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ABSTRACT 

The thesis is focussed on low consistency (LC) refining of mechanical pulp. The 
research included evaluations of energy efficiency, development of pulp 
properties, the influence of fibre concentration on LC refining and effects of rotor 
position in a two-zoned LC refiner. 
 
Trials were made in mill scale in a modern TMP line equipped with an MSD 
Impressafiner for chip pre-treatment, double disc (DD) first stage refining and a 
prototype 72-inch TwinFlo LC refiner in the second stage. Tensile index increased 
by 8 Nm/g and fibre length was reduced by 10 % in LC refining at 140 kWh/adt 
gross specific refining energy and specific edge load 1.0 J/m. Specific light 
scattering coefficient did not develop significantly over the LC refiner. 
 
The above mentioned TMP line was compared with a two stage single disc high 
consistency Twin 60 refiner line. The purpose was to evaluate specific energy 
consumption and pulp properties. The two different process solutions were tested 
in mill scale, running similar Norway spruce wood supply. At the same tensile 
index and freeness, the specific energy consumption was 400 kWh/adt lower in the 
DD-LC concept compared with the SD-SD system. Pulp characteristics of the two 
refining concepts were compared at tensile index 47 Nm/g. Fibre length was lower 
after DD-LC refining than after SD-SD refining. Specific light scattering coefficient 
was higher and shive content much lower for DD-LC pulp. 
 
The effects of sulphite chip pre-treatment on second stage LC refining were also 
evaluated. No apparent differences in fibre properties after LC refining were 
noticed between treated and untreated pulps. Sulphite chip pre-treatment in 
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combination with LC refining in second stage, yielded a pulp without screening 
and reject refining with tensile index and shives content that were similar to non 
pre-treated final pulp after screening and reject refining. 
 
A pilot scale study was performed to investigate the influence of fibre 
concentration on pulp properties in LC refining of mechanical pulps. Market 
CTMP was utilised in all trials and fibre concentrations were controlled by means 
of adjustments of the pulp consistency and by screen fractionation of the pulp. In 
addition, various refiner parameters were studied, such as no-load, gap and bar 
edge length. Pulp with the highest fibre concentration supported a larger refiner 
gap than pulp with low fibre concentration at a given gross power input. Fibre 
shortening was lower and tensile index increase was higher for long fibre enriched 
pulp. The results from this study support the interesting concept of combining 
main line LC refining and screening, where screen reject is recycled to the LC 
refiner inlet.  
 
It has been observed that the rotor in two-zoned refiners is not always centred, 
even though pulp flow rate is equal in both refining zones. This leads to unequal 
plate gaps, which renders unevenly refined pulp. Trials were performed in mill 
scale, using the 72-inch TwinFlo, to investigate differences in pulp properties and 
rotor positions by means of altering the pressure difference between the refining 
zones. In order to produce homogenous pulp, it was found that uneven plate gaps 
can be compensated for in LC refiners with dual refining zones. Results from the 
different flow rate adjustments indicated that the control setting with similar plate 
gap gave the most homogenous pulp. 
 
 
Keywords: Mechanical pulping, low consistency refining, energy efficiency, rotor 
position, plate gap, fibre concentration 
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SAMMANFATTNING 

Avhandlingen behandlar lågkoncentrationsraffinering (LC-raffinering) av 
mekanisk massa. Forskningen har fokuserats på utvärderingar av 
energieffektivitet, utveckling av massaegenskaper, inverkan av fiberkoncentration 
på LC-raffinering och effekten av ojämna malspalter på massakvalitet i LC-
raffinörer med dubbla malspalter. 
 
Försök genomfördes i fullskala på Bravikens pappersbruk utanför Norrköping där 
en modern TMP-linje intallerades 2008. Linjen är utrustad med flisförbehandling 
(MSD Impressafiner), dubbeldisk (DD) förstastegsraffinering och en 72-tums LC-
raffinör som andrasteg. Dragindex ökade med 8 Nm/g och fiberlängden 
reducerades med 10% över LC-raffinören vid en energiförbrukning på 140 
kWh/ton lufttorr massa och en specifik kantbelastning på 1,0 J/m. 
Ljusspridningökningen över LC-raffinören var inte signifikant. 
 
Den ovan nämnda TMP-linjen jämfördes med en konventionell tvåstegs 
högkoncentrationslinje (HC) bestående av två Twin-raffinörer (SD) i serie. Syftet 
var att utvärdera och jämföra specifik energiförbrukning och massaegenskaper 
mellan de två linjerna. Försöken genomfördes i fullskala med liknande granråvara 
(Picea abies) i båda linjerna. Vid samma dragindex och freeness var energi-
förbrukningen 400 kWh/ton lägre i DD-LC-linjen jämfört med SD-SD-linjen. 
Massaegenskaper jämfördes vid dragindex 47 Nm/g. DD-LC-raffinering gav lägre 
fiberlängd och spethalt samt högre ljusspridning. 
 
Inverkan av flisförbehandling med tillsats av sulfit på LC-raffinering utvärderades. 
Sulfitbehandlad massa kombinerat med andrastegs LC-raffinering gav före silning 
och rejektbearbetning en massa med dragindex och spethalt i nivåer med 
oförbehandlad färdigmassa (efter silning och rejektbearbetning). Inga signifikanta 
skillnader uppmättes i fiberegenskaper mellan förbehandlad och oförbehandlad 
massa över LC-raffinering. 
 
Ett pilotskaleförsök genomfördes för att undersöka hur olika fiberkoncentrationer 
påverkar LC-raffinering i mekanisk massa. I försöken användes CTMP och fiber-
koncentrationerna justerades med hjälp av silfraktionering av massa. I studien 
undersöktes massaegenskaper och raffinörsparametrar, såsom tomgångseffekt, 
malspalt och kantlängder. Massan med högst fiberkoncentraion resulterade i störst 
malspalt jämfört vid en viss total effektinsats. Dessutom var fiberförkortningen 
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lägst och dragindex högst i massan med högst fiberkoncentration efter LC-
rafiinering. Resultat från försöken visar att en process där LC-raffinering 
kombinerat med silning, där silrejekt leds tillbaka till LC-raffinörens inlopp, kan 
vara fördelaktig. 
 
Malspalterna är inte alltid identiska i LC-raffinörer med dubbla malspalter, även 
om massaflödena genom respektive spalt är lika. Detta leder till ojämnt raffinerad 
massa. Fullskaleförsök genomfördes med Bravikens 72-tums LC-raffinör för att 
undersöka skillnader i massaegenskaper vid olika rotorpositioner. Rotorn styrdes 
genom ventiljusteringar i raffinörens två utlopp, vilket ändrade tryck- och 
flödesförhållandena mellan malspalterna. Massaprover togs och utvärderades från 
båda malzonerna vid olika inställningar. Försöken visade att det är möjligt att 
kompensera för ojämna malspalter och därigenom producera homogen massa. 
Resultaten indikerade att en körstrategi med jämn malspalt gav den mest 
homogena massan. 
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ABBREVIATIONS 

adt air dry metric tonne 

AE Adjustment End 

AGS Adjustable Gap Sensor 

BEL Bar Edge Length 

CSF Canadian Standard Freeness 

CTMP Chemithermomechanical Pulp 

DD Double Disc 

FF Fibre Fraction 

FP Final Pulp 

HC High-Consistency 

HW Hardwood 

ME Motor End 

MPL Mechanically Pre-treated pulp refined at Low flow rate 

MSD Modular Screw Device 

NPH Non Pre-treated pulp refined at High flow rate 

LC Low-Consistency 

SD Single Disc 

SEL Specific Edge Load 

SEC Specific Energy Consumption 

SPH Sulphite Pre-treated pulp refined at High flow rate 

SSL Specific Surface Load 

TF72 TwinFlo low-consistency refiner with 72-inch plate diameter 

TI Tensile Index 

TMP Thermomechanical Pulp 
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1 INTRODUCTION 

Thermomechanical pulping (TMP) is a highly energy consuming process that has 
an extremely low energy efficiency. Estimations say that only a small part of the 
energy that is consumed in a chip refiner is used for defibration of chips and for 
external and internal fibrillation of fibres (Campbell 1934; Atalla, Wahren 1980; 
Tam Doo, Kerekes 1989). Most of the remaining energy is transformed to heat. This 
heat is to a large extent, about 70%, utilised in other parts of the production 
systems, such as drying of paper. As the value of mechanical energy (electricity) 
normally is two to three times higher compared to heat, it is however not an 
economically clever solution to use refiners for heat generation. Increasing 
electricity costs, together with decreasing demands on the North American and 
European newsprint markets, have forced mills to find new ways to cut down on 
costs. As an example, electrical energy makes up almost a third of all variable costs 
at Holmen Paper’s Braviken mill. This is actually the only variable cost that can be 
influenced to a large extent since the yield in thermomechanical pulping is already 
very high, >95%. It is therefore vital to lower the energy consumption in the 
mechanical pulping process. To achieve this, strategies like chemical chip pre-
treatment, high intensity high consistency (HC) refining and low consistency (LC) 
refining are often used. 
 
In 1999, STFI and Holmen Paper Development Centre started a project supported 
by the Swedish Energy Agency with the objective to study the influence of 
intensity, pH, temperature and residence time on energy efficiency of main line 
and reject line HC-LC refining. This study was performed using a conical LC 
refiner (JC01) installed at the mill. The project showed promising results and was 
followed by a demonstration-project in 2003 with a full-scale two-zone LC refiner 
that could be utilised both as mainline secondary stage and as reject line secondary 
stage. The demonstration project was also successful and since then Holmen has 
installed a number of LC refiners in other TMP lines. In total, there are now (2011) 
ten LC refiners installed as mainline or reject TMP line refiners at three different 
mills. 
 
In 2008, Holmen Paper invested in a new TMP line at Braviken mill outside 
Norrköping in Sweden with the main goal of reducing the energy consumption. 
The new line produces pulp for high quality, low grammage printing paper. It 
includes a pressurised chip pre-treatment device, two parallel counter rotating 
double disc (DD) HC refiners and a prototype 72-inch LC refiner, currently the 
largest in the world. This investment provided unique possibilities to study high 
intensity HC refining combined with chemical chip pre-treatment and LC refining 
in mill scale. A research project was performed at the mill during three years, 
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focussing on energy efficiency and pulp properties, using chemical chip pre-
treatment, DD refining and LC refining in different combinations. 
 
1.1 About the thesis 

This licentiate project was initiated in 2008 as part of the investment in a new TMP 
line at Holmen Paper Braviken Mill. This licentiate project was designed to 
evaluate the energy efficiency and suitability of the 72-inch LC refiner and to 
conduct valuable new research in LC refining in mill scale as well as in pilot scale. 
The research began in 2008 and was financed by the Swedish Energy Agency and 
Holmen Paper in co-operation with Mid Sweden University. Pilot scale trials were 
performed to evaluate LC refining at different fibre concentrations at University of 
British Columbia in Vancouver, Canada. 
 
1.2 Objectives 

The research has been focussed on optimisation of the LC refining unit process and 
its possibilities to reduce the energy consumption in mechanical pulping. The 
specific technical goal with installing the 72-inch LC refiner at Braviken paper mill 
was to reduce the specific energy consumption with 150 kWh/adt, while 
preserving pulp properties required for the end products. 
 
This thesis focuses on the following aspects of LC refining of mechanical pulp: 

1) A comparison between a conventional two stage high consistency TMP 
line with a TMP concept using first stage double disc HC refining and 
second stage LC refining. 

2) Evaluation of the influence of differences in fibre concentration on refiner 
gap and pulp properties. 

3) Improved understanding of the influences of rotor position on pulp 
quality in a two-zoned LC refiner.  
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2 BACKGROUND 

2.1 Raw material 

2.1.1 Norway spruce 

In Scandinavia, there are only two indigenous softwood species that are abundant 
enough for pulp production; Norway spruce (Picea abies) and Scots pine (Pinus 

silvestris). Spruce is the most commonly used raw material in the Scandinavian 
thermomechanical pulping (TMP) industry. At Holmen Paper Braviken mill, 
spruce is exclusively used. The main reasons are that spruce requires lower specific 
energy consumption and that the amount of resin and extractives in the wood is 
lower in spruce than in pine. 
 
Norway spruce is a boreal gymnosperm (or softwood), hence a coniferous tree, 
that grows in the regions of Northern Europe and on high elevations in Central 
and Southern Europe. Despite its name, Norway spruce is not widely spread in 
Norway, but its main range is between the Scandinavian Mountains to the west 
and Ural Mountains to the east. The northernmost growth area is Kola Peninsula 
and it stretches southwards all the way to Southern Ukraine. Norway spruce also 
scatters further south on higher altitudes through the Alps and into the Balkans. 
 

2.1.2 Wood and fibres 

Trees in temperate coniferous forests have a seasonal growth pattern, which gives 
a wood structure with annual rings. The annual rings are composed by earlywood 
and latewood fibres that are different in proportions. Norway spruce wood can 
thus be considered a composite material made out of earlywood fibres and 
latewood fibres. Wood fibres are formed in the tree cambium which is located in 
between the bark and the woody stem. Earlywood fibres have thin walls and large 
lumina, which make them flexible, and are formed as the growth season starts at 
spring. They provide transport channels for water and nutrients between roots and 
foliage of the tree. Latewood fibres give a supportive structure to the stem and are 
stiff with thick cell walls and small lumina. Latewood is created during summer 
and are two to three times higher in density (kg/m3) than earlywood (Atmer, 
Thörnqvist 1982; Fernando 2007). 
 
Wood density has a negative correlation to annual ring width. This is because the 
proportion of earlywood of the tree increases with a higher growth pace. Trees in 
Northern Scandinavia are slower growing than trees from the south, and are thus 
‘known’ to have a higher density. That is however not necessarily true. Studies 
have shown that softwood trees growing in the Southern regions of Scandinavia 
contain wood with longer fibre length and higher density than trees from the 
Northern regions (Brill 1985; Björklund, Walfridsson 1993; Pape 2001). There are a 
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couple of explanations to this. The correlation between wood density and annual 
ring width is not linear; the narrower the ring width, the faster the increase in 
density, Figure 1. At the same annual ring width, wood density decreases with 
increasing latitude, Figure 2, and with increasing altitude. The difference depends 
on the proportion of latewood, which is higher in the southern regions where 
summers (temperature sum) are longer (Pape 2001; Wilhelmsson 2001). 

 
Figure 1. Wood density in relation to annual ring width. Graph used with permission 

by Rolf Pape. 

 

 
Figure 2. Wood density decreases with increasing latitude. Graph used with 

permission by Rolf Pape. 
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There are also differences in wood properties within the same tree. In spruce, fibres 
are longer in butt log wood than in top log wood (Brill 1985). In Scots pine, the 
density of butt log wood is higher than in top log wood whereas for Norway 
spruce, there are no such regular variations in the stem (Atmer, Thörnqvist 1982; 
Brill 1985; Björklund, Walfridsson 1993). Juvenile softwood fibres are considerably 
shorter and narrower with thinner cell walls compared with mature wood fibres 
(Kure 1997), Figure 3. 
 

 
Figure 3. Differences in fibre characteristics between juvenile and mature softwood 

fibres. Graph used with permission by Rolf Pape. 

Feeding different wood into a chipping plant over time, will give unwanted 
heterogeneous chip material. It is therefore desirable to supply a pulp mill with a 
raw material quality that is as homogenous as possible. Ideally, wood should be 
sorted at the wood yard and supplied to the chipping plant according to wood 
properties. At the chipping plant, juvenile wood should be mixed with mature 
wood to enable as homogenous chip quality as possible over time (Hägg 1997). 
 
2.1.3 Chips 

Wood is cut into chips by a disc chipper. Normal chip size is 20 to 25 mm in length 
(fibre direction) and 3 to 5 mm in thickness (Hellström 2010). The more 
homogeneous wood composition and chip size distribution, the less energy needed 
to reach targeted pulp quality in the TMP process (Franzén 1985; Salmén et al. 
1997). Refiner feeding can become uneven if chips are not homogenous, which will 
affect bulk density and refiner runnability. Furthermore, uneven chip size 
distributions affect the moist content since smaller chips carry more water per dry 
weight (Franzén 1985). 
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Wood chips contain cracks from the chipping process. Cracks in the chips enable a 
rather fast breakdown into pin chips or chip fragments already in the initial stage 
of refining (Ouellet et al. 1995; Hellström 2010). A study has shown that by 
changing the spout angle in the disc chipper, more splitting is done to the chips, 
which decreases specific energy in refining (Hellström 2010). Chips also come with 
damaged fibres, which increase in number with decreasing chip size. An increase 
in small chips content reduces the energy demand in refining at similar Canadian 
Standard Freeness (CSF). That is the only advantage with smaller chips since they 
also render lower fibre length, pulp strength and sheet density (Brill 1985).  
 
2.2 Mechanical pulping 

Mechanical pulping includes two basic processes; grinding and refining. In the 
grinding process, logs are immobilised and pressed against a rotating grindstone. 
The grindstone surface has protruding grits that peel the fibres from the log 
surface. In the refining process, chips are fed in between two refiner discs with bars 
and grooves that shred the chips into separated fibres. Pulps from these two 
processes have different characteristics, such as the type of fine material and mean 
fibre length. Different pulp characteristics are needed for different end products. 
However, refining is superior in its production capacity, which is why wood 
grinding has become less common. This section of the thesis briefly describes a 
basic refiner mechanical pulping process containing chip processing, HC refining 
and fibre fractionation. 
 

2.2.1 Chip heating and pre-treatment 

Chip pre-heating is important to avoid unwanted fibre cutting in the refining 
process. If unheated chips enter the refiner, they will be too brittle and fractures 
will appear in the fibres causing fibre shortening. Mechanical chip pre-treatment 
before the initial refining step enables improved tensile index, light scattering, 
elongation and lower CSF to the same energy consumption while removing wood 
extractives (Kure et al. 1999a; Sabourin et al. 2002). One such chip pre-treatment 
device is the MSD Impressafiner, which compresses chips in a compression screw 
and imposes internal splitting in the chips. The splitting facilitates defibration in 
the refining and lowers the specific energy. The MSD Impressafiner also enables 
chip impregnation by addition of chemicals. Pre-treating chips with sulphite has 
previously proven to yield stronger pulp at certain SEC (Axelson, Simonson 1982; 
Nelsson et al. 2011). 
 

2.2.2 High consistency (HC) refining 

In HC refining, wood chips are separated into fibres between two refining discs 
under pressurised conditions. In the refining zone, generated heat and added 
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dilution water produce steam that transports pulp fibres out of the refiner. The 
pulp consistency in the refiner discharge is normally in the range of 35 to 45%, 
hence the name high consistency refining. Refining of mechanical pulp can take 
place in one or several stages, although two-stage HC refining is the most 
commonly used practice. The first refining stage is the most important in the 
development of fibre properties (Heikkurinen et al. 1993; Kure et al. 1999c). By 
refining with high intensity in first stage and low intensity in second stage, many 
beneficial effects are attained. Studies have shown that at the same energy input, 
pulp made with high intensity in the first stage had lower shive content and 
freeness, higher fines content, tensile index and specific light scattering coefficient 
(Miles et al. 1991; Kure et al. 1999c). The total electrical energy demand can be 
reduced by this strategy if the specific energy is kept low in first stage (Stationwala 
et al. 1993; Kure et al. 1999c). 
 
Two- or three-stage HC refining is commonly performed by single disc (SD) 
refiners, which operate with one rotating disc and one stationary disc. Double disc 
refiners (DD) operate with two counter rotating discs and are normally applied in 
one stage. The higher relative rotating speed in DD refiners provides a higher 
refining intensity than in SD refiners. To produce pulp with similar freeness and 
tensile index, DD refiners consume less electrical energy than SD refiners. Other 
advantages with DD pulp are higher light scattering coefficient and less shives. On 
the other hand, SD pulp fibres are longer than DD pulp fibres (Sundholm et al. 
1988; Strand et al. 1993; Kure et al. 1999c). 
 
In principle, the HC refining process aims at separating wood fibres while 
avoiding fibre cutting, delaminating fibres by peeling the primary wall off, and 
fibrillating the remaining secondary wall to make fibres flexible and prone to 
bonding (Forgacs 1963; Reme, Helle 2001). In the refining process, fibre structures 
are modified by repeated shearing, compression and relaxation between refiner 
bars. Unravelling of fibre walls by surface shear generates cell wall fragments, or 
fines, that contribute to light scattering, strength and surface smoothness in paper. 
Fines can be flakes or fibrils that have been peeled off from the fibre walls (Rundlöf 
2002), Figure 4, and are either attached to fibres or present in the pulp suspension. 
Fines also provide cohesion in paper by surface tensions that bring fines and other 
particles together during drying (Forgacs 1963) and thereby contributing to sheet 
density and tensile strength. 
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Figure 4.  Softwood fibre with its fibre walls and middle lamella to the left. Different types 

of fines to the right. Drawing used with permission by Mats Rundlöf. 

Fibres are also internally delaminated by the repeated compressive strains, 
rendering internal splitting of cell walls. This internal fibrillation, or fibre splitting, 
causes collapse of fibres and fibre swelling (Reme, Helle 2001; Koskenhely et al. 
2005). Collapsed fibres are flexible and more easily conform around each other 
than stiff fibres. The bonding area between flexible fibres is therefore larger than 
between stiff fibres and contributes to a stronger paper sheet with higher density. 
(Forgacs 1963). Hence, high density renders high tensile strength (Stationwala et al. 
1996). Paper density is thus affected by fibre flexibility, specific surface of the pulp 
fractions and fines content (Forgacs 1963). 
 
There are a number of ways to reduce energy demand in mechanical pulping, such 
as; using chip pre-treatment (Axelson, Simonson 1982; Kure et al. 1999a; Sabourin 
et al. 2002; Nelsson et al. 2011), increasing HC refining intensity by running 
refiners at higher rotational speed (Sundholm et al. 1988; Miles et al. 1991; 
Stationwala et al. 1993; Strand et al. 1993; Kure et al. 1999c) increasing intensity by 
changing from SD to DD refiners (Sundholm et al. 1988), high intensity primary 
refining like RTS (Sabourin 1999), optimising refiner plate designs (Sabourin 1999; 
Kure et al. 2000; Johansson et al. 2009), and refining at higher production rates 
(Strand et al. 1993; Cannell 1999). It has also been shown that LC refining 
contributes to a substantial reduction in specific energy (Engstrand et al. 1988; 
Strand et al. 1993; Musselman et al. 1996; Hammar et al. 1997; Cannell 2002; 
Hammar et al. 2010). 
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2.2.3 Fibre fractionation 

Fibres with different properties can be separated through fractionation, using 
hydrocyclones or screens. Hydrocyclones separate particles by their density and 
surface area per unit weight, the specific surface (Wakelin et al. 1999). Less 
fibrillated fibres will hence be separated together with contaminating particles. 
Screens fractionate mainly by fibre length and are fitted with holed or slotted 
baskets that have either smooth or contoured surfaces. Aperture size, contour 
height and pulp consistency, together with the speed and design of the rotor, are 
important factors that affects screen fractionation (Wakelin, Corson 1997; Wakelin, 
Paul 2000; Olson 2001). Holed screens fractionate more efficiently by fibre length 
while slotted screens are more efficient in shive removal (Wakelin, Corson 1997; 
Wakelin et al. 1999; Wakelin, Paul 2000; Olson 2001). Long fibres, shives and 
contaminating particles are separated as screen reject. 
 
2.3 Low consistency refining 

2.3.1 A brief history of LC refining 

LC refining, which has been vastly used in chemical pulp refining, has become 
increasingly common in mechanical pulping. LC refining has been used in various 
forms since the early days of paper making. In mechanical pulping, it was used 
early in reject refining of stone ground wood (SGW) pulp. During the 1980’s, STFI 
conducted a large set of pilot trials comparing HC-LC refining with a conventional 
two-stage HC refining process. The studies showed that TMP and CTMP could be 
produced with minimal fibre cutting and lower electric energy consumption 
compared to HC refining (Engstrand et al. 1988). Within this work, the importance 
of softening and swelling as well as low intensity (measured as specific edge load) 
were shown. In parallel to this research, Beloit developed the Multidisc LC refiner 
in order to achieve lowest possible intensity, which was shown very important, 
both when refining mechanical pulps and when refining short fibre (hardwood) 
chemical pulps (Fredriksson, Goldenberg 1986). Today, the main incentives to 
invest in LC refiners are reduced specific energy consumption (SEC) at certain 
pulp strength, or to enable increased production rate (Engstrand et al. 1988; Strand 
et al. 1993; Musselman et al. 1996; Cannell 2002). 
 

2.3.2 LC refiners and their applications 

There are two common types of LC refiners in mechanical pulping; conical and 
disc refiners. In early days, segments were too coarse in conical refiners for post 
refining of mechanical pulp and thus only disc refiners were able to refine correctly 
(Sundholm 1999). Today, conical refiners are able to refine mechanical pulp, but 
their segments are more expensive compared to disc refiners. Disc refiners are 
most often two-zoned, but six or eight zoned refiners exist as well. Two-zoned disc 
refiners are either designed with a splined shaft on which the rotating disc is 
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mounted, or (as in the case of this thesis) with a rotor fixed to the rotating shaft 
which is running on floating bearings. In both cases, equal pressures in the two 
refining zones are supposed to align the rotating disc in a centred position between 
the stators. The rotor in disc refiners might however divert towards one stator, 
causing unevenly refined pulp. 
 
LC refining is mostly used in mechanical pulping as post refiners, second stage 
reject refiners and/or main line third stage refiners. Pulp consistency is typically 
between 3 and 5%. LC refiners are pump fed, making it easy to quantify the 
production rate through the refiner from measurements of flow and consistency. 
Knowing the production rate is important to be able to control the specific energy 
input. Depending on how and where in the process LC refiners are utilised, studies 
have shown 20-50% lower energy demand than that of HC refiners compared 
against a certain tensile index increase (Hammar et al. 1997; Eriksen, Hammar 
2007; Sandberg et al. 2009). LC refining also enables production increase and a 
decreased shive content in the pulp (Strand et al. 1993; Cannell 1999; Cannell 2002; 
Muenster et al. 2006). There are however a few downsides with LC refining. As 
opposed to HC refining, there is no steam production in LC refining. Light 
scattering increases proportionally with energy input for HC and LC refining and 
since the energy input is considerably lower in LC refining, the light scattering 
increase becomes considerably lower as well (Kure et al. 1999b). 
 
2.3.3 Mechanisms and process conditions in LC refining 

Fibres flocculate and are treated in the refiner as flocs rather than single fibres 
(McKenzie, Prosser 1981; Law 2000). Flocs that are caught in between refiner bars 
are subjected to a number of forces that inflict damage to the fibres, resulting in 
fibrillation and shortening of fibres. Flocculation builds a network of fibres that is 
more or less strong depending on the fibre characteristics, such as fibre length, 
fibre wall thickness and fibre flexibility. The fibre network supports the refining 
gap and the size and strength of the flocs determine the gap size (Koskenhely et al. 
2005; El-Sharkawy et al. 2008). The ability of a pulp type to maintain a certain gap 
in the refiner is from now on referred to as loadability, a term used earlier by El-
Sharkawy et al. (2008) and Batchelor et al. (2006).  
 
Important parameters that affect LC refining are plate gap, plate design, specific 
energy, pulp temperature and pulp flow rate (Musselman et al. 1996; Cannell 2002; 
Batchelor et al. 2006; Muenster et al. 2006; Hammar et al. 2010; Luukkonen et al. 
2010a). In an LC refiner, the gap is small and can be only a few uncollapsed fibre 
widths wide (Levlin 1988). The gap needs to be large enough to avoid fibre cutting 
and at the same time small enough to put enough energy into the fibres to achieve 
the desired fibre development (Martinez, Kerekes 1994; Olson et al. 2003; Mohlin 
2006; Luukkonen et al. 2010a). There is a connection between gap and pulp 
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temperature increase in an LC refiner (Andersson, Sandberg 2011). A smaller gap 
leads to higher energy input, which generates a temperature increase in the pulp 
suspension. 
 
Previously, LC refining of mechanical pulp was associated with the risk of losing 
pulp strength due to fibre cutting at high specific energy levels (Franzén 1985; 
Cannell 2002). To overcome that, mills have started using plates designed to 
reduce the refining intensity at high specific energy (Cannell 2002). Fibre length 
can be well retained by applying adequate refining intensity and specific energy 
(Olson et al. 2003; Luukkonen et al. 2010a). It is however difficult to develop 
strength properties of mechanical pulps as long as the system temperature is lower 
than the lignin softening temperature. Below the softening temperature, the lignin 
in mechanical pulps makes the fibres stiff and brittle. It has been shown that by 
increasing pulp temperature before LC refining, the pulp tensile index increase 
becomes higher compared at similar SEC (Hammar et al. 2010). 
 

2.3.4 No-load 

No-load is the motor load required when running an LC refiner idle with pulp 
suspension. It is measured by closing the refiner gap to a point where the fibres are 
assumed not to be affected and without significantly increasing the total power 
consumption (Levlin 1988; El-Sharkawy et al. 2008; Luukkonen et al. 2010b). 
Increasing rotational speed increases the no-load power of an LC refiner 
exponentially and hence decreases the efficiency. The plates should be designed to 
reach required intensity at the lowest possible rotational speed (Levlin 1988; 
Luukkonen et al. 2010b). 
 
2.3.5 Research incentives 

There are areas within the LC refining technology where knowledge could be 
improved. It has previously been shown that reduced SEC at sustained pulp 
strength is possible by combining high intensity HC refining and LC refining 
(Sabourin et al. 2011). Other reports have shown beneficial effects on SEC by the 
addition of chemicals to the pulp prior to LC refining (Muenster et al. 2006; 
Bäckström, Hammar 2010; Hammar et al. 2010). There is however little data about 
the potential of combining chip pre-treatment, chemistry, high intensity HC 
refining and LC refining in mill scale. 
 
Another important matter is to find a control strategy for two-zoned LC refiners 
that maximises the energy efficiency while allowing as small variations in pulp 
quality as possible. It is well known that plate gap has a large influence on the pulp 
properties. Thus, differences in plate gaps in a two-zoned refiner may lead to 
differences in pulp properties between the two refining zones. Moreover, if the 
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position of the rotor disc changes over time, this may also result in changed pulp 
properties, even if the SEC is kept constant. The development from single-zoned to 
two-zoned refiners was based on an idea to double the refining surface without 
increasing the no-load power. However, there is a risk that the rotor in two-zoned 
refiners tends to divert towards either stator, causing unevenly refined pulp. 
 
A different area where more knowledge is needed is how changes in fibre 
concentrations affect the refining gap in an LC refiner. This issue is more important 
in LC refining of mechanical pulps than in the case of chemical pulps where the 
share of fines is lower. It is known that higher concentrations of long fibres in pulp 
form stronger flocs (El-Sharkawy et al. 2008) that enable higher refining load in LC 
refiners (Batchelor et al. 2006; Sandberg et al. 2009). Depending on how wood chips 
are refined in the HC stage, regarding refiner type, rotational speed and segment 
design, the refined pulp will get a certain fibre fraction distribution. Pulp 
characteristics, such as fibre length, fibre flexibility and bonding ability, contribute 
to building a more or less strong fibre network that affects the refiner gap width. It 
is therefore interesting to investigate the hypothesis that the fibre concentration 
rather than the pulp consistency controls the maximum load possible without 
extensive losses in fibre length. 
 
2.4 Quantifying the refining action 

The most commonly adapted ways of characterising the refining action are specific 
energy consumption and intensity. In LC refining, intensity is generally expressed 
as specific edge load, even though other theories may be more comprising. This 
section presents a few theories commonly used when quantifying the refining 
action. 
 

2.4.1 Specific energy consumption 

Specific energy consumption (SEC) is the amount of energy applied per specific 
amount of pulp, in this thesis air dry pulp, (kWh/adt). Gross SEC is calculated as, 
Eq 1. 

m

P
SEC

gross

gross
&

=     [1] 

where 
grossP is total power applied to the refiner (kW) and m& is air dry production 

(adt/h) calculated by, Eq 2. 
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where 
fC is pulp consistency (g/kg) and netF is net volumetric pulp flow rate 

(kg/s), which is gross volumetric flow through the refiner, minus recirculation rate 
(if any). 

To accurately quantify the efficiency of LC refining, the required gross SEC to 
reach a specific pulp quality should be used (Musselman et al. 1996). Also, 
comparisons between refiners must always be based on gross SEC. However, 
comparisons of loadability of different pulps should be based on net SEC (Levlin 
1988) , Eq 3. 
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where netP is gross power minus no-load power and idleP  is no-load power. 

 
2.4.2 Intensity 

Refining intensity describes the character of energy transfer that fibres undergo. In 
HC refining, the average specific energy transfer to a unit mass of fibre per impact 
(bar crossing) is the refining intensity (Miles et al. 1991). Intensity affects both fibre 
shortening and fibre development since higher intensity gives shorter and more 
flexible fibres (Miles et al. 1991; Kure et al. 1999c; Kure et al. 2000; Tchepel et al. 
2004). The number of impacts on each fibre is determined by the residence time of 
the pulp in the refining zone (Miles, May 1990). Therefore, in HC refining, intensity 
is described as a function of applied total specific energy and residence time (Miles 
et al. 1991; Cannell 1999). Refining intensity is recommended to be as high as 
possible without cutting the fibres. That enables fibre collapse with the smallest 
amount of bar impacts possible (Salmén et al. 1997). 
 
In LC refining, specific edge load (SEL) is the most common way of defining and 
quantifying refining intensity. SEL (J/m) tells the amount of net energy applied for 
each meter of bar crossing (Brecht, Siewert 1966) , Eq 4. 
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where sL is cutting speed (km/s), BEL is bar edge length (km/rev) and n is 

rotational speed (rev/s). 
 
Another theory of intensity is specific surface load (SSL), which takes into 
consideration the length of the refining impacts (m) together with the SEL 
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(Lumiainen 1990). Hence, the bar width of rotor and stator and their intersecting 
angle must be considered. SSL (J/m2) is calculated as, Eq 5. 
 

IL

SEL
SSL =      [5] 

 
where IL is impact length (m) described by, Eq 6. 
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where 
rW is the width of rotor bars (m), stW is the width of stator bars (m) and α

is the average intersecting angle (°). 
 
Quantifications of intensity were brought forward by Smith already in 1923. Smith 
did calculations on the beater with the basic principle that applied pressure/power, 
BEL, pulp consistency and bar intersecting angle affects the beating of fibres (Smith 
1923). Smith’s calculations resemble SEL and SSL, but are applicable on beaters 
rather than LC refiners. 
 
2.4.3 C-factor 

In 1990, Kerekes presented the C-factor, C , which represents the ability of a refiner 
to inflict impacts on fibres. The refining energy is described by the number of 

impacts per mass pulp (kg-1) N and the intensity I , expressed as energy per 
impact (J). A characterisation of the refining energy per mass, E , is thus calculated 
from, Eq 7. 
 

INE ⋅=      [7] 
 

With refiner net power input netP (kW) and pulp mass throughput F  (kg/s), the C-

factor provides estimations of the number N  , Eq 8 and intensity I  (J) , Eq 9, of 
impacts on fibres (Kerekes 1990).  
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Fundamenally though, two parameters are not enough to fully characterise the 
pulp refining action (Kerekes et al. 1993). It is well known that many low intensity 
impacts fibrillate the fibres, while fewer high intensity impacts cut the fibres. 

Therefore, it is necessary to relate N  and I  to not only netP  and F , but also to a 

third variable representing the characteristics of the refiner, the C-factor (Kerekes 
1990). In the C-factor theory, segment design is included more in detail than the 
SEL and SSL theories. Other factors are considered as well, such as fibre length and 
coarseness, length of refining zone, gap and pulp consistency. 
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3 MATERIALS AND METHODS 

3.1 Mill equipment 

The mill scale trials referred to in this thesis were performed at Holmen Paper 
Braviken paper mill outside Norrköping in Sweden. All mill trials were made in 
TMP-B, except two stage HC refining trials, which were performed on TMP-S. 
 
3.1.1 TMP-B 

TMP-B was rebuilt and restarted in 2008. The line is equipped with a pressurised 
chip pre-treatment device (Andritz MSD 500 RT-Impressafiner), two parallel 68-
inch double disc (DD) first stage refiners (Metso RGP68DD) and a second stage 72-
inch TwinFlo (TF72) prototype low consistency (LC) refiner from Andritz, Figure 5. 
 

 

Figure 5. Schematic layout of the TMP-B main line at Braviken paper mill. 

After conventional pre-steaming and washing, chips are pre-heated in two stages. 
The first heating is made in an atmospheric chip bin and after that the chips are fed 
through a rotary valve to a pressurised heating screw. After heating, the chips are 
fed into a pressurised MSD Impressafiner where the chips are highly compressed. 
When the compression releases, the chip structure is opened up and made 
accessible to liquor impregnation. Chips can also be by-passed from the first pre-
heating directly to the refining stage. The dry content of the chips is around 40% 
before entering the DD refiners. 
 
The chips are refined in the DD refiners that operate with two counter rotating 
refiner discs, powered by 2 x 12 MW motors. The rotational speed of each disc is 
1500 rpm and they are normally fitted with 72-inch refiner segments. Fibres are 
separated from steam using Fiber Accelerator separators and then diluted with 
white water and fed to the wash press. 
 
The TF72 is powered with a 5 MW motor. Rotating speed is 320 rpm and LemaxX 
Spiral segments are fitted with bar edge length (BEL) 414.3 km/rev, giving no-load 
0.8 MW. The TF72 is constructed with a two-sided rotor, positioned in between 
two stators, Figure 6. The stator disc on the motor end (ME) is fixed while the 
adjustment end (AE) stator is moveable by a hydraulic plate gap adjustment to 
enable regulation of the refining energy. The rotor shaft is rotating on floating 

DD LC

Steam

MSD Chest
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bearings to enable the rotor to stay centred when the AE stator moves in either 
direction.  
 

 
Figure 6. Image of the TF72. The refiner is equipped with hydraulic gap control as 

well as dual inlets and outlets. 

The TF72 is designed with dual inlets and outlets, with the inlet piping splitting 
closely before the refiner, Figure 7. Inlet pipe (before splitting) and both outlet 
pipes are equipped with an online pulp analyser (KajaaniMAP) as well as pressure 
and temperature gauges (Pt100). Flow meters are installed on both outlet pipes. 
Gap sensors (AGS), providing individual gap measurements online, are installed 
on each stator side.  
 
Figure 7 shows a schematic drawing of sample points and outlet valves positions 
on the TF72. A manual pulp sample point is located on the inlet pipe between 
feeding chest and recirculation while an online inlet sample point is placed on the 
inlet pipe after recirculation. Manual and online sample points are located adjacent 
to each other on each refiner outlet pipe. Manual pulp sample points are marked 
with M and online pulp analyser sample points are marked with O. 
 

 
Figure 7. Schematic drawing of sample points and outlet valves positions on the 

TF72. Manual sample points are marked with ‘M’ and positions for online 
pulp sampling and temperature measurements are marked with ‘O’. 
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3.2.1 TMP-S 

TMP-S, started up in 1988, is a rather conventional TMP line, consisting of two 
Sprout Waldron 60-inch Twin HC refiners in series. The first stage refiner is 
powered by a 20 MW motor and the second stage refiner with a 17 MW motor. 
Both refiners are operating with rotational speed of 1500 rpm, Figure 8. 
 

 
Figure 8. Schematic drawing of the TMP-S main line. 

 
3.2 Energy efficiency 

3.2.1 TF72 performance trials 

The TF72 prototype was initially tested to evaluate its capacity and suitability for 
the TMP process. Trials were performed where pulp samples were collected at 
different refining energies. Pulp samples were collected from refiner inlet and 
outlets and were analysed regarding fibre characteristics, shive content and hand 
sheet properties. 
 

3.2.2 SD-SD and DD-LC trials 

Reference SD-SD trials were performed on TMP-S. The first stage refiner had 
segment pattern type 62SWP119 and the second stage refiner had 62SWP138 in the 
stator position and 62SWP139 in the rotor position. The production was between 
11.3 and 12.5 adt/h and pulp consistency was 40 to 48% and 34 to 46% after first 
and second stage respectively. Inlet pressure before first stage was 2.9 to 3.1 bar, 
first stage housing pressure was 3.9 to 4.4 bar and second stage housing pressure 
was 3.3 to 3.6 bar. All refiner pressures are expressed as gauge pressure. 
 
The DD-LC trials were performed on TMP-B. The DD refiners were operating with 
plates DN72 N816 MSK K/I and production on each refiner was between 10.6 and 
11.2 adt/h. Pulp consistency after the DD refiners was 32 to 36% and the inlet and 
housing pressures were 4.5 to 5.5 bar. During trials with the DD-LC concept, the 
specific energy in the DD refiners was reduced from the normal 1650 kWh/adt to 
around 1500 kWh/adt. In second stage, the Andritz 72-inch TwinFlo LC refiner was 
fitted with plates 72TA203 and 72TA204 in stators and rotor respectively. Inlet 
pulp consistency was 4.1 to 4.3% and gross flow rate through the LC refiner was 
180 to 250 l/s. Recirculation rate was 50 to 140 l/s and net flow rate was 105 to 
125 l/s. 

SteamSteam

SD SD
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Pulp samples were collected at different occasions over a one year period. Plate 
wear was taken into consideration before performing trials to get representative 
data from each refining concept. Samples from the SD-SD line were taken from the 
blow lines from the primary and secondary stage HC refiners, Figure 9. The first 
stage refiner was kept at constant refining power, while the power level was 
changed in the second stage refiner in order to make refining curves. At each 
power level five samples were collected and mixed. From that pool, three batches 
were taken and analysed individually in the mill lab. In the DD-LC line, both first 
stage DD refiners and second stage LC were kept at constant refining power 
throughout the trials. Combined samples were collected before and after the LC 
refiner, Figure 9. 
 

 
 
Figure 9. Block diagram of the SD-SD and DD-LC lines. Sample points are marked 

with crosses. 

 

3.2.3 Sulphite pre-treatment trials 

Chips were at first mechanically compressed in the MSD Impressafiner and 
thereafter impregnated with 1.2% (oven dry basis) sulphite (Na2SO3) at pH 9. After 
first stage refining in DD refiners, the pulp was refined in the second stage TF72. 
Inlet and outlet pulp samples were collected from the LC refiner at five different 
refining energy levels. Two reference trials were performed at identical power 
levels as the sulphite pre-treatment trial. The first reference trial was conducted 
without chip pre-treatment at similar pulp flow rate as the sulphite pre-treatment 
trial. The second was made with mechanical chip pre-treatment and at lower pulp 
flow rate through the refiner, which rendered lower recirculation rate. Note that 
power levels and flow rates in Table 1 are presented as system setpoint values. 
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Table 1. Refining conditions for refining curves regarding gross- and recirculation 

flow rates. Power and flow rate values are system setpoints. 

  Sulphite pre-treated 
High flow rate (SPH) 

Not pre-treated 
High flow rate (NPH) 

Mech. pre-treated 
Low flow rate (MPL) 

Power 
(MW) 

Flow rate 
(l/s) 

Recirc. 
(l/s) 

Flow rate 
(l/s) 

Recirc. 
(l/s) 

Flow rate 
(l/s) 

Recirc. 
(l/s) 

2.40 240 110 250 125 190 70 
2.55 240 110 250 125 190 70 
2.75 240 110 250 125 190 70 
2.90 240 110 250 125 190 70 
3.00 280 160 280 170 270 150 

 
Numbers of SEC and SEL are presented in Table 2. SEC was calculated from the 
production flow rate and the pulp consistency, which both varied slightly during 
trials. Production and consistency variations explain why SEC occasionally differs 
very little between power levels. 
 
Table 2. Refining conditions for refining curves regarding specific edge load (SEL) 

and total specific energy (SEC). Power levels are system setpoints. 

  Sulphite pre-treated 
High flow rate (SPH) 

Non pre-treated 
High flow rate (NPH) 

Mech. pre-treated 
Low flow rate (MPL) 

Power 
(MW) 

SEL 
(J/m) 

SEC 
(kWh/adt) 

SEL 
(J/m) 

SEC 
(kWh/adt) 

SEL 
(J/m) 

SEC 
(kWh/adt) 

2.40 0.74 121 0.73 113 0.71 125 
2.55 0.79 121 0.78 120 0.77 129 
2.75 0.87 130 0.88 124 0.86 139 
2.90 0.96 139 0.98 138 0.91 145 
3.00 1.01 143 0.99 137 1.00 149 

 
3.3 Rotor position trials 

The study was performed in mill scale and designed to investigate differences in 
pulp properties by running the TF72 with four different rotor positions by means 
of altering the outlet flow rate settings. The TF72 was operated with 2.9 MW 
constant refining power and total flow rate through the refiner was continuously 
220 l/s. Recirculation was controlled by required production rate and kept 
relatively stable at around 100 l/s all through the trial. Inlet CSF was 120 ± 10 ml 
and pulp consistency 4.2%. Flow rates, temperatures, pressures and gaps were 
monitored continually while the online pulp analyser provided measurements 
every 15 minutes. 
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The trial was performed by varying the pulp outlet valve openings and thereby 
changing the pressure between refining zones. The ratios were set at (AE/ME 
percentage) 50/50, 45/55, 35/65 and 65/35, each setting pushing the rotor to a 
different position. The first three ratios were respectively supposed to control the 
refiner according to equal flow rates, equal gaps and equal outlet pulp 
temperatures. The aim with the 65/35 ratio was to produce the least homogenous 
pulp of the four settings, as an extreme condition for the study. Pulp flow rates for 
each setting are shown in Table 3. 
 
Table 3. Flow rates from which the LC refiner was controlled. 

 Ratio 
(AE/ME) 

Flow rate 
AE (l/s) 

Flow rate 
ME (l/s) Setting 

Flow 50/50 110 110 
Gap  45/55 100 120 
Temp 35/65 77 143 
Extreme 65/35 143 77 
 
3.3.1 Calculations 

CSF reductions were calculated with averages from manual pulp sample analyses 
while changes in fibre length and shive content were calculated from online 
measurements. 

Assuming that all applied energy from the rotor is transformed to heat, gross SEC 
in rach refining zone can be calculated from an energy balance. The gross refining 
power (kW) for each zone is thus calculated as, Eq 10. 
 

xpxx TCFP ∆⋅⋅=      [10] 

 
where x denotes AE or ME, 

xF  is pulp mass flow rate in each refining zone (kg/s), 

pC  is specific heat capacity of the pulp (J/gK) and 
xT∆  is temperature increase in 

the refining zone (K). 

Specific heat capacity of the pulp is assumed equal to that of water i.e. 4.19 J/gK. 
The influence of the lower heat capacity of wood fibres is negligible in this context. 
Air dry basis net production m&  (adt/h) is calculated as, Eq 11. 
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where 

fC
 
is pulp consistency (g/kg) and 

netF  
is net pulp flow rate (kg/s), which is 

recirculation flow rate subtracted from gross flow rate through the refiner. 
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Net production (kWh/adt) for each refining zone, xm&  is given by Eq 12. 

 

9.01000

6.3

⋅

⋅⋅
=

xf

x

FC
m&     [12]  

 
Total SEC (kWh/adt) is defined as Eq 13. 
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where 

grossP  is total refiner power including no-load (kW). 

The SEC for each refining zone is given by Eq 14. 
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Specific edge load (SEL) is a common way of quantifying refining intensity and 
takes into account net power, BEL and rotational speed (Brecht, Siewert 1966) SEL 
tells the net energy applied to each meter of bar crossing (J/m) and is calculated by 
Eq 15. 
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where 

idleP  
is no-load power (kW), n  is rotation speed (rpm) and BEL  is bar edge 

length (km/rev). 

Specific edge load per refining zone is given by Eq 16. 
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3.4 Pilot scale trials 

The study was performed in a pilot scale refining loop at Pulp and Paper Centre, 
University of British Columbia in Vancouver. Trials were performed using a 14-
inch single disc LC refiner from Aikawa, powered by a 110 kW motor. Two 
different 16-inch plate sets manufactured by AFT were used for the trials. One set 
of plates was designed for TMP and the other for hardwood (from now on referred 
to as TMP plates and HW plates respectively). The TMP plates had a coarser plate 
pattern, and hence a shorter bar edge length (BEL), than the HW plates. 
 
The experiment was designed as five individual trials where refining gap was 
adjusted to reach five specific energy levels. Trials were performed with different 
pulp types, consistencies and refiner plate designs. Trials A, B and C were made 
with unfractionated pulp, D with fines enriched pulp and E with long fibre 
enriched pulp. Pulp consistency was in the range of 3.3 to 3.5%, except for trial A, 
where pulp consistency was 2.7%. HW plates were used in trial B and TMP plates 
in the remaining four trials. Hence, trial C was the reference from which alterations 
in trial conditions were made, Figure 10. 
 

 
Figure 10. Schematic image of trial compositions. 

The pulp used for trials was SPF (spruce, pine and fir) market CTMP produced at 
Quesnel River Pulp Mill in British Columbia, Canada. Pulp suspensions were 
prepared in an insulated tank by dissolving dry market CTMP in approximately 
2000 litres of water at 63˚C. Consistency was measured and adjusted by adding 
water or dry pulp while suspensions were prepared. Prior to conducting trials, the 
pulps were agitated for four hours. The pulps held a temperature between 55 and 
61˚C when the trials were initiated. Even though dry pulp was taken from the 
same batch, pulp A had higher shive content and CSF than the other 
unfractionated pulps. Possibly, this was related to the fact that pulp A was diluted 
to a lower consistency, leading to poor defibration of the dry pulp. Non separated 
fibre bundles were hence indicated as higher shive content and CSF in the pulp 
lab. 
 

 

Trial C 
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CTMP 
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pulp 
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In order to modify the fibre fraction distribution for trials D and E, 50 kg market 
CTMP was first fractionated in a screen and long and short fibre fractions were 
collected in separate tanks. Bauer-McNett fibre fraction analyses were performed 
for feed pulp and long and short fibre fractions. Screening was conducted using a 
laboratory MR8 pressure screen with a 1 mm smooth holed basket. The pulps were 
then dewatered in two hanging 750 litres plastic woven tote bags. The first 
drainage water was recirculated to put fines back into the pulp until a fibre mat 
had formed and only clear water drained from the tote bags. Accept and reject 
pulps were then separately mixed with a batch of market CTMP and diluted with 
hot water to prepare the fractionated pulps. 
 
The first samples in each trial were collected at no-load to represent inject pulp. 
Samples were thereafter collected at each specific energy level. Inlet pulps from 
each trial were analysed regarding fibre fractions as explained above. Fibre 
concentrations were calculated by multiplying pulp consistency by long fibre 
content (R14 and R28). Table 4 shows pulp properties and refining conditions from 
the five trials. 
 
Table 4. Conditions for the five different refining curves. 

Trial name A B C D E 

Pulp CTMP CTMP CTMP Fines Long f. 
Consistency (%) 2.7 3.5 3.3 3.4 3.5 
CSF (ml) 164 140 133 102 164 

Fines (R200+P200) 30.7 31.3 30.0 35.7 28.1 
Long f. (R14+R28) 38.6 34.0 38.8 32.0 40.4 
Long f. conc. (%) 1.05 1.18 1.28 1.09 1.39 

Shive content (#/g) 1541 456 313 282 281 
Temperature (˚C) 57.7 57.6 61.1 57.2 55.2 
Number of samples 6 5 6 5 6 

Plates TMP HW TMP TMP TMP 
BEL (km/rev) 5.59 7.21 5.59 5.59 5.59 
No-load (kW) 19.5 17.9 20.4 20.5 20.8 

SEL (J/m) 0.15-0.32 0.13-0.31 0.18-0.39 0.16-0.36 0.17-0.45 
Net SEC (kWh/adt) 46-95 38-87 43-95 37-82 35-101 
Gross SEC (kWh/adt) 55-148 40-123 47-141 46-124 45-144 
Production rate 
(adt/h) 

0.359-
0.380 

0.450-
0.519 

0.438-
0.466 

0.450-
0.490 

0.458-
0.535 
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Gap measurements were recorded from the refiner control system during the trials. 
Furthermore, inlet and outlet pressure, pulp temperature, refining power and 
specific energy were recorded. The refiner was running at 1200 rpm and flow rate 
was held constant at 200 litres per minute. Pulp samples for laboratory analysis 
were taken at each power level. Trials A, C and E were refined at five power levels. 
In trial B, the HW plates were plugged after four power levels. Trial D had to be 
cut short after four power levels because of a too narrow plate gap. After 
completing the experiment, samples were dewatered and sent to Braviken paper 
mill for analysis.  
 
3.5 Data acquisition and laboratory testing 

3.5.1 Data acquisition 

Data were collected the following way for the different studies presented in this 
thesis: 

• For TF72 performance and sulphite trials, manual compound pulp samples 
were collected and process data were taken from the process control 
system (DCS) throughout the trials. Presented pulp data are individual 
single analyses of manually collected compound pulp samples and 
average values from DCS recordings. 

• For Paper I, results are presented with average data from DCS recordings 
as above and pulp lab analyses from manually collected compound 
samples. Pulp data are from single analyses of the samples. 

• For Paper II, data were extracted from refiner control system recordings, 
pulp lab analyses and with calculated values made from these data. 
Presented data are averages from control system recordings throughout 
the trials and mean values from triple analyses of pulp samples, except for 
pulp A, where only double analyses were possible. 

• For Paper III, data were collected from DCS recordings throughout the 
trial, online pulp sampling, pulp lab analyses and with calculated values 
made from these data. Presented pulp data are averages from DCS 
recordings and triple analyses of pulp samples. 

 
3.5.2 Pulp analysis 

For Papers I, II and III, pulps were tested at Holmen Paper Braviken mill lab in 
Norrköping, Sweden. Pulp consistency and fibre fractions for Paper II were 
however analysed in the pilot plant lab at University of British Columbia in 
Vancouver, Canada. 
 
For Paper I, II and III, pulp samples were analysed using hot disintegration 
according to ISO 5263-3, consistency was measured according to ISO 4119 and CSF 
was tested according to ISO 5267-2. For Paper I and II, shive content and fibre 
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length were measured by Eurocon PulpEye and for Paper III by KajaaniMAP. For 
Paper I, fibre fractions were extracted using a Britt Dynamic Drainage Jar with a 
50 mesh wire. 10 g of pulp were washed six times with one litre of water under 
agitation. For Paper II, pulps were analysed for fibre fractions using a Bauer-
McNett fibre fraction classifier by SCAN-CM 6:05 standard. 
 

3.5.3 Hand sheet analysis 

For Paper I and II, hand sheets were made with Rapid Köthen sheet former 
according to ISO 5269-2 and tested for physical properties with ISO 5270 standard. 
Sheets were tested for specific light scattering using ISO 9416 standard and tensile 
index using ISO 1924-2 standard. 
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4 RESULTS AND DISCUSSION 

4.1 Energy efficiency 

4.1.1 Evaluation of TF72 

The combination of DD and LC refining in the new TMP line proved to have good 
potential for production of pulp for printing paper. At normal conditions, tensile 
index after LC refining reached around 48 Nm/g at total SEC of 1700 kWh/adt, 
Figure 11. Average tensile index development over the TF72 was roughly 8 Nm/g 
with about 140 kWh/adt gross SEC applied, Figure 12. 
 

 
Figure 11. Tensile index versus gross total specific energy in TMP-B. Triangular points 

are first stage double disc refined pulp and square points are second stage 
LC refined pulp. 

 

 
Figure 12. Tensile index increase versus applied specific energy in the TF72. 
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The scatter of data in the figures is partly related to inaccuracies in pulp analysis 
and partly to different process conditions, such as flow rates, pulp types (reject and 
main line) and SEC. Fibre length was reduced 10% at 140 kWh/adt and SEL of 1.0 
J/m, Figure 13. Specific light scattering coefficient did not develop significantly over 
LC refining, which agrees with earlier findings (Hammar et al. 1997; Sandberg et 
al. 2009). 
 

 
Figure 13. Relative fibre length versus gross specific energy in the TF72. 

 

4.1.2 Comparison SD-SD and DD-LC 

Specific energy and pulp properties were compared between the DD-LC line and 
the conventional SD-SD line. Pulp samples from the SD-SD line were collected 
from the blow lines and the DD-LC pulps were collected at around 4% consistency. 
A possible influence from white water on DD-LC pulps must therefore be 
considered when comparing results from the two pulp types. It should also be 
noted that the MSD Impressafiner chip pre-treatment device was not running in 
the DD-LC line in this study. At Braviken mill, tensile index is an important base 
property that pulp is produced against. In this comparison, most pulp properties 
were therefore plotted with tensile index to simplify interpretation of the trial 
results. 
 
The SEC to reach tensile index 47 Nm/g was 400 kWh/adt lower for DD-LC 
compared with SD-SD, which equals a 20% reduction, Figure 14. It should be noted 
that the added white water to the DD-LC pulp lowers tensile index somewhat. The 
SD-SD line is however not the most modern TMP line and newer refiners are 
probably somewhat more energy efficient. To indicate the development of tensile 
index with increasing SEC for the DD refiners, a one year average value was 
marked in Figure 14. At 1650 kWh/adt, average DD pulp tensile index was four 
units lower than DD-LC pulp. When the DD results were extrapolated through the 
average value along the dotted line in the figure, SEC was 250 kWh/adt less for DD 
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pulp than for SD-SD pulp at tensile index 47 Nm/g. Hence, in the DD-LC concept, 
the LC refiner would account for 150 kWh/adt of the total 400 kWh/adt energy 
reduction. Figure 15 shows a 300 kWh/adt difference in SEC over second stage 
refining for the two concepts compared at tensile index increase 8 Nm/g. That 
corresponds to a SEC in the 72 inch LC refiner that is only 25% of that in the second 
stage SD refiner. 
 

 
Figure 14. Tensile index versus specific energy consumption. ‘SD1’ is primary stage 

and ‘SD2’ secondary stage single disc pulp. ‘DD’ is double disc and ‘LC’ is 
low consistency refined pulp. ‘Av DD’ marks a one year average value for 
double disc pulp. The dotted line represents extrapolated values for double 
disc pulp. 

 

 
Figure 15. Tensile index increase versus specific energy for second stage refining. 

The two pulp types were compared at tensile index 47 Nm/g and are presented in 
Table 5. Data are average values of several samples from a number of full scale 
trials. 
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Table 5. Pulp properties for DD-LC and SD-SD compared at tensile index 47 Nm/g 

Property SD-SD DD-LC 

SEC (kWh/adt) 2000 1600 
Elongation (%) 2.02 1.87 

Density (kg/m3) 485 485 

Light Scattering (m2/kg) 49 54 

Tear Index (Nm2/kg) 8.3 6.9 

Shives (#/g) 600 250 

Fibre Length (mm) 1.20 0.93 

Freeness (ml) 110 110 

Fibre Fract. TI (Nm/g) 34.8 37.6 

Fibre Fr. Density (kg/m3) 480 490 

 
Figure 16 illustrates fibre length in relation to tensile index. Fibre length after DD 
refining was considerably shorter than after SD-SD refining. This agrees well with 
earlier studies showing that the high intensity refining of DD refiners leads to short 
average fibre length in the pulp (Sundholm et al. 1988; Strand et al. 1993; Kure et al. 
1999c). 
 

 
Figure 16. Fibre length versus tensile index. 

Light scattering was higher for DD-LC pulp than for SD-SD pulp at the same 
tensile index. Pulp from DD refining was eight units higher than second stage SD, 
compared at tensile index 40 Nm/g. The large differences may to some extent be 
explained by the white water content in DD-LC pulp, but also by different fibre 
fractions and fines in the two pulp types. The increase in light scattering was 
higher for second stage SD than for second stage LC, Figure 17. 
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Figure 17. Light scattering versus tensile index. 

It is known that light scattering is directly related to the fines content in pulp 
(Stationwala et al. 1996). To find out the contribution from fibres on light 
scattering, fibre fraction light scattering was plotted with fibre fraction tensile 
index. DD pulp reached a higher fibre fraction light scattering than SD-SD at the 
same fibre fraction tensile index. After second stage LC refining, fibre fraction light 
scattering decreased slightly while it increased after second stage SD, Figure 18. 
 

 
Figure 18. Fibre fraction light scattering versus fibre fraction tensile index. 

The light scattering of the fibre fraction decreased after LC refining, which may 
indicate removal of fibrils from fibre surfaces, Figure 18. On the other hand, the 
fibre fraction tensile index increased over the LC refiner and thus LC refining 
seemed to cause more internal fibrillation of the fibres rather than external 
fibrillation. The large difference in light scattering in Figure 17 can not only be 
attributed to the higher scattering of the fibre fraction or the presence of white 
water. Most likely, the fines created in DD refining contributed to the higher light 
scattering. These speculations are in line with an earlier theory by Miles et al. 
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(1991). More data are however needed to confirm this hypothesis as the amount of 
fines was not measured in this study. 
 
DD-LC is an interesting concept for producing pulps with high light scattering and 
tensile index. The pulp has rather short fibre length due to the high intensity in the 
first refining step. The low light scattering development in LC refining is 
compensated for in the first stage DD refining. 
 
4.1.3 Influence of sulphite pre-treatment 

Results from three different trials were compared to evaluate the influence of 
sulphite chip pre-treatment on LC refining. After first stage refining, sulphite pre-
treated pulp with high flow rate (SPH) had higher tensile index and lower shive 
content, compared at a certain SEC, than reference pulps. Non pre-treated pulp 
with high flow rate (NPH) and mechanically pre-treated pulp with low flow rate 
(MPL) showed fairly similar tensile indices. After LC refining, SPH had tensile 
index and shive content similar to non pre-treated final pulp (FP), i.e. after 
screening and reject refining, Figures 19 and 20. There was no significant difference 
when comparing the different pulps regarding shives reduction, light scattering 
development and relative fibre length in LC refining. 
 

 
Figure 19. Tensile index for total applied gross SEC in DD and LC refining compared 

with final pulp. ‘SPH’ is sulphite pre-treated pulp LC refined at high flow rate. 
‘NPH’ is non pre-treated pulp LC refined at high flow rate. ‘MPL’ is 
mechanically pre-treated pulp LC refined at low flow rate. ‘FP’ denotes non 
pre-treated final pulp after screening and reject refining. 
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Figure 20. Shive content for DD and LC refined pulp compared with final pulp. 

 
4.2 Rotor position 

A number of trials were conducted to evaluate the effects of different rotor 
positions on pulp properties. All trials showed similar results. With similar flow 
rates from both outlets (ratio 50/50), the rotor position was diverted towards AE 
and rather large differences in gap and outlet pulp temperature were obtained. At 
45/55 flow rate ratio, the rotor was pushed towards ME into a centred position 
(equal gaps). At ratio 35/65, the rotor moved further in the ME direction, giving a 
large difference in gap but similar temperature. When the setting was altered to the 
extreme condition (ratio 65/35), the rotor moved back against AE and a larger 
difference in temperature was attained compared with earlier settings. 
 
Since the rotor was diverting towards AE, the temperature increase was higher in 
AE for all flow rate ratios, except in the temperature setting where temperature 
increase became rather similar on both sides. Average temperature increases and 
calculated averages in SEC and SEL for each flow rate ratio are shown in Table 6. 
Average SEC, calculated from gross refining power (Eq 14), was 138 kWh/adt and 
SEL was 0.95 J/m throughout the trial. 
 
Table 6. Average numbers from gap, temperature increase, SEC and SEL for AE 

and ME respectively. 

 Gap (mm) ∆ Temp. (˚C) SEC (kWh/adt) SEL (J/m) 

Setting AE ME AE ME AE ME AE ME 

Flow 0.12 0.27 3.5 2.8 77 61 1.06 0.84 
Gap 0.19 0.19 3.3 3.1 65 73 0.89 1.01 
Temp 0.30 0.08 3.0 3.1 47 91 0.65 1.25 
Extreme  0.07 0.29 3.5 2.6 99 39 1.36 0.54 
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Table 7. Average numbers of changes in pulp properties for AE and ME respectively. 
∆ CSF from manual testing while fibre length and shive content from online 
pulp sample analyses. 

 ∆ CSF (ml) ∆ Fibre l. (%) ∆ Shives (%) 

Setting AE ME AE ME AE ME 

Flow -55 -51 -3.5 +0.3 -50 -38 
Gap  -46 -50 -3.2 -1.4 -46 -46 
Temp -55 -66 -2.8 -3,7 -41 -45 
Extreme -69 -57 -5.2 -0.3 -46 -31 

 
For each setting, CSF reductions and changes in fibre length and shive content are 
presented in Table 7. It should be noted that statistical calculations showed a non 
significant difference in CSF reduction between AE and ME in the ‘Flow’ setting. 
 
Temperature increases at different gaps for the four tested settings are shown in 
Figure 21. Average CSF reduction in relation to average gap is illustrated in 
Figure 22. Equal flow rates gave fairly similar CSF but a rather large difference in 
gap. With equal gaps, the difference in CSF reduction between AE and ME was 
similar to the ‘Flow’ setting but the total CSF reduction was lower. It was obvious 
that the ‘Temp’ and ‘Extreme’ settings rendered the most uneven gap and CSF. The 
differences between AE and ME were 0.22 mm in gap and above 10 ml in CSF 
reduction. 
 

 
Figure 21. Temperature increase versus gap. White symbols denote pulp samples 

from the adjustment end and black symbols denote pulp samples from the 
motor end. 
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Figure 22. CSF reduction versus gap. 

Figure 23 shows relative fibre length (calculated as outlet pulp fibre length divided 
by inlet pulp fibre length) versus gap. Figure 24 presents shive removal efficiency 
versus gap. With equal gaps, fibre length was well preserved and shive reduction 
reached high and equal values. The ‘Temp’ setting produced rather uniform fibre 
length and shive removal while the ‘Flow’ and ‘Extreme’ settings produced large 
differences between AE and ME. 
 
At similar gap, the lowest CSF reduction was obtained while fibre length reduction 
was kept at a low level and shives were efficiently reduced. Similar results were 
obtained in an earlier study by Engstrand et al. (1995) when equal split (feed in 
equal amounts to both refining zones) was compared with unequal split in a 
Sprout-Waldron Twin 60 HC refiner, built on the same principle as the TF72. 
Apparently, equal gaps are beneficial in both HC and LC refining. 
 

 
Figure 23. Relative fibre length versus gap. 
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Figure 24. Shive removal efficiency versus gap. 

Since the AE stator continuously adjusts the load during operation, the difference 
in gap between AE and ME will not be constant. It is therefore necessary to 
continually compensate for uneven gaps to get uniform treatment in both refining 
zones. To develop a more adequate control strategy that is suitable for automation, 
smaller steps in rotor adjustments and more accurate measurements of 
temperature in particular, are needed in future studies. Calculations of SEC imply 
that a setting in between equal flow rates and equal gaps would put a similar 
amount of energy into the pulp in both refining zones, Table 6. The development of 
fibre properties from such a strategy are still unknown and encourage further 
investigations 
 
4.3 Fibre concentration 

The pilot scale trials were designed to investigate the influence of fibre 
concentration on pulp properties in LC refining of mechanical pulp. In this section, 
it should be noted that drawn lines in the presented figures are best fitted curves 
for each individual plot. The lines should thus be regarded as guidance when 
interpreting the figures rather than functions. 

 

4.3.1 Refining process aspects 

In Figure 25, gross power is plotted against gap for each trial. Starting points in the 
bottom right corner indicate the first power levels. Trials A, B, C and D responded 
similarly to decreasing gap. Trial C had a slightly higher gross power level than A, 
B and D at similar gap. When comparing C, D and E, it is obvious that the fines 
enriched pulp required the smallest gap to reach a certain power level while the 
long fibre enriched pulp reached the same power level with a larger gap. This is 
well in accordance with previous findings (El-Sharkawy et al. 2008). Long fibre 
enriched pulp in trial E maintained the largest gap per power level throughout the 
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trials. When comparing trials made with TMP plates, the results indicate that gross 
power was the highest at a certain gap for pulp E, which had the highest fibre 
concentration. Pulps A and D had similar fibre concentrations and required similar 
power at certain gaps. Pulp C required higher power than A and D, but lower 
power than E at the same gap. Hence, pulps with high fibre concentration seem to 
form stronger fibre networks (flocs) that support a larger gap than pulps with low 
fibre concentration. 
 

 

Figure 25. Gross power in relation to gap. Triangular symbols denote pulps refined 
with unfractionated pulp. White is refined with low consistency pulp, orange 
with hardwood plates and black is the reference trial. Diamonds denote 
fines enriched pulp while squares are long fibre enriched pulp. 

 

4.3.2 Pulp properties 

For all pulps, tensile index initially increased with lower gap, reached a maximum, 
and thereafter decreased. This was an expected result which implies that there is 
an individual optimum level of refining for each pulp type. Pulp A had a 
considerably lower initial tensile index than other pulps, which was also reflected 
in higher CSF. Figure 26 demonstrates the tensile index development related to 
gap. Pulp A was more sensitive to refining than pulps with higher consistency. The 
highest tensile index for A is unknown since it decreased after the first refining 
level. Pulp B showed a rather flat tensile index development trend and had the 
lowest maximum tensile index of all pulps. Pulps C, D and E showed similar 
trends and reached tensile index optima at gaps around 0.2 mm. 
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Figure 26. Tensile index versus refiner gap. 

As fibres are refined and fibrillated, they are also shortened to a certain degree 
depending on refining conditions, such as specific energy and/or intensity 
(Koskenhely et al. 2005). Figure 27 describes how relative fibre length differed 
between trials with increasing specific edge load (SEL).  
 

 
Figure 27. Relative fibre length related to specific edge load. 

Relative fibre length illustrates the amount of fibre shortening after refining and 
was calculated by outlet pulp fibre length divided by inlet pulp fibre length. Pulp 
A was more sensitive to fibre shortening than C. Hence, refining at higher 
consistency is beneficial. Pulps A, B and D were the most sensitive to higher SEL. 
Pulp C was less sensitive than the former three while pulp E was the least affected 
by increasing SEL. This shows that SEL is not sufficient to alone characterise the 
refining action and that fibre properties need to be considered. One such theory is 
the C-factor (Kerekes 1990). 
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Combining LC refining and screen fractionation is an interesting concept that 
allows shives and long fibres to be separated in the screen and put back into the 
feed pulp to the LC refiner. The amount of shives is effectively reduced in an LC 
refiner (Strand et al. 1993; Muenster et al. 2006) while a higher concentration of 
uncollapsed and long fibres permit a higher refining load (Batchelor et al. 2006; 
Sandberg et al. 2009). The higher load is possible because of a higher fibre 
concentration in the pulp, which forms a stronger fibre network. This suggests that 
the refiner could be utilised more effectively. The results presented from the pilot 
scale study support a combination of LC refining and screening as an interesting 
concept, Figure 28. 
 

 
 

Figure 28. A system configuration combining LC refining and screen fractionation. 

  

LC Screen
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5 CONCLUSIONS 

Comparisons of specific energy and pulp properties between the DD-LC and SD-
SD concepts were made at tensile index 47 Nm/g. The DD-LC line had a specific 
energy that was 400 kWh/adt lower than the SD-SD line. Fibre length, shives 
content and tear index were lower for DD-LC than for SD-SD pulp while specific 
light scattering coefficient was higher for DD-LC pulp. The increase in scattering 
over second stage refining was however higher in SD refining than in LC refining. 
Fibre fraction tensile index was higher after DD-LC refining than after SD-SD 
refining. It can be concluded that DD-LC is a good TMP concept for pulp 
production for low grammage printing paper because of its low energy 
consumption and high strength and light scattering potentials. SEC was 
250 kWh/adt less for DD pulp than for SD-SD pulp at tensile index 47 Nm/g. In the 
DD-LC concept, the LC refiner would account for 150 kWh/adt of the total 
400 kWh/adt energy reduction. 
 
With a combination of sulphite chip pre-treatment, DD and LC refining, 
mechanical pulp can be produced, without screening and reject refining, with 
similar strength properties and shive content as untreated final pulp after 
screening and reject refining. Sulphite chip pre-treatment did not affect tensile 
index, shives reduction, light scattering development and fibre shortening in LC 
refining. 
 
Fibre length distribution of mechanical pulp had a considerable effect on gap in LC 
refining. Long fibre pulp seemed to form a stronger fibre network that maintained 
larger refining gap at certain specific energy compared with fines rich pulp. Long 
fibre pulp was less sensitive to high specific edge load, which also enabled higher 
tensile index increase at certain fibre length reduction. The results from this study 
support a combination of LC refining and screening as an interesting concept. 
 
It was observed that the rotor disc in a TwinFlo LC refiner did not centre itself 
properly between the stator discs even though flow rate was similar in the two 
refining zones. A non-centred rotor position gave uneven pulp quality because of 
unequal refining action in the two refining zones. By altering the pressure ratio 
between the two refining zones in a TwinFlo LC refiner, it was possible to 
compensate for uneven refining caused by an un-centred rotor position. Equal 
gaps seemed to give the most homogenous pulp development from the TwinFlo. 
Gap was also seen to correlate well with shive content and fibre length. To reach 
equal pulp quality from both refining zones, a rotor position in between equal gap 
and pulp flow rate might be a useful control strategy. However, further studies are 
needed to confirm this hypothesis. 
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