of specific energy input by adjusting the flow rate of the 
dilution water to the flat zone of the refiner. The chips were run in the order 
50/50 mixture, pure sawmill chips, pure roundwood chips and finally one 
operating point with the 50/50 mixture.  

CTMP from each chip assortment were produced during four hours. 
Composite samples of the screened chips going to the presteaming bin were 
collected during 20 minutes before taking the CTMP samples. Before the 
samples were taken, the refiner was running for one hour without changing 
the set points of the process variables.  

The pulp samples were analysed as described in the section above. The 
chip samples from the mill trial were also digested in a laboratory kraft cook 
to a yield of 49% to be able to measure the fibre dimensions of the raw material. 
In addition, a portion of the CTMP samples were also digested in a laboratory 
kraft cook (paper VI). After hot disintegration, the digested samples of wood 
and CTMP were analysed in FibreLab™ in the same manner as the original 
CTMPs. The trial layout is illustrated in Figure 23. For further details see 
paper V.  

 
Figure 23. Illustration of the raw material study. The raw material consisted of chips 
produced from 100% roundwood, 100% sawmill chips and a 50/50 mixture of the two. 

 
 

FiberLabFiberLab FiberLab

Digester Digester
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3.8 Fibre length and curl 
Fibre length was measured in FibreLabTM in two ways: Lc and Lp. Lc is the 
distance along the centre line of the particle while Lp is the shortest distance 
between the two endpoints of the particle. Average fibre length is calculated 
according to Equation 6.  
 

𝐿 𝑝
∑

∑  
   (6) 

    
The mean value of fibre length is given by p=0, p=1 represents length-weighted 
average and p=2 length-length-weighted.  
 
Curl is calculated in FibreLabTM according to Equation 7. 
 
Curl = (Lc-Lp)/Lp   (7) 

 
Where Lc is the distance along the centre line of the particle while Lp is the 
shortest distance, a straight line between the two endpoints of the particle. 

3.9 Fibres in printed products 
Paper samples from Kvarnsveden mill and printed paper produced at two 
other mills were treated in the following way: about 0.5 g of paper was 
immersed into 250 mL distilled water and disintegrated by hand for about 
two minutes in a glass cylinder with a piston with a perforated disc until no 
paper flakes were visible. The samples were analysed in a FibreLab™ as 
mentioned above. 

 
 

4 Results and discussion 
This section will cover experiences gained during the last 30+ years, primarily 
from two Swedish mills within the Stora Enso group producing publication 
paper from TMP and board grades from CTMP. Some aspects will follow 
regarding heterogeneity and variations when it comes to describing the 
material produced, how to sample and analyse the material, and how to 
model the material. Section 4.1 to 4.6 cover how mechanical pulps and its 
process may be described in terms of three independent common factors 
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based on collective properties such as from hand sheet testing and averages of 
fibre properties. Section 4.7 and 4,8 focus on the importance of well-designed 
procedure when collecting pulp samples and analysing pulp properties. In 
section 4.9 to 4.13 experiences are shared in developing a new method to 
describe the distribution on particle level with respect to fibre bonding. Section 
4.14 deals with raw material and process conditions when different 
assortments of spruce chips were refined in a CTMP process. In section 4.15 
the focus is on how to describe the distribution in length of the particles. Finally, 
in section 4.16 to 4.18 findings are shared when distributions in bonding and 
length are combined.  

4.1 Uniform pulp quality to fulfil product demands 
One of the main driving forces behind this thesis emerged already last century 
at the Kvarnsveden paper mill, where, at that time, I was working with TMP 
and SGW for publication paper grades. In the late 1980s we cooperated with 
Bill Strand to improve calibration of the online pulp quality analysers and the 
reliability of the hand sheet testing.  

Bill introduced factor analysis in TMP characterisation (Strand 1987) and 
we began to report independent common factors for each analysed pulp as a 
complement to the traditional characterisation. How the independent 
common factors were derived will be described in a later section. The work 
with factor analysis was brought up to date and given further focus in the 
early 1990s due to complaints from printers. The porosity of the news grade 
paper was occasionally too high. When we compared the properties of the 
paper with the dewatering value, which was used as the main variable for 
control and discussion, we found poor correlation, Table 1 (Ferritsius and 
Ferritsius 2001). In contrast, one of the independent common factors, which 
we called “F1 fibre bonding”, showed a strong correlation to porosity. A 
higher value of F1 of the TMP correlated with a lower porosity of the paper.  

 
Table 1. Porosity of newsprint paper correlated to a higher degree 
with F1, fibre bonding, than freeness did. 

Kvarnsveden  Period 1 Period 2 Period 3 Period 4 
Porosity PM (ml/min) 310 260 320 270 
Freeness TMP (ml CSF) 86 80 80 72 
F1, fibre bonding TMP 73 76 73 76 

 
We found a similar pattern for porosity at the Stora Enso Port Hawkesbury 

mill producing SC paper grades, Table 2 (Ferritsius and Ferritsius 2001). In 



 

54 

addition, in this case, a higher value of F1 of the TMP correlated with a lower 
porosity of the paper. 

 
Table 2. Porosity of SC paper correlated to a higher degree with F1, 
fibre bonding, than freeness did. 

Port Hawkesbury  Sample 1 Sample 2 Sample 3 
Porosity PM (ml/min) 240 180 140 
Freeness TMP (ml CSF) 27 26 26 
F1, fibre bonding TMP 121 128 130 

 
What happened that inspired us to continue to model TMP and SGW with 

independent common factors was that the superintendent for the paper 
machine, Lars-Hugo Nilsson, specified that the produced TMP should have a 
uniform level of F1 fibre bonding. Hence, it was the demands on the product 
that pushed the development of how to describe the fibrous material sent to 
the paper machine. Some of the insights that we gained regarding how to 
describe the nature of mechanical pulps will be shared below. In addition, 
some aspects on how to produce a more uniform TMP over time will be 
presented, all to satisfy Lars-Hugo, his fellow paper makers, and their 
customers.   

During the last century, the quality of the pulps going to the paper 
machine has been evaluated by making a three-gram-pad of pulp to measure 
how easily water goes through the pad. In the pad, there are billions of 
particles all the way from long fibres to very small, almost invisible, fragments 
of the fibre wall. Hence, a change in the dewatering value may depend on a 
combination of several underlying factors (Maartmann-Moe 1924).  

In this thesis, we use factor analysis to make models of high enough 
complexity to be useful for the description of the fibrous material. This is done 
with the purpose of finding and exploring underlying reasons for shifts in the 
characteristics of mechanical pulps. Thus, the intention is not to make a 
“complete” model with all possible aspects included.  

4.2 Factor analysis for prediction of hand sheet properties 
As mentioned, the main focus at Kvarnsveden in the late 1980s was a more 
reliable hand sheet testing and to calibrate the online analysers for pulp 
properties (Ferritsius 1996). We had three grades of mechanical pulps: news 
grade TMP produced in CD primary stage single-disc refiners, news grade 
TMP produced in double disc primary stage refiners and SGW of SC grade. 
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There were many technicians but only one personal computer for the whole 
development department.  

The principle of factor analysis is that a collection of observed variables, 
where some are more or less correlated, can be reduced to a smaller number 
of independent variables called factors. The goal of factor analysis is to derive 
a number of independent common factors and determine how much of the 
total variations in the measured properties they can account for. For further 
details, see Strand (1987). Data from several years of measuring pulp and 
hand sheet properties at the mill was analysed. Pulps sampled from several 
positions under normal operating conditions were used. The interactions 
between the pulp properties and the two strongest independent common 
factors, which contained about 90% of the total variation, is illustrated in 
Figure 24. On the left side, pulp properties are specified and on the right side 
hand sheet properties are listed. In the middle, the two strongest factors are 
presented. 

 
Figure 24. Illustration of the strongest interactions between pulp and hand sheet 
properties and the independent common factors F1 and F2. A thicker line indicates a 
stronger interaction.  

To facilitate the interpretation of the independent common factors and 
make communication easier they were given “names”. The strongest factor 
was called “F1, fibre bonding” and it correlated strongly to tensile index and 
apparent density but also to freeness and fines content. This factor accounted 
for about 60% of the total variation among the variables. The second strongest 
factor had a strong correlation to long fibre content and tear index and was 
called “F2, long fibre influence” and accounted for about 30% of the total 
variation. The reason for F2 being called “long fibre influence” and not only 
“long fibre” was that we found some cases where the amount of long fibres 
was reduced, but tear index and F2 increased.  

To aid in finding a common view of the factors and how they related to the 
conventional properties measured, they were graphically presented in a xy 
graph, Figure 25.  
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Figure 25. “F1 F2 calculator” where each property was increased by 10% while the 
others were kept constant in the model.  

The changes in F1 and F2 are illustrated when each hand sheet property 
increased by 10% while keeping the other constant in the model. It can be seen 
that a change in the light scattering coefficient may depend on an increase in 
F1 or a decrease in F2, or both simultaneously. Similar graphs, almost identical, 
could be drawn for all mills we examined, independent of mechanical pulp 
grade. Depending on the specific conditions at each mill, we found that 
sometimes the strongest factor reflected fibre length while the interactions 
among the variables remained the same. During the investigation, variations 
were not induced on purpose at the mills, only natural variations in pulp 
production were registered.  

Below some examples of how we applied the independent common factors 
to improve the reliability of the hand sheet testing are presented. Common 
practise when measuring pulp and hand sheet properties is, depending on the 
property, to report an average of one up to ten readings. Sometimes duplicate 
samples are analysed, although this requires more labour. Using factor 
analysis and data reconciliation, Strand has shown that the reliability of pulp 
quality data can be improved (Strand et al. 1989). The principle is that data 
reconciliation filters data by using the results of a large number of tests from 
one pulp sample (freeness, fibre size distribution, shives, tensile index, 
density, tear index, light scattering coefficient, etc.) rather than a large number 
of observations from a measured property. We called this “single sample 
filtering”.  

Together with Bill, a system was developed in order to improve both the 
reliability of hand sheet property data and calculate hand sheet properties 
based on data from online pulp analysers. All hand sheet testing is subjected 
to random errors due to testing and sampling. If the most recent sample shows 
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a deviation, we cannot be sure whether this represents a true process shift, or 
a random variation. To illustrate a variation that can occur in hand sheet 
properties, a trend of light scattering coefficient of daily SGW composite 
samples during 1994 is shown in Figure 26. (In the following text, these values 
will be called “measured” although they are modelled according to Kubelka 
Munck for the light scattering coefficient).  

 
Figure 26. Light scattering coefficient of hand sheets during 1994 for SC-SGW 
composite samples. 

It is obviously difficult to trust a single value, and we normally have to 
wait several days to determine if the level has actually shifted. However, the 
use of factor analysis and data reconciliation significantly reduced the 
variation and made it possible to more rapidly identify a shift in quality. This 
can be seen in Figure 27 where reconciled light scattering is plotted together 
with measured values.  

 
Figure 27. Measured and reconciled light scattering during 1994 for SC-SGW daily 
composite samples. 
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It can also be seen that the reconciled values are not time filtered as would 
occur with a moving average. Some of the low measured values have even 
lower reconciled values. Hand sheet preparation and testing was performed 
three to four days a week. We also used the possibility of factor analysis in the 
mill to only predict hand sheet properties some of the days of the week from 
“wet” properties such as freeness, fibre size distribution and shives content. 
The light scattering coefficient can be quite well predicted, Figure 28. 

 
Figure 28. Measured and predicted light scattering coefficient during 1994 for SC-
SGW composite samples. 

The prediction of the light scattering coefficient was actually more accurate 
than the measurement itself. In order to update the factor and fibre models, 
hand sheet testing cannot be excluded. However, the fastest way to collect 
data on hand sheet properties was to use the online analysers installed in the 
process. Based on online data of dewatering, fibre length, and shives content 
it was possible to rapidly perform online prediction of hand sheet properties 
using the models we had developed using factor analysis. The predicted 
values were displayed on the mill-wide information system. The outcome of 
the online prediction is illustrated in Figure 29 for tensile index of SC-SGW. 
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Figure 29. Measured, reconciled and online prediction of tensile index for three months 
in 1995. 

In the figure, tested and reconciled tensile index from laboratory testing of 
SGW are shown together with online predictions for three months. Each 
online prediction is based on 20-30 single measurements. It is clear that 
frequent quality information online detects changes in pulp quality that are 
impossible to detect through manual lab testing of low frequency. N.B. that 
there were fewer fluctuations in the online data in the first half of the period 
compared to the second half. To convince ourselves that we actually had more 
reliable data of hand sheet properties, we split one pulp in 18 parts and each 
of the six technicians employed at that time analysed it three times. Reconciled 
hand sheet properties varied less than those measured, as can be seen in the 
histogram in Figure 30. 
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Figure 30. Measured and reconciled tensile index for samples where a sample of 
TMP had been divided into 18 parts.  

The reconciled values varied in the range 39-42 Nm/g while the 
conventional measured values varied in a wider range, 37-46 Nm/g. The TMP 
staff preferred technician Jan-Erik, who was consistent on the high level, >45 
Nm/g. Technician Kalle was also consistent, but on a lower level, <39 Nm/g. 
We never found out why they were on different levels, but we concluded that 
reconciled data (“single sample filtering”) increased the reliability of the test 
results. This technique led to a reduced number of complaints from the 
superintendents in the production departments about the reliability of testing 
in the laboratory.  

As mentioned, we developed the factor models by analysing a large 
number of pulp samples taken when the process had been operating as 
normal with regular variations. There were by no means pulps produced 
under extreme conditions on purpose. However, we did get an opportunity 
to see how the model performed under highly irregular circumstances. This 
happened when one of the hoses for dilution water feeding into one of the 
refiners broke. This damage unfortunately occurred after the flow meter. This 
meant that the floor of the basement became extremely clean. Luckily, the 
weekly routine sample for that refiner was taken with an automatic composite 
sampler during the whole night shift. The refiner had been operated at a 
rather high pulp consistency leading to a decrease in long fibre content. This 
led to a dramatic drop in tear index, which can be seen in Figure 31, where the 
dry sample is the fourth from the right. 
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Figure 31. Measured and reconciled tear index of primary stage TMP. 

The measured tear index was far below the ordinary level and the 
reconciled value was even slightly lower, indicating that the model worked 
outside the range where it had been calibrated. The hose was repaired and the 
tear index for the next sample was back to the regular level. Time filtering 
with a moving average would not have followed the drop and increase in tear 
index like the reconciled values. An explanation as to why the reconciled tear 
index reacted so rapidly is that it is based on the interactions of the pulp 
properties (“single sample filtering”) and not the level of tear index of the 
previously measured samples.  

Later on, when we performed factor analysis on properties of mechanical 
pulps, with data from one or several mills, we always found the above-
described pattern with two strong factors, which we denoted in a similar way 
as at the Kvarnsveden mill: F1 fibre bonding and F2 length. These explained 
about 80 to 90% of the total variation among the properties. Furthermore, the 
third strongest factor always correlated to shives content. It should be stressed 
that the data we performed factor analysis on included wet properties such as 
dewatering, data gathered from optical particle analysers, fractionations 
according to Bauer McNett, shives, and hand sheet properties reflecting 
physical properties. However, data reflecting extractives or optical properties, 
with the exception of the light scattering coefficient, were outside the scope of 
the studies.  
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4.3 Shives – a third factor 
The standard used to determine tensile index of hand sheets does not state 
how the paper strips should be cut with respect to visible shives. Our 
experience is that some technicians try to avoid the shives, while other 
technicians just cut strips from the hand sheet without adjusting anything. In 
order to shed some light on this we took hand sheets from a TMP of final news 
grade and cut about 80 strips for tensile strength testing. About 40 strips 
where chosen where no visible larger shives were present in the strips. Then 
we selected another set of strips where clearly visible larger shives were 
present. Tensile index was then determined for all strips. We found that the 
strips with less visible shives were shifted to a slightly higher level of tensile 
index compared to the strips that contained relatively more shives, Figure 32.  

 
Figure 32. When there were visible shives in the strips, tensile index was reduced by 
about one unit.  

Some of the strips were ruptured where there was a visible shive. To 
improve the reliability of tensile index it would be valuable to cut the strips 
in a uniform way, at least within a given laboratory. It could be recommended 
to cut the strips without being influenced by a subjective decision regarding 
the possible presence of a shive. Either way, it seems that the shives were 
negatively correlated to tensile index. Gavelin found that adding 1% of shives 
to a mechanical pulp will lead to a reduction in breaking length of the hand 
sheets (Gavelin 1966). 

Following the ISO standard for pressing hand sheets in the laboratory 
gives a sheet density of about 400 kg/m3 for improved news grade TMP. 
However, the density of the paper product on the tambour is at the level of 
700 kg/m3. A density of 400 kg/m3 corresponds to a thickness of about 0.15 
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mm, which is the same as the slot width in a Somerville screen for shives 
determination. This implies that some shives may be “hidden” in the network, 
encapsulated by fibrous material. However, a higher density means a thinner 
sheet where it is difficult for the shives to “hide”. The size of a typical shive 
may be of the same magnitude as the thickness of the paper, leading to a major 
disturbance. In order to study the influence of hand sheet density and shives 
content on tensile index of hand sheets we analysed two primary stage 
double-disc TMPs (Ferritsius et al. 2016). Pulp A had a shives content of 0.9% 
(Somerville 0.15 mm), while pulp B had a shives content of 0.6%. The pulps 
were also screened in a Somerville screen with a 0.15 mm slot width to make 
it possible to form hand sheets from the screen accepts.  

A third case was studied, where the removed shives were remixed to the 
screen accepts. Hand sheets were made and calendared at three load levels 
giving a range in density of about 500-700 kg/m3 compared to 400 kg/m3 for 
the uncalendered sheet. For both TMP A and B the original pulps exhibited a 
lower level in tensile index at a given level of density, compared to the two 
cases where the pulps had passed through the Somerville screen. This can be 
seen in Figure 33 where the solid diamonds are compared with the other 
diamonds, and the solid circles with the other circles.  

 
Figure 33. When shives had been removed (unfilled markers), a higher tensile index 
was maintained also at the higher density levels. Pulp A with higher shives content 
(grey filled diamonds) dropped in tensile index at a lower density level compared to 
pulp B (grey filled circles).  
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For the original pulp A, which had the highest shives content, there was a 
drop in tensile index for density levels of about 600 kg/m3 and higher, while 
for the original pulp B there was a corresponding drop only at the highest 
density level. A similar pattern could be seen for the remixed pulps A and B, 
however, at a higher level in tensile index, c.f. the grey filled markers. The 
decrease in tensile index going from uncalendered sheet to the highest 
calendrer load is about nine units for pulp A, and smaller, about five units, 
for pulp B, which had the lower shives content. A possible reason for the 
higher tensile index when shives were remixed into the screened pulp 
compared to the original pulp may be that the pulps were washed with about 
20,000 m3/bdmt in the screening operation in the laboratory. 

When pulps with different shives content were evaluated for tensile index 
at a density level of 400 kg/m3 there was a difference of about 4-5 units while 
the difference was about 8 units at a density level of 700 kg/m3. The latter 
density level was the same as the paper on the tambour had. For the pulps 
where shives had been removed, tensile index was only slightly reduced at 
the highest density level. Gregersen (1998) demonstrate that it is almost 
entirely the shives of late wood which are severely compressed in calendering 
that cause web breaks.  

To summarize, it could be concluded that the influence of shives on sheet 
properties like tensile index may go unnoticed when following standard 
testing procedures, as the relevance to the product may be weak. It should be 
stressed that pulp A and B differed not only with respect to shives content but 
also to fibre characteristics such as external fibrillation, wall thickness and curl. 
Hence, a given level of tensile index is possible to reach with different 
combinations of underlying phenomena. This may be interpreted as tensile 
index alone not being a solid base for comparing pulps or to deepen the 
understanding of how the refiner operates. As indicated in Figure 19, hand 
sheets are made at least three process stages away from the refiner itself.  

4.4 F1 and F2 – independent common factors to describe 
mechanical pulps 

This section describes how the two-factor approach with F1, fibre bonding, 
and F2, long fibre influence, was further developed at the Kvarnsveden paper 
mill in the 1990s (paper I). There were still three grades of mechanical pulps 
produced in the mill: news grade TMP produced in CD single disc primary 
stage refiners, news grade TMP produced in double disc (DD) primary stage 
refiners, and SGW of SC grade. We had target values for freeness and long 
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fibre content according to Bauer McNett. The different character of the pulps 
can be illustrated in a plot of F2 versus F1, Figure 34.  

 
Figure 34. F1 and F2 from daily composite samples of the three pulp types in 1994. 

F2 is plotted versus F1 for all daily composite samples of the three pulp 
grades analysed in 1994. Three observations, at least, could be made when 
examining the “map”: i) the pulps are situated in different areas on the map; 
ii) F1 and F2 are independent of each other, which is especially obvious if we 
look at one pulp at a time – the pulps could at a given level in F1 be both low 
and high in F2, and vice versa; iii) the pulps have been far from uniform in 
1994. To further illustrate the variation in character over a year, some data 
from Figure 34 for SD-TMP have been expanded in Figure 35. 

 
Figure 35. Variation in character of single disc TMP over eight months. 

It is clear that over the year, the character of the pulp has changed. The highest 
F1 was in August. Comparing May and December shows that F1 can be at 
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different levels at a given level of F2. In November, F2 was at a high level. It 
seems that the pulp was more uniform for shorter periods than longer periods.  

As mentioned, the personnel working on the paper machine would like 
TMP with a uniform level in F1, because F1 had better correlation to the 
porosity of the paper than freeness, which was a main concern for the printers. 
A discussion on how to control F1 and F2 started at the mill. At that time, we 
had the first version of a computer-based information system, which had 
some process and quality variables on shift and tambour level. Specific energy 
input in refining was claimed to be the main control variable for freeness. 
However, over a longer period the required energy input varied to keep 
freeness on target level. This is shown in Figure 36, where shift composite 
samples of freeness are plotted versus specific energy for a primary stage CD 
refiner during a four-month period when hand sheets were also produced.  

 
Figure 36. Low correlation between freeness and specific energy for four months. 
Composite samples from a primary stage TMP. 

There was a poor correlation between specific energy and freeness. A 
given level of freeness was achieved within a span of almost 400 kWh/admt. 
Freeness varied with about 50 units at a given level of specific energy. 
However, the very same samples exhibited a higher degree of correlation 
when F1 was plotted versus specific energy, Figure 37.  
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Figure 37. Correlation between F1 and specific energy for four months. The same 
composite samples as in Figure 36. 

A high level of F1 was reached at a high level of specific energy during the 
four months. We found a similar pattern for the other refiners. Now the 
question of how to control F2 was raised. It made no sense to control just one 
of the independent common factors. During that time, there was a period with 
a low level of long fibre content in the TMP produced in the single disc 
refiners. This was claimed to be caused by some property of the wood chips 
since all refiners recently had new segments installed. However, after some 
investigation we found that the drop in long fibre content and F2 was indeed 
related to the wood chips but not to the wood fibres themselves. Instead, some 
gravel and small stones had been shovelled from the wood yard together with 
the woodchips, and fed to the refiners. This had destroyed the new segments 
after just a few hours of operation. The cost for this reduction in F2 was high 
due to increased addition of expensive long fibre kraft pulp. The reduced level 
of F2, while F1 was maintained for the final stage TMP, is illustrated in Figure 
38.  



 

68 

 
Figure 38. Daily composite samples for final stage TMP before and after the segments 
had been worn (destroyed by gravel and stones). A clear drop in F2 could be seen in 
the graph. 

All samples taken before the segments were destroyed had an F2 above 73. 
After the segments were destroyed, all values of F2 dropped below 72 for two 
weeks. In contrast, the more traditional approach displaying the same 
samples in a diagram with long fibre content (Bauer McNett R30 fraction) 
versus freeness did not give a clear indication that anything had disturbed the 
process, Figure 39. 

 
Figure 39. Daily composite samples for final stage TMP before and after the segments 
had been worn (destroyed by gravel and stones). Long fibre measured as Bauer 
McNett R30 fraction. No clear change could be seen in the graph. 

The F1 F2 map gave a much clearer picture of how the pulp characteristics 
had changed compared to a plot of freeness and long fibre content. The 
episode with the destroyed segments taught us that the independent common 
factors F1 and F2 were to some extent correlated to process conditions that 
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were independent: specific energy and segment condition. In general, 
“segment condition” may be replaced by “initial defibration” to also cover 
other process conditions in TMP and SGW. Furthermore, “specific energy” is 
a broad term, which may be at a certain level within a range of process 
conditions. Specific energy is more of an outcome of the process settings of 
the refiner, not a variable that can be adjusted as such.  

4.5 F1 F2 quality window 
Having gained the above-mentioned insights, we focused on how to produce 
a more uniform pulp over time, not change the level of the factors. Since we 
now had better insight into how F1 and F2 may be controlled, it should be 
possible to obtain a more uniform pulp quality. To visualize the quality level 
and uniformity of each pulp type, a quality window can be defined in terms 
of F1 and F2. This window must of course be smaller than the variations we 
had in quality when we had target levels for freeness and long fibre content. 
Defining the size and position of the windows involved both pulp and paper 
makers. Generally, it could be said that pulp makers tended to suggest a larger 
window than the paper makers who sometimes even suggested operating at 
a specific point. In Figure 40, the window for final news grade single disc TMP 
can be seen together with F1 and F2 from daily testing in 1994, when we still 
had target levels for freeness and long fibre content.   

 
Figure 40. F1 F2 window and result when freeness was the control variable. 

The goal was then to use the window as a target to be inside as often as 
possible. Figures reported showed how many percent of the samples had been 
inside the window during the most recent period. Seventy percent was set as 
a goal. The uniformity was increased using this manual quality control 
strategy, Figure 41.   
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Figure 41. F1 F2 window and result when F1 F2 were the control variables. 

It turned out that the uniformity of freeness increased when there were no 
target values or attempt to control it. The uniformity of TMP was now so easy 
to follow that one day the maintenance people asked the personal at the TMP 
department: “Seems like new segments should be installed in the refiner, 
right?” In addition, the personnel on the paper machines showed an increased 
interest in what the TMP department did, and there was a lot of focus on 
specific energy and segment conditions. 

F1 and F2 based on lab testing is, however, very time-consuming and not 
well-suited for active control of the process. More rapid and frequent 
updating of F1 and F2 was performed by prediction, using online sensors 
measuring dewatering and fibre length distribution. To illustrate pulp quality 
development over the most recent period, a graph showing F1 versus F2 
based on online technique could be displayed as shown for SC grade of SGW 
in Figure 42. 

 
Figure 42. Online prediction shows how SGW quality had moved towards and inside 
the F1 F2 quality window (QW). 
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The graph shows averages during the last 80, 20 and 5 shifts together with 
the quality window. Each online value is an average of 6 to 10 single samples. 
The very last shifts form a “worm” with a “head” so the present quality can 
be followed clearly. Later on, when the computer resources had been 
developed, every sample could be displayed on the distributed control system 
(DCS).  

4.6 Unit processes in terms of F1 F2 
In parallel to the above-mentioned work on uniformity, we dug deeper into 
how unit processes may be described with respect to F1 and F2. The 
conventional way of evaluating refiner performance was to examine how 
process variables influence pulp properties such as freeness, shives content, 
and fibre size distribution according to Bauer McNett, and sometimes also 
hand sheet properties. Other equipment in the process, such as screens and 
cleaners were evaluated mostly in terms of how process parameters influence 
freeness drop, shive removal efficiency and long fibre loss.  

If a more profound understanding of the entire process could become 
available, it would enable us to develop the concepts for quality control and 
process design with respect to the character of the final product. This means 
that the whole system as well as each part of it should be evaluated with 
respect to relevant variables. In other words, all equipment with an influence 
on the pulp properties should be evaluated in a similar way. For a better idea 
of how the steps in the process influence pulp quality, we characterized 
several unit processes in terms of F1 and F2. Experiences regarding the unit 
process refining are found in paper I. The following will relate some 
experiences from mixing two pulp streams (a simple unit operation) into one 
stream and vice versa: fractionation of one pulp stream into one accept and 
one reject stream. TMP of news grade was mixed with SGW of SC grade in 
proportions from 0 to 100%, the mixtures were analysed and F1 and F2 were 
calculated. F2 was plotted versus  F1, Figure 43. 
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Figure 43. Mixtures of TMP and SGW are additive in terms of F1 and F2. 

The mixtures fell on a straight line between the two pure pulps. 
Furthermore, the distance from each mixture to the two pure pulps correlated 
to the amount of each pulp. Since the pulp mixtures were additive in terms of 
F1 and F2, we assumed that a separation of one pulp into two streams should 
lie on a straight line on a F1 F2 map. In order to check this, samples were taken 
from the feed, accepts and rejects around a screen and a cleaner. The three 
pulp streams were positioned on an almost straight line for both the screen 
and the cleaner, Figure 44. 

 
Figure 44. Feed (F), accepts (A) and rejects (R) from a separation device placed on a 
straight line. 

The different separation mechanisms of a screen and a cleaner can also, to 
a certain degree, be illustrated on the map. Based on quite extensive analysis 
of pulps and fibre fractions it has previously been shown that screens separate 
mainly according to length and cleaners mainly according to flexibility and 
the specific surface of the fibres as shown by Karnis (1981) and Mohlin (1989). 
Based on hand sheet testing of the whole pulps and factor analysis we found 
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that the cleaner separated mostly according to F1 while the screen by 
comparison separated more according to F2. Another observation from 
examining Figure 44 is that the position of the feed pulps (F) on the lines seems 
to correspond to the reject rates of the screen and cleaner, respectively. The 
screen was run at a reject rate of about 60%, while the cleaner had a rather low 
reject rate. This observation is supported by the conclusion from Figure 43; 
the position of the mixtures corresponded to the amount of each pulp. More 
data regarding characterization of screens and cleaners are found in paper I. 
Based on F1 and F2 for screens and cleaners it was possible to characterise 
fractionation equipment according to Figure 45. 

 
Figure 45. Performance of screen or cleaner is defined by the length RA and the angle 
a. The relation FA/RA is equal to the reject rate. Feed, Accept, Reject. 

The distance RA was called “separation efficiency”. The distance in the 
same diagram between the feed and accept pulps (FA) divided by the total 
length (RA) represented the reject rate. There was also a need to define how 
the pulp was separated, e.g. in which directions the pulps were separated 
according to F1 and F2. This was defined by the angle, a, between the x-axis 
and the line from the accept to the reject pulp, which we called “separation 
mode”. Values of separation efficiency and separation mode is given for 
screens and cleaners in paper I.  

Based on what we found, a range of unit processes could be evaluated in 
a similar way (described with a common “language”), Figure 46. 
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Figure 46. Equipment used for production of mechanical pulps can be evaluated in the 
same way by using F1 and F2. 

Since we had several process lines for mechanical pulping in Kvarnsveden 
we had the opportunity to compare different process layouts. Especially the 
two TMP lines were frequently compared. The double disc line produced a 
final pulp, which compared to the single disc line had a higher F1 and lower 
F2, c.f. Figure 34. In a screen room the unscreened pulp was fractionated and 
the accepts were fed forward to paper making while the rejects were further 
developed in the reject refiner. Therefore, it was of interest to examine how 
the refined rejects contributed to the character of the final pulp. This is 
illustrated for the two TMP lines in a F1 F2 map, Figure 47. 

 
Figure 47. The development of pulp quality from unscreened to final pulp through 
refined rejects. Kvarnsveden TMP. SD=single disc, DD= double disc. 

The primary stage unscreened pulp for the two lines differed with respect 
to the level of F2 while the level of F1 was almost identical. However, the 
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refined rejects of the DD line reached a higher level in F1, compared to the SD 
line. The arrows in the figure represent how the accepts of screens and 
cleaners were brought forward in the process. The direction towards south-
east, corresponds well with what was shown for the fractionation unit 
processes. The highest level in F1 of all pulps for the respective line was 
exhibited by the refined rejects, which had received additional energy in the 
reject refiners. It is obvious that the higher F1 of the final DD-TMP compared 
with the final SD-TMP primarily depends on the higher F1 of its refined rejects. 
It seems that the fibrous material may be further developed with respect to F1. 
However, the level of F2 was set in the primary refiner stage and remained to 
final pulp, which fits well with Corson’s findings that the fiber length 
distribution is set in the primary stage refining (Corson 1989).  

The F1 F2 map may be more detailed than examplified in Figure 47. This 
will be illustrated for a TMP line of SC grade where more unit processes are 
included (Ferritsius  et al. 2016). A simplified flow sheet of the plant is shown 
in the upper section of Figure 48. 

 
Figure 48. F1 F2 map showing quality development from primary stage double disc 
refiner to final SC grade. The upper part shows the flow sheet. 

In the lower section, there is a F1 F2 map. The markers in the map 
correspond to the position in the process flow sheet in the upper section. The 
primary stage pulp was fractionated and the accepts brought forward in the 
southeast direction (grey filled □) while the rejects ended up in the north-west 
direction (grey filled O). This stream was then mixed with rejects from the 
reject line (O) to become the stream unrefined rejects (∆). The unrefined rejects 



 

76 

were refined in the reject refiner where F1 was increased at almost maintained 
level in F2 (orange solid ▲). The refined reject was then fractionated and the 
accept (□) was mixed with the accept from the main line (filled □) to become 
the final pulp of news grade (●). The screen room and reject refiner, indicated 
by the blue box in the upper flow sheet, had a total effect that meant that the 
position of the unscreened (Prim) pulp moved to the final (News) pulp 
according to the blue arrow in the F1 F2 map. When it was decided to produce 
SC grade paper in the mill based on TMP, there were only high consistency 
refiners but no fractionation stages installed to develop the TMP of news 
grade, c.f. the flow sheet. Again, we see that the pulp character with respect 
to F2 set in the primary refiner stage remained all the way until the final pulp 
as shown on the map. This means that the process to develop the fibrous 
material may be relatively “simple” as long as we “start” in a “correct” 
position. This fits well with the findings of others: it is crucial to achieve the 
right properties in the primary refiner stage because after this stage, it is 
difficult to change the character of the pulp (c.f. Browning and Parker 1970; 
Kure 1997 among others). 

The main conclusion from this section is that it seems possible to build a 
“simple” process after the primary refiner stage if it has been operated under 
“correct” conditions. Furthermore, it also seems possible to use three 
independent common factors to express the physical character of mechanical 
pulps. These factors may contribute to a more profound understanding of 
mechanical pulps and pulping operations. However, so far, we have not 
studied the influence of the raw material, nor have we paid much attention to 
wood being a highly heterogeneous material in many aspects. Before delving 
deeper into these aspects, the following two sections focus on the important 
issues of finding more reliable estimations of pulp properties and how to 
collect relevant pulp samples. 

4.7 Estimation of tensile index 
As a vital component in the strive towards more uniform product properties 
and improved energy efficiency in the operation of TMP refining processes, 
this section highlights the importance of well-designed procedures when 
collecting and analysing pulp properties. Here, pulp properties are 
exemplified by tensile index, which is one of the most commonly used 
properties for the evaluation of mechanical pulps, c.f. Figure 20.  

The study comprises testing of both machine-made newsprint paper and 
hand sheets from TMP of SC grade (paper II). Tensile index was measured 
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for 120 MD strips of the newsprint paper. The distribution of the 
measurement results and some descriptive statistics are shown in Figure 49.  

 
Figure 49. Distribution of tensile index values from tensile tests of 120 strips of 
machine-made newsprint paper.  

The obtained tensile index range was 43.2-66.5 Nm/g and the distribution 
had a tail to the left. In order to investigate the influence from the number of 
strips used in the analysis, a computational test was performed. A random 
subset of 10, 20, 40 and 60 tensile index values, respectively, were made, 
without re-entry from the original values obtained from the 120 strips. For 
each subset, statistical variables were calculated. The procedure was repeated 
10,000 times for each size of the subset (10, 20, 40 or 60) and the results were 
compared in a probability density histogram, Figure 50. 
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Figure 50. The distribution of the tensile index mean values (for a randomly selected 
number of strips repeated 10,000 times) was widest for 10 strips, but it clearly 
decreased with increased number of strips.  

The distributions became more symmetric as the number of strips 
increased. For 40 strips, the distribution is smooth and has a total width of 
approximately 3 units. If the deviation from a normal distribution can be 
considered small, a calculation of confidence intervals can be made. Closing 
in on 10 of the 10,000 randomly selected sets, the mean values with 95% 
confidence intervals have been plotted for the cases of 10, 20, 40 and 60 strips 
respectively. This is shown in Figure 51. Recall that the mean value for all 120 
strips was 59.7 Nm/g. 

 
Figure 51. The circles represent tensile index mean values for 10, 20, 40 and 60 
randomly selected strips of machine made newsprint paper. The vertical lines illustrate 
a 95% confidence interval. Random selection and calculation of statistics were 
repeated 10 times (x-axis) for each size of the set. 
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Considering mean values, large variations were obtained between the 
different runs for the case with 10 strips. Increasing the number of strips to 20 
reduced this variation and even more so if 40 strips were used. The difference 
between 40 and 60 strips was marginal. In addition, the size of the 95% 
confidence interval did not vary much between the different runs in the cases 
when 40 or 60 strips were used, compared with when 20 and 10 strips were 
used. With 10 strips, some confidence intervals did not overlap. It is important 
to keep in mind that the 95% confidence intervals have been calculated with 
the assumption that the tensile values are normally distributed. As already 
noted from Figure 49, the distribution was not normal, but had a tail to the 
left. This is most likely due to inhomogeneity in the paper material that can 
cause a single strip to give a significantly lower value of tensile index. When 
selecting a small number of strips, the effect of discrete flaws (small defects) 
can be pronounced.  

As mentioned above, a similar study was performed on hand sheets made 
from TMP of SC grade. Five technicians tested a total of 332 strips for tensile 
index (paper II). In this study, the hand sheets made in the laboratory by 
experienced technicians exhibited less variation in tensile index compared to 
the paper produced on the paper machine. From these studies, it can be 
concluded that 40-60 strips should be used. Hence, the ISO standard in which 
10 strips are used should be questioned. If the lower-end tail of tensile index 
values is of interest, even more strips are likely to be required.  

4.8 To collect pulp samples  
It is vital that the pulp collected for analysis is representative regardless of 
whether online or offline laboratory testing is used. A brief review of the 
International Mechanical Pulping Conference (IMPC) preprints from 1973 
until 2014, reveals that there is an almost complete absence of studies to this 
end.  

The refining process is subjected to a range of disturbances that arise, for 
example, from raw material variations and surrounding process equipment 
that do not function perfectly. To assure reliable and representative results, 
the design of the pulp sampling procedure must be such that is not severely 
affected by high-frequency disturbances. Regardless of which analysis 
method and location in the process that is considered for pulp property 
assessment, the so-called sampling theorem has to be respected (Nyquist 
1928). In short, the sampling theorem is a rule stating that when collecting 
samples from a process the frequency used must be at least twice the 
frequency of the fastest variations that is of interest in the analysis that follows. 
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For example, this means that if hourly variations are to be analysed, sampling 
should be performed at least every half-hour. If the sampling theorem is 
violated, there are apparent risks of misinterpretations (Johansson et al. 1980).  

The study of how to collect a representative pulp sample was carried out 
after a primary stage CD 82 refiner (paper II). During the test, no changes in 
production rate (rpm of metering screw was constant), plate gaps or dilution 
water flow rates were made, meaning that the refiner was running at a given 
state of operation. There were no changes made on purpose regarding the 
wood chips in the refiner feed. At this state, a total of 20 composite pulp 
samples were collected at the blow-line. For ten of these, a pulp sampling 
period of three minutes was used and for the other ten a period of one minute 
was used. In terms of pulp grab samples, the one-minute composite pulp 
sample corresponds to ten pulp grab samples while the three-minute 
composite pulp sample corresponds to thirty pulp grab samples. In Figure 52, 
the refiner motor load is shown and the periods when pulp was collected has 
been indicated. 

 
Figure 52. Time plot of refiner load during the test measured at a rate of 4 Hz. The red 
colour indicates the period when pulp was collected from the process and yellow 
indicates mean values of motor load during these periods. 

Motor load sampled at a frequency of 4 Hz is shown in black. Red colour 
indicates the period when pulp was collected from the process and yellow 
indicates mean values of motor load during these periods. It can be seen in 
the figure that the mean value of motor load was not constant for the pulp 
sampling periods although there were no changes to the process set-points. 
Looking at the fluctuation in motor load it is highly improbable that a single 
grab sample of pulp could be linked to the corresponding process conditions.  
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For each composite pulp sample collected from refiner blow-line, 
duplicate testing of tensile index was performed in the automated analyser 
Pulp Expert (PEx).  

Some co-variation between these tensile index values and specific energy 
was obtained as seen in Figure 53.  

 
Figure 53. Tensile index (PEx) showed a higher degree of covariation with specific 
energy for three-minute composite pulp samples than for the one-minute composite 
pulp samples. 

There was a higher degree of correlation between the samples taken 
during three minutes compared to the one-minute samples. The R2 for tensile 
index versus specific energy was 0.70 for three-minute samples and 0.35 for 
one-minute samples. This suggests that three-minute composite samples 
consisting of thirty grab samples, are to be preferred.  

A theoretical study on how to collect pulp from the process was also 
performed (paper II). The outcome of this study was that three minutes to 
collect a composite pulp sample would be appropriate. A very short pulp-
sampling period implies an apparent risk of severe impact from high 
frequency disturbances, while a too long pulp-sampling period allows 
influence of low frequency drifts.  

In summary, it could be argued that pulp samples based on inaccurate 
sampling procedures and pulp analysis will not be compensated for by basing 
a study on several such samples. It may lead to an apparent risk that the 
material will be difficult to interpret, that it will be inconclusive, or even worse, 
that it will provide false results. It is preferred to base a study on a lower 
number of samples taken and analysed in a more accurate way. Doing so may 
increase the probability of learning more about the process and the pulp and 
of being able to operate closer to the limits, producing just the right pulp 
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quality in an efficient manner. However, a further requirement is that the 
fibrous material can be described in such a way that reflects its character. A 
way to fulfil this to some extent is to describe the heterogeneity of wood and 
pulp by going beyond average properties. This challenge will be the focus of 
the remainder of this thesis (sections 4.9-4.18).  

4.9 Bauer McNett for F1 
I visited my first IMPC in 1981. To me, the most memorable paper was 
presented by Karnis, where a multi-stage hydrocyclone fractionation had 
been used to evaluate the specific surface distribution and the linting 
propensity of mechanical pulps in a so-called KW fractionator (Karnis 1981). 
In this paper it is noted that average pulp properties do not adequately 
characterize a mechanical pulp with respect to its linting propensity. This 
work was inspiring, and in the late 90s, we got the idea to build a “Bauer 
McNett for F1, fibre bonding”. The reason was that we were interested in 
seeing what we might learn if we could describe the highly heterogeneous 
mechanical pulps in terms of distributions with respect to F1 in a similar way 
as was common for F2, c.f. the Bauer McNett device for length classification.  

TMP of news grade produced in CD single disc refiners (c.f.  
Figure 34) were fractionated into five streams in the Noss pilot plant (paper 
III), Figure 22. The plant was equipped with hydrocyclones that have been 
found to separate particles according to fibre wall thickness and specific 
surface (Shagaev and Bergström 2005).   

The first accept stream was denoted “stream 1” and the last reject stream 
was “stream 5”. This TMP was used as a reference pulp and the hydrocyclone 
settings were adjusted so that approximately 20% of the R100 material went 
with each hydrocyclone stream. TMP of news grade produced in double disc 
refiners exhibited a higher level of F1 than the single disc TMP, c.f. Figure 34. 
The double disc TMP was processed through the hydrocyclone setup utilizing 
the same settings as for the single disc TMP. Each stream was then 
fractionated in a Bauer McNett.  

Under similar process conditions, fractionation of double disc TMP 
resulted in a higher amount of material of the coarser fractions P16/R30 and 
P30/R50 in stream 1 and 2 compared to single disc TMP, Figure 54. 
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Figure 54 a, b. Percent of total amount of P16/R30 and P30/R50 fibres per stream. 
Pulp A news grade single disc TMP. Pulp B news grade double disc TMP. 

In stream 3 and 4 of double disc TMP, there was a lower amount of 
material compared to stream 3 and 4 of single disc TMP. This suggests that 
double disc TMP contained a larger amount of fibres with high bonding 
ability. To study these differences in more detail hand sheets were made of 
the longest fibre fractions for each stream and tensile index was measured. 
The hand sheets with the highest level of tensile index for the fractions 
P16/R30 and P30/R50, respectively, were found in stream 1 and 2 for both 
TMPs, Figure 55. 

 
Figure 55 a, b. Tensile index per stream for fraction P16/R30 and fraction P30/R50. 
Pulp A news grade single disc TMP. Pulp B news grade double disc TMP. 

Fibres with the lowest tensile index were found in the last reject, stream 5. 
Overall, tensile index of double disc TMP were on a higher level when 
comparing the two TMPs regardless of stream or fraction. To obtain further 
information of how the fibres had been fractionated, particle width, wall 
thickness, and external fibrillation for all streams were measured in a 
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FibreLabTM device. It can be seen that the fibres were fractionated according 
to degree of external fibrillation, Figure 56. 

 
Figure 56 a, b. Fibrillation per stream for fraction P16/R30 and fraction P30/R50. 
Pulp A news grade single disc TMP. Pulp B news grade double disc TMP. 

Double disc TMP, which had the highest tensile index, also had the highest 
level of external fibrillation. Since the TMPs were produced with the same raw 
material, it may be concluded that double disc TMP was more peeled and 
fibrillated, which is supported by the fact that the fibre wall thickness was 
lower as measured in the FibreLabTM. The fractionation of fibres in the 
hydrocyclones could also be seen in images of cross sections of the R16/P30 
fraction. Examples are shown for stream 1 and stream 5 for single disc TMP, 
Figure 57.  

 
Figure 57 a and b. Cross sectional images of fibres, fraction P16/R30 for 
 stream 1 (a) and stream 5 (b) for news grade single disc TMP.  

Stream 1 contained fibres with lower wall thickness compared to stream 5, 
even though there were thin-walled fibres in stream 5 and thick-walled fibres 
in stream 1. Measurement of wall thickness from the images revealed that 
there was a wide distribution within each stream. To conclude, for the 
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fractionated pulps a high correlation was seen between tensile index of long 
fibre hand sheets and the fibre properties’ external fibrillation and wall-
thickness measured in FibreLabTM. More information about the attempts to 
build an “F1 fractionator” is found in paper III. 

Based on the findings of how the two TMPs of news grade were 
fractionated in the cyclones, the study was now extended to include three 
other grades of mechanical pulps (Norway spruce) to widen the fibre 
characteristics of the pulps (paper IV). The three pulps added were: TMP of 
SC grade, which is high consistency post refined double disc TMP, SGW of 
SC grade and CTMP of board grade produced in a CD single disc refiner. 
Differences between the five pulps were large, both in terms of specific energy 
consumption, process design and final product requirements. All pulps were 
run through the hydrocyclone setup utilizing the same settings as for single 
disc TMP. The streams were then further fractionated in a Bauer McNett 
apparatus to be able to analyse the long fibre fractions P16/R30 and P30/R50 
separately. The fractions were analysed in the same manner as the news grade 
single disc TMP and double disc TMP with respect to hand sheet properties 
and fibre dimensions according to FibreLabTM.  

To summarize this part of the study, it was possible to predict tensile index 
of hand sheets made from the long fibre fractions P16/R30 and P30/R50 of the 
hydrocyclone streams by using measurements of external fibrillation, wall 
thickness and fibre diameter from FibreLabTM. The predicted value of tensile 
index was denoted “BIN”, Bonding Indicator, and plotted versus the 
measured tensile index in Figure 58. 

 
Figure 58. Using the BIN (Bonding Ability Influence) equation on the P16/R30 and 
P30/R50 fractions on all evaluated pulps gave a linear correlation between BIN and 
the long fibre tensile index. TMP1 is single disc of news grade, TMP2 is double disc 
of news grade, TMP3 is double disc of SC grade, SGW is SC grade, CTMP is single 
disc of board grade. 
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For more details about this study, see paper IV. So far, it can be concluded 
that the combination of fibre dimensions into one variable provided more 
accurate predictions of sheet properties than the fibre dimensions separately. 
We also learned that for all results reflecting the fibre dimensions, a broad 
range of fibre properties within each sample was observed, on feed pulps as 
well as in the hydrocyclone streams. This strongly indicates that mechanical 
pulps should be characterized in terms of its heterogeneous nature. One way 
to approach a more heterogeneous characterization was to calculate BIN for 
each particle analysed within a certain length interval that corresponds to the 
Bauer McNett fraction P16/R50. The calculated values of BIN can then be 
illustrated as distributions (Reyier Österling 2016). Another way is described 
in the next section where the aim was to predict F1, fibre bonding, for each 
particle that was analysed optically.  

4.10 An independent bonding factor on particle level 
The first part of this section will focus on how the primary stage refiner and 
the process configuration may influence the characteristics of the pulp. This 
will be done for TMPs for publication paper grades (paper V).  

Describing a heterogeneous material in terms of distributions makes it 
possible to characterize it beyond average values that may hide useful 
information. To illustrate the character of the fibrous particles we have chosen 
to apply factor analysis to the fractionated five pulps discussed in section “4.9 
Bauer McNett for F1” (paper III and paper IV). In the analysis, we included 
data of arithmetic average of external fibrillation, fibre wall thickness, and 
fibre diameter analysed in FibreLabTM together with tensile index and density 
of hand sheets of Bauer McNett fractions P16/R30 and P30/R50 of 
hydrocyclone streams 0-5. In total, there were 58 samples. We found that a 
single factor described about 70% of the variations in the five variables. This 
factor was called BIND, Bonding INDicator. The so-called factor network 
could be illustrated as in Figure 59.  

 
Figure 59. Factor analysis as applied to data from hand sheets of P16/R30 and 
P30/R50 fractions, and optical analyses for fibre diameter, fibre wall thickness, and 
external fibrillation.  
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A higher value of BIND corresponded to fibres that gave a higher level of 
apparent density and tensile index to hand sheets of Bauer McNett long fibre 
fractions. A higher value of BIND correlated to a lower fibre wall thickness 
index, smaller fibre diameter and higher degree of external fibrillation. The 
BIND factor is dimensionless and has the form shown in Equation 8. 

 
𝐵𝐼𝑁𝐷 𝑎 𝑏 𝐷 𝑐 𝑇 𝑑 𝐹  (8) 
 

where 𝐷  is fibre diameter (µm), 𝑇  is fibre wall thickness (µm), 𝐹  is 
external fibre fibrillation (%), and 𝑎 𝑑 are constants. 

BIND was then used for several studies. Samples were taken in 
Kvarnsveden over a period of five months under standard operating 
conditions. This was done in several positions such as the main line refining, 
before and after the rejects refiner and final pulp. There were two lines for 
producing news grade. One was equipped with CD single disc refiners in the 
primary stage while the other was equipped with double disc refiners in the 
same stage (paper IV and Figure 21). The pulps were analysed in FibreLab™. 
BIND was calculated according to Equation 8 for all individual particles in the 
length range of 0.7 to 2.3 mm. The reason for selecting a length interval was 
to correspond to the P16/R50 mesh interval in Bauer McNett, which were the 
fractions used for factor analysis (Ferritsius et al. 2012). In our approach to 
visualise the heterogeneity of mechanical pulps we have chosen to plot 
distributions of BIND, a common bonding factor. This is illustrated in Figure 
60 for primary stage and final TMP of news grade produced in single disc CD 
refiners and double disc refiners, respectively. 
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Figure 60. The shape of the distribution of BIND is set in the primary refining stage. 
Averages are from left to right: single disc primary and final news grade pulp followed 
by double disc primary and final news grade pulp. 

The distributions in BIND values for the two types of refiners were wide 
around the averages and far from being Gaussian. Both refiner types gave 
distributions that were skewed to the right-hand (high) side. The differences 
in the shape of the distributions from the two refiner types is evident. Double 
disc refiners gave more of a plateau while single disc CD refiners gave a 
sharper peak skewed towards the left (low) side. Kurtosis values also showed 
a difference between the particles from the two refiner types; longer tails will 
give higher kurtosis. Excess kurtosis of the data for the double disc refiner had 
a value of 2.8 while it was 3.3 for the single disc refiners. Such differences 
among the fibres and particles are impossible to detect by only examining 
average values or collective properties such as those from hand sheet testing. 
A possible explanation for the different levels of kurtosis could be that when 
both discs were rotating, it led to more mixing and hence the particles were 
more homogenously treated. When one of the discs was on a stator, chances 
may have increased that some particles passed the gap more towards the 
stator side and were treated to a lower extent. 

The importance of the primary refiner stage with respect to the character 
of the final pulp, which has been known for a long time, is also shown for the 
BIND distributions. The distribution of BIND was set in the primary refining 
stage for both single and double disc refiners, Figure 60. Kure expressed the 
importance of the primary refiner stage with respect to the fibre properties in 
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the following way: “It is difficult to change the character of the fibres once 
they are refined” (Kure 1999). Since the raw material fed to the two refiner 
lines was the same, it is likely that it is the type of refiner and the conditions 
in the refiners that has set the characteristic “fingerprints” shown here as the 
shape of the BIND distributions. The presence of the differences remains to be 
clarified; this could be a basis for greater insights into the mechanisms of fibre 
treatment in the refiners and how it is reflected in the properties of the final 
products.  

Two types of single disc refiners were also compared, single stage CD 
refiners with two refiner zones in series in Kvarnsveden (mill 1) and single 
disc Twin refiners in series with two parallel refiner zones in Hylte Bruk (mill 
2), Figure 61. The average in BIND is higher with the Twin refiners but there 
are slightly more fibres of low values in BIND but also more fibres of high 
values. 

 
Figure 61. Refiners in mill 2 have a wider distribution and higher amount of “low 
bonding” fibres compared to mill 1, although the average is higher (vertical lines).  

This wider distribution is impossible to detect by examining averages and 
unlikely to be detected using hand sheet properties, but may influence the 
properties of the product. Furthermore, the figure shows that the two peaks 
are similar for these single disc refiners. However, since we have not analysed 
the two raw materials thoroughly, we cannot argue that the characteristics of 
the produced pulps were the result of the processes conditions only.  
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Although the average values of BIND of the primary and final pulps 
differed as shown in Figure 60, the two distributions largely overlapped. 
Nevertheless, the increase in BIND from primary to final pulp can be related 
to what happens in the fractionation stage and in the refining of the rejects. 
The main objective of a screening and cleaning system is to separate out 
particles that need to be further developed. To what extent the primary refiner 
stage fibres in the main line are fractionated with respect to BIND for the 
double disc line is illustrated in Figure 62. 

 
Figure 62. BIND for primary stage unscreened, unrefined rejects, and refined rejects 
in the double disc line. The area under the reject curves corresponds to the reject 
rate. 

The shape of the unrefined reject curve (broken line) corresponded to the 
shape of the unscreened primary stage fibres, which may be interpreted as the 
particles only being fractionated to a lesser extent. There was a rather wide 
distribution with respect to the BIND of the particles in the rejects. When 
specific energy was applied in the reject refiner, at maintained fibre length, 
parts of the curve shifted towards higher values of BIND (solid black line).  

To further study how fibres were developed, the development in BIND 
was examined along a TMP line for SC grade. In the primary stage double 
disc refining 1,700 kWh/bdmt was applied. TMP of final News grade was 
produced at a total of 2,000 kWh/bdmt. A part of this pulp was then refined 
in double disc refiners at high consistency at 1,100 kWh/bdmt to reach a total 
of 3,100 kWh/bdmt for the SC grade TMP. The shape of the distribution in 
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BIND remained rather unaffected over this quite large range of energy input, 
Figure 63. This shows a characteristic “fingerprint” with respect to BIND of 
fibres, which seemed to be set in the first stage chip refiner.  

 
Figure 63. Distribution in BIND remained rather unaffected when increasing specific 
energy. 

The average values of BIND are shown as vertical lines to the x-axis. The 
averages increased with increasing energy input. Again, we see that the 
distribution of BIND values exhibited a wide range around the average for 
each level of specific energy. Not only the averages were affected by increased 
applied specific energy, the tails of the distributions were also affected. In 
order to obtain a value that reflects how far from each other the two tails of a 
distribution are, the following definition of “wideness”, F 0.90, was made:   

 
F 0.90 95th 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 5th 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒   

 
F 0.90 is a measure of how wide the distribution of BIND is in order to cover 
90% of the population. Using this number shows that when energy was 
applied to the fibres in the SC refiner, the distributions of BIND became wider. 
Now the focus will be on the two tails of the distributions and how they 
developed along the process from primary stage refining via news grade to 
SC grade. The lower tail is described by the 5th percentile, and the higher tail 
by the 95th percentile, Figure 64.  
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Figure 64. Fibres with higher BIND, 95th percentile, increased BIND more than fibres 
with lower BIND, 5th percentile. Number within brackets indicate the slope. 

 

The slope of the 95th percentile from primary stage to news grade was 3.0 
bdmt/MWh while it was 0.33 for the 5th percentile. In other words, the tail with 
particles of high BIND were developed nine times more efficiently compared 
to the particles on the lower end of the distribution. The slope of the 95th 
percentile from news grade to SC grade was 1.2 bdmt/MWh while it was 0.32 
for the 5th percentile corresponding to four times more efficient for the 
particles of high BIND. The distributions in BIND made it possible to study 
in more detail to what extent particles of different levels in BIND developed 
in refining. 

It seems that developing the particles with the lowest level of BIND was 
difficult, and that it was easier with respect to the applied specific energy to 
develop the fibres with the highest level of BIND.  

The purpose of a screen room with a reject refiner stage is to separate out 
and then develop particles that we believe should be developed further. 
However, there is no common definition of the efficiency of a screen room. As 
shown in Figure 62, there were rather wide distributions of particles that 
overlapped each other to a high extent. Looking only at the averages in the 
figure, it may be concluded that there actually was a rather high degree of 
fractionation in the screen room, and also a rather high degree of development 
over the reject refiner. However, based on the distribution in BIND of the feed 
to the screen room it is suggested to roughly estimate what would be 
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theoretically possible to separate out from the feed pulp and send to the reject 
refiner, Figure 65.  

 
Figure 65. BIND for primary stage unscreened feed to screen room, feed to reject 
refiner, and theoretical possible feed to reject refiner in the double disc line in 
Kvarnsveden. Dashed line=average. 

R in the figure corresponds to the difference between mean BIND of the 
feed to the screen room and the feed to the reject refiner. T in the figure 
corresponds to the difference between mean BIND of the feed to the screen 
room and an estimated theoretical minimum mean of a narrower BIND 
distribution of the feed to the reject refiner. The efficiency of the screen room 
may then be estimated by dividing R by T. In this case, it was 20%. There are 
of course other values than the mean to define the position of the distributions. 
The low efficiency means that not only particles of high BIND go to the reject 
refiner but also that particles of relatively low BIND go forward without being 
developed further. Furthermore, particles with lower levels of BIND require 
more energy to develop compared to the particles, which exhibit a high level 
in BIND, c.f. Figure 64.  

Hence, as long as the fractionation efficiency remains low and the particles 
with lowest level in BIND are for the most part less developed, the character 
of the fibres set in the primary refiner stage will largely remain in the final 
pulp. This is supported by Browning and Parker: “Our contention is that good 
quality groundwood is made on the grinders. No amount of re-screening, 
refining or any other treatment will affect, to any greater extent, the basic 
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groundwood quality” (Browning and Parker 1970). The importance of the 
primary defibration stage was already known even earlier. In 1960, it was 
expressed as: “Good groundwood made at the grinders can be ruined in other 
steps in the process, but poor groundwood from the grinders cannot be 
greatly improved with normal steps in the process.” (Mechanical pulping 
manual TAPPI 1960). 

4.11 Fibres in printed product  
Within certain limits, the most important property of fibres intended for paper 
making is uniformity over time. A consistent quality of the furnish is of great 
value for the paper and board makers. Even fluctuations towards the high-
quality side may create disturbances. However, it is sometimes unclear which 
property/properties should be uniform and how to define quality, which may 
differ from mill to mill and from person to person. The demands on fibre 
quality should be defined by the paper and board makers. In order to shed 
some light on this challenging issue we have analysed a final product made 
from 100% TMP, a machine-made standard newsprint, with respect to its 
distribution in BIND. This paper product was made of a mixture of TMPs 
produced in single and double disc refiners. We found that the distribution of 
BIND in the furnish corresponded well with the BIND distribution of the 
disintegrated paper, Figure 66. 

 
Figure 66. BIND distribution for paper of news grade and the corresponding furnish. 

Inspired by this way of analysing paper and comparing it to the pulp, we 
were curious to see what we could learn by examining paper samples from 
colleagues in other mills. Therefore, we purchased a copy of the newspaper 
Sundsvalls Tidning, printed on paper produced at the SCA Ortviken paper mill. 
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At Ortviken, there were only double disc refiners in the primary refiner stage, 
and Norway spruce was the wood raw material. The BIND distribution 
exhibited a “fingerprint” very similar to the fibres from the double disc 
refiners in Kvarnsveden, Figure 67A. We also analysed disintegrated paper 
from the magazine produced for internal communication to the personnel at 
Holmen Paper Hallstavik paper mill. This mill only used single disc refiners 
in the primary refiner stage and Norway spruce was the wood raw material. 
The BIND distribution exhibited a similar “fingerprint” as was shown for the 
fibres from the single disc refiners from Kvarnsveden, Figure 67B.  We 
considered these attempts to yield promising results, the “fingerprint” set 
early in the first refining stage seems to still be recognisable in the final paper 
product, even printed, despite the many process stages involved. 

 
Figure 67 A, B. BIND distribution for paper of News grade for two papers. 

We have realized that averages may hide some information regarding the 
nature of a highly heterogeneous material, i.e. wood, defibrated wood, and 
their products. For instance, the tails, containing extreme values and the shape 
of the distribution may be hidden in an average value. So far, we have started 
work on analysing how descriptions such as the distributions in BIND may 
be linked to possible variations in the functional properties of the final 
product. The following will describe experiences of the influence of the wood 
raw material on the BIND distributions in a CTMP process for board grades.  

4.12 Influence of wood raw material 
According to Steenberg, “It is more or less axiomatic that any process which 
give close to 100% yield will make a product which strongly reflects variations 
in the raw material” (Steenberg 1975). Höglund came to a similar conclusion, 
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saying that “The type of wood used evidently gives its character to the long 
fibre fraction after refining” (Höglund and Wilhelmsson 1993). On mill scale, 
we have examined the influence of the raw material on the corresponding 
CTMP of board grade (paper V and paper VI). Raw materials were spruce 
chips produced from 100% roundwood, 100% sawmill chips and a 50/50 
mixture of the two. These assortments were digested in a laboratory kraft cook 
and analysed with respect to their fibre dimensions in FibreLabTM. The 
corresponding CTMPs were also analysed for fibre dimensions.  

The fibres from sawmill chips exhibited a distribution shifted towards the 
higher end with respect to the fibre wall thickness index compared to the 
chips from roundwood. A similar pattern of fibre wall thickness index was 
shown by the corresponding CTMPs, except that there were relatively more 
fibres with a low level of wall thickness for CTMP based on sawmill chips. In 
this study, the CTMP based on sawmill chips exhibited a higher degree of 
fibrillation of the particles compared to the other two assortments. 
Summarized in terms of BIND distributions the examined fibre characteristics 
of the CTMPs painted a picture where the sawmill chips resulted in wider 
distributions compared to the roundwood chips. The mixed chip assortment 
fell between the two pure chip types.  

One of the reasons for the wider distribution in BIND for CTMP from 
sawmill chips is probably that the raw material had wider distributions in 
terms of fibre wall thickness index and fibre diameter. The overall picture 
showed that the heterogeneity of the raw material was largely reflected in the 
corresponding CTMP. This is illustrated in Figure 68, where the distribution 
in BIND is plotted for the three levels of applied specific energy for each raw 
material assortment.  

In this study, there was a greater difference in the BIND distributions due 
to the raw material compared to the level of applied specific energy which 
was varied in the range 560 to 670 kWh/admt. The higher degree of 
heterogeneity for CTMP from saw mill chips was reflected in higher amounts 
of both long fibres and fines (paper VI). In a later section, we will discuss the 
influence of raw material on the amount of long fibres in the CTMP.  
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Figure 68. Distributions of BIND for CTMPs at three levels of applied specific energy 
for three assortments of raw material.  

Given that the raw material had a stronger influence than specific energy, 
it may be a little surprising that there are so few papers presented at the 
IMPCs where the character of the wood raw material is included. Already 
more than half a century ago it was noted that “The wood, which is the raw 
material, affects the groundwood more than any other factor.” (Mechanical 
pulping manual TAPPI 1960). Small differences in wood properties may have 
a significant influence on the pulp properties. Nevertheless, higher energy 
efficiency is of great value, and has been for a long time. Some aspects of 
energy efficiency will be discussed in the next section.  

4.13 Energy efficiency 
For more than fifty years, the mechanical pulping community has worked on 
increasing energy efficiency. A lot of progress has been made; however, to 
date there is no common definition of energy efficiency (Sandberg et al. 2021). 
There are at least two “popular” ways to get a measure of energy efficiency. 
One way is to plot a pulp or hand sheet property versus the applied specific 
energy and compare the slopes and levels to one or more references. In this 
case, the feed material is ignored. Another way is to take the change in a pulp 
or hand sheet property over a process stage and divide it with the applied 
specific energy. In this case, it is difficult to put a value on the raw material 
when a primary stage refiner is examined with respect to e.g. pulp or hand 
sheet properties. Furthermore, sometimes it is not possible to make hand 
sheets from a primary stage pulp if it is too coarse.  
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The distributions in BIND may provide a possibility to define energy 
efficiency with respect to the heterogeneity of the fibrous material. The 
concept could be described as follows. The distribution in BIND for primary 
stage double disc TMP and the corresponding TMP of final news grade 
largely overlap, c.f. Figure 60. The common area of these two distributions 
was 0.961. If the distributions were identical, the common area would have 
been 1, while it would have been 0 if the distributions did not overlap at all. 
Energy efficiency may therefore be defined according to Equation 9. 

Energy effciency = 1  common area specific energy input⁄   (9) 

The energy input in the reject stage to develop the primary pulp to news 
grade was about 300 kWh/bdmt. Hence, the energy efficiency for the stage 
would be 130 kg/MWh. A similar calculation was done for the refining stage 
to develop news grade TMP to SC grade TMP, c.f. Figure 63. The common 
area of the corresponding distributions was lower, 0.935. The energy input 
was about 1100 kWh/bdmt, which gave a lower energy efficiency, 59 kg/MWh. 
This way of defining energy efficiency is somewhat challenging when the 
process stage is a primary stage refiner where the feed material is chips. In 
order to overcome this obstacle, we have examined BIND distributions of 
digested CTMP and digested chips.  

In other words, we took samples before and after a primary stage refiner, 
we digested both samples to the same yield, and analysed them in the same 
way. We did this for the three mixtures of raw material. The level of energy 
efficiency ranged from 360 kg/MWh for roundwood chips to 500 kg/MWh for 
sawmill chips, Table 3. Data from the two cases of TMP are also shown in 
Table 3.  

 
Table 3. Energy efficiency in a primary stage CTMP refiner for three 
grades of raw material (row 1–3) and for two process stages TMP 
(row 4–5) 

 
Material feed Material out 

Common 
area 

Energy efficiency 
(kg/MWh) 

1 Roundwood chips Prim stage CTMP 0.78 360 
2 Mix 50/50  Prim stage CTMP 0.76 400 
3 Sawmill chips Prim stage CTMP 0.69 500 

4 Unscreened TMP News grade TMP 0.96 130 

5 News grade TMP SC grade TMP 0.93 59 
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The levels of the primary refiner stage were considerably higher compared 
to examples shown for the later stages. By using this approach, it is possible 
to define energy efficiency for a single operating point of the refiner since it 
includes both the characteristics of the feed material and the outlet material, 
analysed in the same way. With low efficiency in both fractionation and 
treatment of lower bonding fibres, the main focus should be on process 
conditions in the primary refiner stage and raw material selection. Steenberg 
argues strongly for stating the wood condition in order to interpret any 
description of the influence of the process and its product correctly (Steenberg 
1975). In the next section some results regarding the conditions in the mill 
when we sampled the CTMPs will be given.  

4.14 Wood and process conditions in the CTMP study 
The main focus was to describe both the material (wood chips) feeding the 
primary refiner stage and the CTMP coming out from the same stage on 
particle level. However, for a more complete picture of the study some 
observations made regarding the raw material and the process conditions are 
described below. These observations may be valuable for further studies. 

4.14.1 Wood raw material 
The roundwood chips had the highest dryness, 46%, compared to 41% for the 
sawmill chips. The 50/50 mixture had a dryness between the two pure 
assortments. 

The values given for dryness were based on thousands of chips for each 
sample of about one kilogram. To study how the chip dryness varied on chip 
(particle) level, 40 chips from the accept fraction from both pure assortments 
were analysed, see Figure 69.  
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Figure 69. The roundwood chips had a higher proportion of drier chips than sawmill 
chips. Forty chips from each assortment were analysed. The arrows show the 
averages. 

Both chip grades exhibited a positively skewed distribution. There were 
more roundwood chips on the dryer side of the distribution, here referred to 
as the “tail”. Forty-two percent of the roundwood chips had a dryness above 
55% while the corresponding value for the sawmill chips was 20%. The higher 
proportion of drier chips in the roundwood chips was also seen in a so-called 
“sink/float” test, where a total of about 1.5 kilograms of impregnated chips 
were immersed in tap water. Sixty percent by dry weight of the sawmill chips 
sunk, compared with 26% for the roundwood chips, see Table 4. Hence, the 
impregnated sawmill chips had a higher density. The wood density was 415 
kg/m3 for sawmill, 411 kg/m3 for 50/50 mix and 402 kg/m3 for roundwood.  
This narrow range indicates that the saw mill chips contained more water 
than the roundwood chips. For the 50/50 mixture, the amount of sunken chips 
by weight was 50%. The dryness of the sunken roundwood chips was 38%, 
and 44% for the floating ones. The corresponding values for sawmill chips 
was much closer, 37% and 38%, respectively, indicating a more uniform 
dryness among the wood chips, c.f. Figure 69.   
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Table 4. Amount by dry weight of sunken chips for the three 
assortments of chips in combination with dryness of sunken and 
floating chip fractions 

 
 

As will be shown in the next section, when running with the drier 
roundwood chips there was an increase in the variation in motor power of the 
refiner motor compared to the other two assortments. However, we cannot 
claim that the chip dryness was the root cause to the increased variations in 
power. It should be stressed that comparisons such as this between sawmill 
chips and roundwood chips are specific to both mill and occasion. Local 
conditions and variation with time may influence the properties of the 
assortments.  

4.14.2 Process conditions CTMP 
After presteaming, the chips were fed to a plug screw and allowed to 
expand in an impregnator. Roundwood chips, which were the driest, had 
the lowest liquid up-take, 100-120 litres/min, compared to 180-210 litres/min 
for the 50/50 mixture and 210-240 litres/min for the sawmill chips, Figure 70. 

Chip type Amount sunken 
chips, % 

Dryness sunken 
chips, % 

Dryness floating 
chips, % 

Sawmill 100% 60 37 38 
Mixture 50/50 50 38 41 
Roundwood 100% 26 38 44 
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Figure 70. The driest roundwood chips had the lowest up-take of liquid.  

Compared to sawmill chips, the roundwood chips were drier. Their lower 
liquid uptake was probably due to containing heartwood from the inner parts 
of the stem. However, for all three assortments, the up-take of the sulphite 
solution and degree of sulphonation were on a similar level and so was the 
production rate. Since the sulphite solution was added separately to the 
impregnator, the up-take of sulphite was not affected by the chip dryness.  

To adjust the applied power to the refiner, the flow rate of the dilution 
water to the flat zone of the CD 82 refiner was changed. The roundwood chips, 
which were the driest, required a higher flow rate of the dilution water to 
reach a given level of pulp consistency in the blow line, see Figure 71.  
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Figure 71. To reach a given level of consistency in the blow line the drier roundwood 
chips required a higher flow rate of the dilution water to the flat zone.  

This higher flow rate of dilution water needed for the drier roundwood 
chips probably means that relatively less water was present in the fibre walls 
when the wood matrix was initially defibrated.  

A lower flow rate of the dilution water led to the refiner operating at a 
higher average power level. A compressed trend of the power of the refiner 
during the trial is shown in Figure 72. 

 
Figure 72. The operation of the refiner was more unstable with 100% roundwood 
chips.  

The operation of the refiner was more stable with 100% sawmill chips and 
the 50/50 mixture. The variation in power level was about 2-3 MW. When the 
roundwood chips were processed, the variation was 4-6 MW. The stability, 
expressed as standard deviation, where a low value naturally means more 
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stable, was about twice as high when no sawmill chips were fed to the plant, 
see Figure 73.  

 
Figure 73. Addition of sawmill chips reduced the standard deviation of the power 
level in the refiner calculated as standard deviation for raw data twice a minute. 

The 50/50 mix and sawmill chips were on the same level of standard 
deviation, and clearly lower than the roundwood chips. The next section will 
show how the fibre length in the chips influenced the fibre length in the CTMP. 

4.15 Long fibre content and average fibre length 
One of the requirements of running a mechanical pulping process as energy 
efficiently as possible is to operate very close to the quality limits and be at 
just the right level. Efforts to reduce the specific energy input often leads to a 
reduced amount of long fibres as well as a lower average fibre length (Falk et 
al. 1987, Sundholm et al. 1987). Possibilities to reduce the specific energy input 
in refining will increase if a lower average fibre length can be accepted in 
paper and board products. Therefore, it is of utmost importance to have 
relevant and reliable measures of the average fibre length, but also to obtain 
a deeper understanding of how the fibrous material has been developed over 
process stages such as refiners, including the “fingerprint setting” primary 
stage.  

Today there are several optical particle length analysers based on image 
analysis. These analysers report, among other things, the length of a large 
number of particles (≈104), ranging from fines all the way to the longest fibres. 
The distribution in length is far from Gaussian due to the high number of fines 
in mechanical pulps. A value of the average fibre length can therefore be 
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calculated in different ways (Ring and Bacon 1997, Pulkkinen et al. 2006). One 
way is the mean length of all particles. This is also called the arithmetic or 
numerical average where the shortest particle has the same influence on the 
average as the longest. Weighted averages, however, are based on a 
calculation where some data points are given more weight than others. The 
longer fibres will exert a higher impact on the average when each particle is 
given a weight based on its length. Even more influence of the longer fibres 
on the average than by length-weighting will be exerted when each fibre is 
weighted with its mass weight.  

In order to investigate the relevance of different ways to calculate the 
average fibre length based on length measurements of individual particles, 
the CTMPs from three assortments of spruce wood raw material with 
different fibre length distributions were used (paper VI). The trial was made 
to investigate how the average fibre length distributions changed over the 
refiner. The trial layout is illustrated in Figure 23.  

The CTMPs were analysed for particle length in a FibreLabTM device. The 
wood chips were digested to liberate the individual fibres and analysed in the 
same analyser. This analysis showed that the sawmill chips contained 
particles that on average were the longest, while the particles in the 
roundwood chips on average were the shortest, Figure 74.  

 
Figure 74. Averages of fibre length calculated in three ways for the raw materials. 
Mean (n), length-weighted (l-w), length-length-weighted (l-l-w). 

Independent of how the fibre length was weighted, the ranking of the 
wood assortments remained. The average length-length-weighted fibre 
length was more than twice the mean fibre length, about 1.5-2 mm higher. 
This is a consequence of the wide distributions in length shown in Figure 75, 
both for digested chips and for CTMPs made from pure sawmill chips and 
roundwood chips.  
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Figure 75. Distributions of fibre length in the digested sawmill and roundwood chips 
(dotted) and the corresponding CTMP (bold) produced at the medium level of refiner 
load. 

As expected the distributions of the CTMPs were shifted towards the 
shorter end. Looking at fibres longer than 3 mm, it is evident that sawmill 
chips contained more longer particles than roundwood chips. Also the CTMP 
from sawmill chips had a higher amount of particles in the length range above 
3 mm compared to the CTMP made of roundwood chips. The longer fibres in 
the wood were also seen in the pulp. However, also the number of particles 
shorter than 0.8 mm were higher in the CTMP made from sawmill chips. 
Hence the sawmill CTMP exhibited a wider distribution in comparison to the 
roundwood CTMP.  

Since particle length distributions were different in the wood assortments, 
and these differences were also seen in the CTMPs, this material is useful to 
study the influence of the differences in particle length distributions on 
average values calculated in different ways. Three average values of particle 
length of the digested chips were plotted versus the corresponding values for 
the CTMPs. Figure 76 a shows the arithmetic average (mean). 
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Figure 76 a, b, c. From top to bottom a (mean), b (length-weighted), and c (length-
length-weighted). Ninety-five percent confidence interval indicated.  

The sawmill chips with highest mean fibre length gave CTMPs with the 
lowest mean fibre length. This could be interpreted as the CTMPs from the 
sawmill chips containing the lowest amount of long fibres, which was clearly 
not the case as shown by the length distributions, Figure 75. These mean 
values become lower because of the relatively high proportion of short 
particles. The range in the average fibre length of the CTMPs is due to the 
three levels of refiner load for each chip grade.  

Figure 76 b, shows the average length-weighted fibre lengths, here the 
average fibre length of the CTMP seemed to be more or less independent of 
the average fibre length in the chips.  



 

108 

When the average fibre length of the samples was length-length-weighted, 
a relation between the wood raw materials and the pulps closer to the one 
expected was achieved, Figure 76 c. A higher average fibre length in the chips 
was reflected in a higher average fibre length in the CTMP. The relatively high 
weighting of the longer fibres quite naturally reduced the influence of the 
shortest particles. 

Weights used for weighted averages should not be interpreted as if they 
had a physical meaning, they are just weights used to give a useful average. 
What would happen if the weights were varied beyond length squared and 
in smaller steps, not necessarily integer numbers? Equation 6, is a general 
expression where p expresses the emphasis we put on the length when 
calculating an average fibre length.  

 
𝐿 𝑝

∑

∑  
 (6) 

    

The mean value is given by p=0, p=1 represents length-weighted average 
and p=2 length-length-weighted. Going from p=0 up to p=2 increased the 
relevance with respect to how the pulps were ranked. This is illustrated in 
Figure 77, which shows how R2 between average fibre length in the chips and 
the CTMP depended on the value of p (which may be a non-integer number). 

 

Figure 77. The correlation coefficient R2 between average fibre length in CTMP and 
average fibre length in the wood raw material, plotted as a function of power of 
weight (p) in Equation 6. “Negative correlation” means that the slope of the line 
between the average fibre length in CTMP and the corresponding value in the raw 
material is negative. 
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N.B. that p=0 gave a negative correlation. A value of p between 2 and 3 
gave the strongest positive correlation. The majority of the mechanical 
pulping community is operating at p=1 (length-weighting), where we were far 
from finding any correlation between the average fibre length in the raw 
material and in the produced pulp. Operating at p=2 (length-length-weighting) 
gave a more relevant picture. Increasing the value of p from 3 up to 10 led to 
a decreasing degree of correlation. This is probably because only a few of the 
very longest fibres will affect the average value.  

To get the same ranking for the arithmetic average fibre length as for the 
average length-length-weighted fibre length, particles as long as 0.8 mm had 
to be omitted from the measurements. Using the value of the ISO standard, 
0.2 mm as cut-off was clearly insufficient.  

 For these calculations of weighted averages, the two underlying 
assumptions are illustrated in Figure 78 with fibre particles of different length. 

 
Figure 78. An illustration of what a mechanical pulp could look like depending on fibre 
coarseness assumption: a) A case where the fibre coarseness is constant independent 
of length. b) A case where longer fibres are assumed to have a higher coarseness. 
This assumption is closer to the generally accepted view based on microscopy studies. 

Scenario “a” (upper) in Figure 78 illustrates the assumption that fibre 
coarseness (weight per unit length of the particles) is constant for all particles 
meaning that there would be no peeling of the fibre wall. The use of the 
length-weighted average means that we have to accept this or a similar view 
of fibres of different length. At the same time, we would also have to accept 
that the fibres are developed in this way in the refiner. Scenario “b” (lower) 
shows the generally accepted representation of fibres, middle fraction, and 
fines based on microscopy. This illustration corresponds to the assumption 
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that coarseness is proportional to length. The conclusion of this short 
reflection is that within the mechanical pulping community many people 
have actually two opposing views at the same time of what fibres look like (for 
most people probably without being aware of it). Using irrelevant models of 
reality may lead to erroneous conclusions. In paper VI there is further 
evidence supporting the use the length-length-weighted average fibre length.  

From the study of wood raw materials, the focus above was on how the 
heterogeneity of the wood material was reflected in the fibre length (length 
factor). We found that the CTMP made from sawmill chips had more long 
fibres but also a higher number of fines compared to the roundwood chips, 
which may indicate peeling of material from the fibre wall to a higher extent. 
In the next section, the focus is on how the heterogeneity of the wood material 
was reflected in the shape of the mechanical pulp particles. More specifically 
focus is on fibre curl. Curl actually comes from two length measurements of a 
particle, Lc and Lp. Lc is the distance along the centre line of the particle while 
Lp is the shortest distance, a straight line between the two endpoints of the 
particle. Curl is calculated in FibreLabTM according to Equation 7: 

Curl Lc Lp   Lp⁄   (7) 

4.16 Curl beyond averages 
In this section, variations in curl (shape) with the length of the particles are 
first presented, and then possible reasons for the variations are discussed 
(paper VII). A completely straight particle has a curl of 0%, while a particle 
with a curl of 100% has a length along its centre line twice as long as a straight 
line between the endpoints. An average value for mechanical pulps is 
normally around 10-20%. Traditionally, curl has been reported as the 
arithmetic average of the whole population of the measured particles. Since 
mechanical pulps contain particles with a wide range in length, it is 
interesting to see how curl correlates to length on particle level, and also how 
large the variations are around the averages. This is shown in Figure 79, where 
curl is plotted versus centre line length (Lc) of all the analysed particles, open 
blue symbols, together with the averages for a CTMP produced from sawmill 
chips, orange triangle. 
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Figure 79. There was a wide range of curl at a given level of fibre length for CTMP 
produced from sawmill chips. The triangle shows the arithmetic averages. 

The large variation in curl and fibre length reflects the heterogeneous 
nature of the pulp. At any given fibre length, there is a wide distribution in 
curl. The R2-value was 0.001, which means that curl and length were 
independent. A careful examination of the figure showed that there were few 
of the shortest particles that had a high curl, and there were also few of the 
longest particles that were completely straight.  

Although it is difficult to see any relation between curl and length in Figure 
79, by calculating average values of curl for intervals of 0.2 mm in fibre length 
and plotting average curl versus the average fibre length of each interval, a 
pattern emerged. This is illustrated in Figure 80 for CTMP produced from 
100% sawmill chips, 100% roundwood chips, and a 50/50 mixture of the two.  
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Figure 80. Curl “profiles” for CTMPs. Arithmetic average values of curl plotted versus 
average of fibre contour length (Lc) for 0.2 mm intervals in fibre length. Averages for 
the whole population is shown by plotting the arithmetic average value of curl versus 
the length-length-weighted average of Lc. 

The shape of the curve was similar for the CTMPs. However, this pattern 
does not give an accurate description of the fibrous material, as will be 
demonstrated below. The longest particles had the highest average level of 
curl, which does not mean that the longest particles are the curliest, as the 
figure seems to indicate. The curves also showed a local maximum around 0.8 
mm. Other pulps such as kraft pulp from the three wood assortments, TMP 
in different process stages all showed similar patterns as the CTMPs. 

It should be noted that the main number of particles were the shorter ones. 
To take this into account to some extent and for a more detailed description 
of the material, curl data was further divided into intervals of 5 units at each 
0.2 mm length interval (in total about 700 squares). Then, how many particles 
there were in each square was calculated. This is shown below for the CTMP 
made of sawmill chips where there were more than ten particles in the square, 
Figure 81. 
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Figure 81. CTMP from sawmill chips. The number of particles is shown in each square. 
Only squares with more than 10 particles are displayed. The value on the x and y-axis, 
respectively, shows the lower value of the length and curl interval of the square. 

It is obvious that the highest level in curl was found in the medium length 
interval 0.6 to 1.2 mm. This is in sharp contrast to what could be seen in Figure 
80 where the longest fibres exhibited the highest average curl. The main part 
of medium length particles had low curl values that could be seen in the 
frequency numbers in the squares. The high number of particles with low curl 
and medium length are the reasons why the averages shown in Figure 80 were 
misleading. The data were far from being normally distributed. So far, it may 
be concluded that calculating averages of a property with a wide or skewed 
distribution may lead to erroneous conclusions regarding the characteristics 
of the material.  

For a better picture of the material the underlying reasons for the wide 
range in curl at a given length interval would be valuable. From the 
FibreLabTM it was possible to retrieve data for individual particles not only of 
length and curl but also of particle wall thickness, external fibrillation and 
width. Hence, it was possible to expand Figure 81 to a 4D map showing length, 
curl, frequency and also a fourth dimension of the particles in each square. 
The level of this fourth dimension was indicated using a “heat” colour scale, 
where blue is low and orange is high. This is shown in Figure 82 a, where five 
ranges in wall thickness are added for sawmill-chip-based CTMP (c.f. Figure 
81).  
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Figure 82 a, b. a: CTMP sawmill. b: CTMP roundwood. Number of particles shown in 
each square with more than 10 particles. The colour code indicates the range in 
average wall thickness of the particles in the square.  

Particles with a high level of average wall thickness are orange while the 
most thin-walled particles are dark blue. The longest particles were also the 
most thick-walled while the most thin-walled particles were found in the 
length range 0.4 to 1.2 mm, which were also curliest. In Figure 82 b, there is a 
corresponding map for CTMP made from roundwood chips. This map is 
similar to the one for CTMP made from sawmill chips. The general pattern 
was that wall thickness increased in the southeast direction in the maps, i.e. 
with increasing length and lower curl. The maps showed that the sawmill-
based CTMP had more thick-walled long fibres and slightly more of the most 
thin-walled shorter fibres. 
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To be able to evaluate the influence of the raw materials on the CTMPs, 
chips were digested in kraft cooks and the particles were analysed in the same 
manner as the CTMPs. Maps for digested pure sawmill chips and pure 
roundwood chips are shown in Figure 83 a and b.  

 

 
Figure 83 a, b. Digested chips from sawmill chips (a) and the corresponding graph for 
roundwood (b). Number of particles shown in each square. Squares with more than 10 
particles are shown. The colour code indicates the range in average wall thickness of 
the particles in the square.  

As expected there were more of the thick-walled fibres in the sawmill chips 
and less of the thin-walled fibres. For the digested chips the general pattern 
was, as was the case for the CTMPs, that wall thickness increased in the 
southeast direction on the maps. For a more complete picture of the 
characteristics of the heterogeneous material, the maps in Figure 82 were 
redrawn and wall thickness was replaced with external fibrillation, Figure 84 
a and b.  
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Figure 84 a, b. (a) CTMP sawmill. (b) CTMP roundwood. Number of particles shown 
in each square. Squares with more than 10 particles. The colour code indicates the 
range in average external fibrillation of the particles in the square.  

Particles of high level of average fibrillation are orange while particles with 
the lowest level of fibrillation are dark blue. The most fibrillated particles 
exhibited the highest curl and length in the range 0.4 to 1.2 mm. There is a 
tendency for sawmill CTMP to have a slightly higher number of squares with 
more fibrillated particles and lower number of low fibrillated particles. 
Compared to wall thickness, c.f. Figure 82, fibrillation visually seemed to 
follow curl to a higher degree. This could be expressed as fibrillation 
increasing in the north-north-west direction on the maps while wall thickness 
increased in the southeast direction, indicating a higher degree of correlation 
to curl for fibrillation.  

This could be evaluated more precisely in graphs, where curl is plotted 
versus wall thickness and fibrillation, respectively. To study this, the maps for 
sawmill CTMP in Figure 82 a and Figure 84 a, where squares with more than 
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10 particles were included, were analysed with respect to degree of 
correlation between curl and wall thickness or fibrillation, Figure 85 a and b. 

 
Figure 85 a, b. Sawmill CTMP. (a) curl vs wall thickness. (b) curl vs fibrillation. There 
were 179 squares with more than 10 particles, which were used here as subsamples. 

There were 179 squares with more than 10 particles. The R2-value for curl 
versus fibrillation was higher, 0.76, compared to 0.49 for curl versus wall 
thickness. Corresponding results were obtained for roundwood chips based 
CTMP as well as for printing grades TMP (paper VII). It seems that behind 
average values of fibre properties, the raw data, there is much information to 
extract for a more profound understanding of the material. In the next section, 
the focus will be on the wall thickness of the fibres in the CTMPs.  

4.17 Wall thickness beyond averages 
Compared at a given level of applied specific energy, CTMP based on sawmill 
chips gave hand sheets with the highest level of tensile index, whereas CTMP 
from roundwood chips gave the lowest level, Figure 86 (paper VII). 

 
Figure 86. In this study there was a positive correlation between the tensile index of 
hand sheets and the amount of sawmill chips fed to the CTMP process.  
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This may be expressed with respect to energy efficiency in the refiner. The 
raw materials were ranked from highest to lowest in the following order: 
sawmill, 50/50 mix and roundwood. This is true when evaluated as the ratio 
of pulp properties coming out of the refiner and energy fed to the refiner. But, 
it cannot be used to make a statement about the refining process as such, since 
that would be based on the assumption that the properties of the feed (raw 
material) were constant, which is false; the raw materials were evidently not 
constant. For deeper insights into how the wood material was developed in 
the refiner gap, measurements from the outlet of the refiner is not sufficient. 
Some characteristics (beyond the name of the tree species) of the material in 
the feed must also be considered. The data from the delignified fibres from 
the wood chips were used also here. It should be noted that the yield of the 
kraft cook was about 50%, which reduced the wall thickness of the fibres. With 
respect to arithmetic average of fibre wall thickness, the wood material was 
ranked in the following order from highest to lowest: sawmill, 50/50 mix and 
roundwood, Table 5. 

 
Table 5. Arithmetic average of fibre wall thickness for the digested 
chips and the CTMP for the chip assortments. All particles in the length 
range 0-6 mm are included. 

 
 

Fibre wall thickness (µm) 
Sawmill Mix 50/50 Roundwood 

CTMP 7.6 8.2 8.1 
Digested chips 9.9 9.0 8.2 

 
The higher average wall thickness of the sawmill chips was, however, not 

reflected in the corresponding CTMP. The sawmill-based CTMP actually had 
the lowest average wall thickness, 7.6 µm. In this study, the 50/50 mixture and 
roundwood gave CTMPs with the highest average, 8.1-8.2 µm. One reason 
why the average wall thickness of the raw material was not reflected in the 
CTMP may be that the sawmill CTMP had the highest amount of the shortest 
particles, c.f. Figure 75. In order to avoid the influence of the high amount of 
the shortest particles, an average was calculated based on particles in the 
range of 1-6 mm. When doing so, the wall thicknesses of the CTMPs correlated 
positively to the raw materials, Table 6, row 1 and 3. 
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Table 6. Arithmetic average of fibre wall thickness for the CTMP, 
digested CTMP, and digested chips for the chip assortments. Particles 
in the length range 1-6 mm are included. 

 Fibre wall thickness (µm) 

Sawmill Mix 50/50 Roundwood 
1 CTMP 13.0 12.6 12.0 
2 Digested CTMP 10.4 9.9 9.1 
3 Digested chips 12.4 11.2 10.0 
4 Delta row 2-3 -2.0 -1.3 -0.9 
 
To illustrate how the fibres had been developed in the refiner gap, digested 

CTMPs were analysed in FibreLabTM at the same yield as the digested chips, 
row 2 in Table 6. The purpose was to reduce differences in wall thickness due 
to the kraft cook of the chips. The greatest reduction in wall thickness was 
when sawmill chips were refined, Table 6, row 4. The reduction was more 
than double, compared to the roundwood, 2.0 and 0.9 µm, respectively. The 
larger reduction in wall thickness for sawmill chips correlated positively with 
the higher content of shorter particles as well as tensile index of the CTMPs. 
Furthermore, it also correlated to a higher degree of external fibrillation: 7.6% 
for sawmill, 6.4% for 50/50 mix and 5.7% for roundwood, all of which indicate 
a higher degree of treatment. Hence, a measure of the “quality” of the fibre 
wall on individual basis, such as the degree of internal delamination, would 
probably be of great value, to make the description of the material more 
complete. One attempt to estimate internal delamination of fibres is the 
“modified Simon Stain” method (Fernando et al. 2011).  

It seems that averages of particle properties in mechanical pulps, in this 
case wall thickness, may sometimes be misleading when striving for deeper 
insight into how the heterogeneous wood material has been developed in the 
process. The arithmetic average of wall thickness was lowest for sawmill-
based CTMP when the whole population of particles was examined. 
However, by calculating an average of wall thickness for limited length 
intervals in fibre length it was possible to detect that in almost all length 
intervals CTMP produced from sawmill chips had the most thick-walled 
particles. This is illustrated in Figure 87 for fibres in the length interval 1-4 
mm. 
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Figure 87. Average wall thickness of fibres in length classes of 0.2 mm. Sawmill CTMP 
had more thick-walled particles in almost all length intervals. 

The overall picture is that longer particles had thicker walls. However, 
there is a local minimum around 2.5 mm for CTMP from all three wood 
assortments. The digested chips and other pulps also exhibited a local 
minimum in the same length interval, which indicates that the “dip” on the 
curve is present in the wood and not a consequence of the CTMP process.  

The reason for the observed minimum in wall thickness is a question that 
remains. To this end, a small study was undertaken where portions of growth 
rings from early-wood and late-wood fibres were cut out from a 60-year-old 
spruce tree. The fibres were then liberated with a mixture of chlorite and 
peroxide. This was also done for a sample that contained a natural mixture of 
early- and late-wood fibres. The three samples were then analysed in 
FibreLabTM. All three of these samples showed a dip in the curve, Figure 88. 
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Figure 88. Late-wood fibres from a spruce tree had a deeper dip in wall thickness at 
about 3 mm in particle-length compared to early-wood fibres. 

As expected, the late-wood fibres were the thickest, although at length 
intervals below 0.8 mm there were no differences between the fibre types. The 
most pronounced dip was found for the late-wood fibres where the depth of 
the dip was about 4 µm (reduced from 13 to 9 µm). The natural mix of the two 
fibre types had a dip with a depth of 3.5 µm while pure early-wood fibres had 
the smallest dip, 2.3 µm. Further studies will be performed to look for possible 
reasons for the dip.  

We have found that there is a lot of information about the particles behind 
the average values reported by FibreLabTM. Performing factor analysis on the 
raw data from FibreLabTM showed that the variation in the raw data of a single 
sample could be summarized by two independent factors. The strongest 
factor explained about 70% of the variations and correlated strongly to 
fibrillation, wall thickness and curl. The second strongest factor correlated 
strongly to length and reflected about 15% of the variations. It seems that by 
analysing just the raw data of a single sample measured in FibreLabTM it was 
possible to come to a similar conclusion as Forgacs reported (Forgacs 1963).  

In the next section, the influence of curl on the measured length of the 
particles will be studied through modelling. 

4.18 Modelling curl and fibre length in 2D and 3D 
The previous section clearly demonstrates that curl varies quite a lot in the 
pulps, as average values but also between particles of different estimated 
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length. In optical analysers, images are captured when the particles flow 
through a capillary. From a two-dimensional image, it is possible to calculate 
a value of the centreline length of a particle (Lc) using image analysis. It is also 
possible to calculate the distance between the endpoints of the particle (Lp). 
However, since the distance between the walls in the capillary may be up to 
one millimetre, there is a possibility that a particle passing through may be 
curled in the three-dimensional space. Since the value of Lc is measured in a 
2D image, a projection, Lc may not capture the real length of a curled particle. 
A fibre with high curl may get a value of Lc, which is much lower than the 
real length (Lr). The effect of curl may be that a pulp with curled particles that 
is subjected to a treatment making the particles straighter can actually increase 
the level of length (Lc). The increase in measured fibre length due to 
straightening of fibres in beating has been reported by Turunen et al. (2005). 
In the previous section, we also found that curl was strongly correlated to the 
degree of fibre treatment expressed as increasing external fibrillation and 
decreasing wall thickness. 

To study the above-mentioned phenomena, we have modelled the 
influence of the particles propensity to bend on the measures of curl and Lc 
(paper VII). Particles of known real length (Lr) were simulated to have 
different degrees of ”bendability”. This was done by varying the angle A = 
B, Figure 89.  
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Figure 89. Model of fibre. Section 1 and section 3 were allowed to be bent in point A 
and B, respectively, to get fibres with different levels of bendability by letting the angle 
A=B vary. Section 1 and section 3 were allowed to rotate in and out of the paper 
plane by letting θA and θB randomly vary between 0 and 360 degrees. 

A random behaviour in which direction the fibres were allowed to rotate 
in and out of the paper plane was simulated, by letting the angles θA and θB 
vary randomly between 0 and 360 degrees. The schematic model fibre in 
Figure 89 consists of three sections to illustrate the principle. However, when 
we modelled fibres, each fibre consisted of 21 sections of equal length. Hence, 
the fibres could be bent in 20 points. The value of  was set to vary on eight 
levels, and all fibres had a real length in 3D of 1 mm (Lr). For each level of , 
10,000 fibres were simulated and the value of Lc and curl were calculated. The 
results from the simulations are shown in Figure 90.  
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Figure 90. Curl vs length Lc modelled fibres with varying level of “bendability” where 
the real fibre length in 3D, Lr, was 1 mm. Each fibre consisted of 21 segments. For 
each level of “bendability” 10,000 fibres were simulated. There was a positive 
correlation between curl and Lc depending on how the particle was orientated when it 
was observed at a given level of “bendability”.  

A higher “bendability” led to a higher average level of curl and, to no 
surprise, a lower average level of Lc. Furthermore, the increase in “bendability” 
also led to a higher variation in Lc and curl. For a given level of “bendability”, 
there was a positive correlation between Lc and curl depending on how the 
particle was orientated when it was detected. However, for the whole 
population, there was a negative correlation between curl and Lc. According 
to Figure 90, it is possible that fibres of a given length in 2D may exhibit a 
wide range in curl if they are prone to bending. This fits well with the 
observation in Figure 84 that highly fibrillated fibres, which are assumed to 
have been treated to a higher extent, showed a wide range in curl at a given 
length interval. To further illustrate that curled fibres appeared shorter than 
fibres of low curl we have visualised 16 randomly selected fibres of low 
“bendability” and high “bendability”, respectively, see Figure 91.  
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Figure 91. 2D image of 16 randomly selected fibres with low (left) and high (right) 
“bendability”, respectively.  Each fibre consisted of 21 segments and the real length of 
all fibres were equal to 1 mm. Fibres with high “bendability” appeared shorter in 2D 
and showed a wider range in length.  

It could clearly be seen that the sixteen particles to the left are more similar to 
each other compared to the sixteen particles to the right, which are more 
heterogeneous. This fits well with what could be seen in Figure 64: that more 
treated particles become more heterogeneous.  

Since curled particles may appear shorter in 2D than they actually are, 
there is a possibility that erroneous conclusions can be drawn when pulps are 
ranked with respect to average fibre length. Fibre length analysed in 2D may 
be unchanged, which may lead to the conclusion that “nothing” has happened. 
However, curl may have decreased and fibre length itself may have decreased. 
Two independent factors may cancel each other out, in this example with 
respect to fibre length in 2D. To overcome this source of misleading 
conclusions, fibre length should be analysed in 3D by having two 
perpendicular cameras in the analyser. Another solution may be to have one 
camera rotating around the measuring cell. A third solution could be to model 
the phenomena more accurately than presented in this thesis.  

 

5 Conclusions 
For a more profound understanding of how a process works it is essential to 
have a relevant description of the material being processed. With such a 
description, it will become easier to evaluate and control processes to produce 
more uniform products with just the right properties.  
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Several examples were identified in this thesis where averages based on 
wide and skewed distributions may hide useful information and therefore 
lead to false conclusions regarding the nature of the fibre material. The 
ranking of pulps may be altered. Furthermore, the fact that there is an ISO 
standard, or properties that has been used for a long time or a property value 
from an analyser, does not necessarily mean that it is a relevant method. Good 
or bad, useful or not, is always in relation to the purpose. 

A new discovery was that, on mill-scale, it was possible to control the 
quality of mechanical pulps in terms of two independent common factors, F1 
reflecting fibre bonding, and F2 reflecting long fibre influence, for more 
uniform paper products compared to traditional freeness control. Pulp 
quality development from chip refiner to final pulp can be illustrated in a 
simple way with F1 and F2. Such a map facilitates communication along the 
process. However, the factors F1 and F2 do not reflect the heterogeneous 
nature of pulp.  

A new method that describes the heterogeneity of F1, “bonding” on 
particle level was developed. The distribution of a common bonding factor, 
BIND (bonding indicator), which is calculated for each particle from external 
fibrillation, wall thickness and diameter as measured in an optical fibre 
analyser, is one way to characterize the heterogeneity of mechanical pulp 
particles. A characteristic BIND-distribution is set in the primary refiner stage, 
depending on both wood and process conditions and remains mostly intact 
along the process. It was demonstrated that BIND-distributions could be used 
to assess the tails of the distributions (extreme values), energy efficiency, and 
fractionation efficiency in a new way. It was even possible to retrieve a 
measure of energy efficiency for a primary stage refiner, since the wood raw 
material was evaluated in the same way as the pulp discharged from the 
refiner. Commonly used averages of pulp properties may obscure useful 
information and lead to erroneous conclusions.  

It was demonstrated that the average length-length-weighted fibre length, 
commonly referred to the average weight-weighted fibre length, is a more 
relevant way to express the amount of long fibres, i.e. “length” factor, 
compared to length-weighted fibre length. The commonly used average 
length-weighted fibre length may lead to erroneous conclusions in real life as 
well as in simulations.  

The distribution of fibre length, especially the relative number of fines, 
may have a crucial impact on how pulps resulting from different changes in 
the process are ranked with respect to average fibre length. In order to get the 
same ranking for the arithmetic average fibre length as for the average length-
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length-weighted fibre length, particles as long as 0.8 mm had to be omitted 
from the measurements. Using the value of the ISO standard, 0.2 mm, as cut-
off was clearly insufficient.  

Furthermore, modelling of curl and fibre length on particle level showed 
that today’s analysers might underestimate the true length of the particles, 
especially if they are prone to be curled. This discovery may lead to the 
ranking of processes and pulps being altered. The length of a particle along 
the centre line of a 2D image is in most cases not the true length. The 
modelling further demonstrated that the fibre material will become more 
heterogeneous the more the fibres are treated.  

By analysing 10,000-60,000 particles in a pulp sample, it could be seen that 
the particles have been treated in such a way that when fibrillation has been 
increased and wall thickness reduced, they are more prone to be curled. This 
pattern could not be seen when data was examined as averages of these 
properties. New types of maps in 4D were made from fibre property 
distributions to illustrate the character of pulp in a more understandable way 
compared to distributions of several fibre properties. They showed that 
fibrillation had a stronger correlation than wall thickness to curl in all our 
studied cases, indicating that fibrillation is an important property to include 
in the description of mechanical pulps.  

Regardless of the type of analysis of a pulp sample, it is important to collect 
a representative sample. In the area of mechanical pulping, there is an almost 
complete absence of studies to this end. Here, it has been demonstrated that 
when sampling in the refiner blow-line, composite pulp samples should be 
used. A period of three minutes is preferred when collecting a composite pulp 
sample; if a period of one minute is used the results may be less reliable. This 
procedure can successfully dampen influences from high frequency process 
variations as well as reduce the influence from slow process drift. 

When it comes to analysing tensile index, 40-60 strips should be used to 
reduce the confidence interval. Hence, the ISO standard in which 10 strips are 
used should be questioned. As expected, it has been shown that the presence 
of visible shives in a strip for tensile strength measurement reduced the level 
of tensile index, compared with the same pulp without any visible shives. A 
suggestion is to include how strips with visible shives should be handled in 
the standard. Only a value of tensile index measured on the whole pulp is not 
well suited for describing fibre properties, since tensile index may depend on 
a combination of several underlying factors. 

Factor analysis applied to a single pulp sample (10,000-60,000 particles), 
considering fibre characteristics of the individual particles, showed that two 
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independent common factors could be used to describe about 85% of the total 
variation. These two independent factors showed a new and much faster way 
to arrive at a similar pattern as the S and L-factor of Forgacs and Factor 1 and 
Factor 2 of Strand, which were based on a huge number of pulps.  

For a more profound understanding of mechanical pulping, a suggestion 
is to focus on the heterogeneity of pulps and link the description of the 
material to process conditions in the refiner stages, including the raw material, 
as well as scrutinize the influence on the product and its uniformity in quality. 

 

6 Concluding remarks 
Going beyond averages to describe the character of mechanical pulps will 
hopefully lead to a more profound understanding of the process and the 
material, and to more pertinent questions being raised in the communication 
along the chain product-pulp-wood.  
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