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ABSTRACT

The effect of refining energy on the measured properties of pulppapér was
investigated based on different ratios of softwood and hardwood chemipal iputo-

refined blends. A mix of 70-80% lodgepole pine, 20-30% white spruce andib%®@ne

fir was used as softwood and the eucalyptus as hardwood. The mixtures studied were 0/100,
25/75, 50/50, 75/25 and 100/0 hardwood/softwood at 3.5 % consistency. In the experiment
studied here mixtures of hardwood and softwood bleached pulps were rlefiaesngle

disk refiner. The plate used had a BEL of 2.74 km/rev and the refoeedswvas 1200

RPM. Gap size between plates was measured using a sensoctednioea LabVIEW
interface. The different refining energy values were creéeadhanging the gap size
between plates at constant flow rate. The refining flow rate was 200 I/m.

Refining hardwood and softwood together enhanced the paper properties $echilas
burst strength, paper density and drainability, but reduced the tagthtrsheet thickness
and light scattering coefficient. In order to significantly redineerefining power, the ratio
of hardwood must be 50% at least. We expect that the energy wedtlie softwood
pulp and resulted in a higher specific refining energy in the softii@ation. No-load
power did not vary with the % hardwood content. Fibre length weightededased after
refining due to fibre cutting and fines generation.

Keywords: Refining, specific energy, mixture, softwood, hardwood, low consistersly, di
refiner, eucalyptus.
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CHAPTERI
INTRODUCTION

1.1. General Background

Refining plays a vital role in pulp stock preparation, and is thé step in the paper
making process. Refining is the mechanical treatment of fibtesebe metallic bars in the
refiner in the presence of water (Helsinki, 2000). The objectivefofing is to improve
the bonding ability of fibres, as well as the strength and smootlohgegper made of the
treated fibres. In other words, refining improves paper qualityedisas paper and printing
machine runnability. Generally, there are many effects ofingf on fibres, which include:
fibre cutting and shortening, fines production and complete removal of fpamisfibre
walls, debris creation in suspension, external fibrillation, intech@nges in the wall
structure, fibre straightening, nodes, kinks, slip planes, micro cesipns creation or
removal in the cell wall, colloidal material softened into thiemnal liquor, hemicelluloses
redistribution from the interior of the fibre to the exterior, andaser abrasion at the
molecular level to produce a more gelatinous surface (Page, 1989).

The manifestation of different refining effects depends on #fenar and refining
conditions, pulp and consistency. Pulp consistency can be considered intégories:
high consistency (HC) refining (20-40%) and low consistency (lefiping (3-5%). A
major difficulty in characterizing refining intensities aghiand low consistency is the
huge difference in rheological behavior. During HC refining, thep muspension is
heterogeneous and compressible. Because of this, the number oirfittresefiner is not
known. LC refining, however, has a more homogenous pulp suspension. Consequently, bar
crossings provide a reasonable measure of loading cycle on fheass (Kerekes, 2011).
Refining dramatically improves paper properties, however, thereogteconcerns due to
the rising cost of electrical energy. High consistency regimdlow much higher rotation
speed which results on much larger gap clearance. In other wordsteimines the
refining degree and change, decreases fibre cutting, and gsitadplcontact between the
bars is more difficult (Lumiainen, 2000). In many cases, HC rejirs becoming replaced
by the LC refining process. The LC stage also aims to stfeefiore material by heat to
avoid severe fibre shortening, as the structure of the rigid lignisoftened by high
temperatures (Eriksen & Hammar, 2005). LC refining flattens dibdecreases volume,
increases refining degree, tensile strength, tensile energyptibsprand air resistance
(Lumiainen, 2000). During the refining process, the refining resistancene fibres
decreases. Therefore, the refining intensity must be leseseedime during an extended
refining process.

Several studies have been completed on the effects of blending pthesfiumnish. It has

been found that strength properties are better in paper mawect-refined blends as
opposed to separately refined blends (Ghost, Rae, & Moorhouse, 2003); (Lumiainen, 1997);
(Manfredi & Claudio da Silva, 1986), however, some researchers tlaserved the
opposite (Stevens, 1992), (Nuttall, Mott, Mayhead, & DuGuid, 1999); (Baker, .1995)
Generally, the studies are attributed to the importance & fiboperties in the refining
process, even though the fibres used are different. For chemical thip®ptimum
refining intensity relies on the refining resistance, the maysdimensions, and the
flocculation ability of fibres. In the case of softwood (SW) ffroo low of an intensity
cannot cause a refining effect on the fibres, while too higim aftansity will enhance the



dewatering resistance. When SW pulp is found to generate thmgeiintensity, however,
the flow is reduced while the refining energy is stable.

In terms of energy use in low consistency refining, softwood and badivwulps
experience different bar width segments, refining energy, andngfiniensity. Softwood
pulps require much larger power use and refining intensity. On theacgntrardwood
pulps show less power use and lower refining intensity (Lumiainen, 286@ood pulp
fibres are considered the strongest and most resistant to refmimgared with those of
hardwood. A consequence of this is that softwood pulps require more enetbg
refining process. The larger the energy input, the greatetrdregth development will be.
On the other hand, lower energy inputs produce lower strengthediaanaefining degree.
In the case of softwood, low refining intensity is capable eklbping fibres, however,
the energy required is higher. In the case of hardwood, too high okasitgtwill ruin the
fibre flocculation on bar edges and take off the fibres back to graatiesut getting any
refining treatment. Simply said, the lower the refining intgnshe better. Nevertheless, it
should be noted that lower refining intensity reduces the net poweheofrefiner.
Consequently, it affects the strength properties such as tansllburst. Bigger refiners or
a higher number of refiners could be used to achieve a certainitgagad net energy
input.

In refining, the higher the energy input in one pass is, the Ilthedinal strength will be at
a certain specific refining energy (SRE). Energy input shoulefive be distributed over
several refining stages to achieve optimum strength and loveegyecosts. It has been
postulated that a mixed treatment would be advantageous, at ldasesygect to energy
consumption, when the presence of hardwood fibres can significantlytcadtie
flocculation affinity of the softwood component in the furnish. Longefsbirom softwood
pulps are strongest and have the highest refining resistago@jrrg high refining energy
and coarse fillings. Short fibres (hardwood) are the weakest with loweshgefesistance,
requiring low refining energy and fine fillings. It is importantpapermakers to develop
the necessary tensile strength, and at the same time maibt@nength and tearing
strength as high as possible. Lower energy input in a single grasses less net refining
energy for a given tensile strength than a higher energy input.

Usually, adding hardwood proportion in softwood refining is a smarcehor reducing
energy consumption in the refiner. However, it is obvious that byngdaardwood in
softwood refining the strength properties become lower if comparéd ernginal
softwood refining. As has been noted, it depends on the desired extenngéstater
refining. This is also particularly difficult when dealing wihe addition of hardwood pulp,
and how it interacts with softwood fibres during co-refining.

1.2. Objectives

The overall objective for this research was to study thexesffof low consistency refining
on different ratios of softwood and hardwood in co-refined blends of chemidas.
Different proportions of HW and SW pulps have been shown to have an @ffectergy
required and measurable properties. Other refiner parameters wemdRstant in order to
study the effect of different ratios of SW/HW in LC refiginFurthermore, the condition
before refining was compared with condition after refining.



Moreover, the specific objectives of this research were as follows:

1. To study the energy effect on different ratios of SW and HWnatad pulps in co-
refined blends on specific refining energy and refining intensity.

2. To study the measured properties of pulps and paper refined wehedif ratios of
SW and HW in co-refined blends.

3. To study the behavior of HW in SW refining.

1.3. Scope of Study

The scope of this experiment focused on different proportions of softarmbdhardwood
bleached chemical pulp in low consistency refining, co-refined blenks. Mixtures
studied were 100/0, 75/25, 50/50, 25/75, 0/100 of SW/HW. The softwood and hardwood
pulps were collected from the Canfor pulp mill and CMPC Pulp's aS&et mill,
respectively. In order to achieve the objective above, this expetrimas limited to pilot
scale refining by using the LC refining facility at the fPind Paper Centre at the
University of British Columbia. For the 2.74 km/rev plate geomet®)0lrpm refiner
speed, 200 I/m flow rate and 3.5% consistency, the effects of afiffesoftwood and
hardwood percentages were examined.



CHAPTERII
LITERATURE REVIEW

2.1. Stock Preparation

Stock preparation is the process in a paper mill preceding ges-paachine where pulp is
prepared for papermaking. This is an early treatment before pefptg the headbox on
the paper machine as shown in Figure 2.1. Usually, stock preparatisistscof several
unit operations. In some cases, the pulps must be repulped firdiv@ree from the pulp
mill in dry pulp bales) as well as refined, blended, screenedlaaded to give the desired
furnish for the particular grade of paper.

1
: Stock Prep |
| 1
1
:StockSIurry 1
1 (diluted pulp)!
| 1
1 ¢ :
: RefiNing || - - c e e e e e e e e e e e e m = 1
1
I [ : | Wet End :
! 1
1 | Metering : ; :
I'| Blending L Flow Head Papermaking
1 > — — —> P !
1 | Screening |1 : Spreader Box Table Web = 1
1| Cleaning :|_ _________________________ -1 __1
: . PE LR E LT .
_______ 5 - |
" D"V[“S Dry End |
1| Section 1
1 1
| ] .
: Calender :
1 J{ Finishing 1
I rewinding, | Paper !
1 Reel [ ( S % a 1
I trimming, Products |
1 Coating) 1
1

Figure 2.1 General Papermaking Flow Diagi@&helsinki, 2000)

Ordinarily, the stock preparation systems will impact both theano$tquality of the paper
products produced in the paper making process. Final paper propertiesbanohmnability
are essentially dependent on the performability of the trefateash, the fibre quality
improvements after refining, and the mixing of fillers and chelnic&ome vendor
equipment in the paper machine industry has the complete range ahequignd services
from single-application processes to complete stock preparation units.

According to Metso, the refining stage is the one of the importgerations in
papermaking, as it significantly affects the runnability on th@epamachine and
determines much of the final paper properties. In 1999, Sigl from oMetstock

preparation division stated that refining plays an important roleak preparation as well
as throughout the complete paper making process. The raw madtg@ion that will be
refined also has a great influence on the quality of the end product. It is imgontaalize

that the process always tries to maintain optimal operation ibg tise optimal type of
materials available and running under optimal refining parameters for thenpugp.i



2.2. Refining Mechanism and Theories

The first researcher to introduce refining theory was Jagem@®&B87 (Lumiainen, 2000).
This work introduced such terms as "edge length per second" and ba@mgBoth of
these concepts are still used in the basic theories of refinitay.t Lumiainen stated that
the main feature of refining theories is that they work independfotly the size of mill-
scale refiners and can describe any refiner type (conitaérend disk refiner). Kerekes

in 1990 also introduced the C-factor for characterization of pulp refimgrthe number
and intensity of impact inflicted on fibres. The common featurefofing theories is that
the total refining power is divided into two components, net and no-load rpowe
Nevertheless, in this section, the author will not go into detail abeubasic differences
between the refining theories.

All things considered, the basis of all theories of refiningpésperception that the refining
result is dependent on the mechanism by which energy is imgartee fibres, and the
magnitude of refining energy (the power applied to the fibres).

2.2.1.Refining M echanism

The mechanics of refining are shown in Figure 2.2. Two parallel plates, cothpfiae
stator and rotor, are grooved. Because of that, the bars treat fibres whictoitmithe
grooves between the bars, so the fibres flow through the refiner. In stage Aigtithe f
fibres are picked up, make contact with the plates and get the first hit from edige tone
the bars of the plates. At the end of this section the fibres are also compresstuefr
edge and the surface of the plates.

A B C
I ! Stator
I I Rotor
E— > ——

Figure 2.2. Refining Mechanism

Section B shows the fibres pressed between bars. They areesseniby the surface of
the bars during refining. In section C, fibres also hit the bathersurface to edge and
again edge to edge. The shearing of fibre bundles happens in this section.

It is expected that the refined area creates the fiboilatif the fibres. Some different
mechanisms and forces are shown in Figure 2.3. The figure shewdifferent forces
imparted to fibres during bar crossing. Forces travel not onbygr fibres in contact with
the bars, but also possibly due to fibres in contact with other fibres.



Fp<Fg Fy, gives compression
= F gives surface shear
Fe=Fg

F¢ gives tensile rupture

Figure 2.3. Force on Fibres During Refining

2.2.2. Specific Edge Load Theory

One of the commonly used refining theories is the specific k@dgktheory. The specific
edge load reflects power distribution among bar crossings. In 1958 Wattdcklucher
showed the amount of efficient refiner load and edge length in eeeond as refining
intensity. Brecht and Siewert then believed that the specific &k indicated the
refining intensity in 1966. Intensity comprises two factors whiehused to describe how
often the fibres are treated and how intense they are hit (Lumiainen, 2000).

The specific edge load or SEL (Ws/m or J/m) is described as:

P

SEL = 2& Eq. 2.1
CEL

Phet = Piot — Pnoiload Eqg. 2.2

Where Re; is the net power (kW), & is the total power, meaning the gross power in an
actual situation, andnFoagis the initial power. Initial power indicates the power consumed
when the gap size backed off (increased) until there is no naicehange in pulp
properties. The no load power should be determined using a pulp suspensiontenot wa
alone (Kerekes, 2012).

CEL or Cutting Edge Length is calculated as Bar Edge Lei§h/(km/Rev) multiplied
by rotational speed/ n (RPM).

CEL = BELxn Eq. 2.3

BEL = Z,xZ,xl Eq. 2.4



Where Z and Z are the bar number of rotor and stator and | (km) is the avefafe
length (Lundin, 2008). BEL/CEL is given to paper makers by suppliersfioier plates as
km/Rev.

This theory considers that the energy applied to the fibres \d@emending on the length
of the bar edges (Lumiainen, 2000). All of the factors used to ctdcthe SEL are
available and simple calculations are used. On the whole, this tisergguently used.
Eventually, people who are experts in the papermaking processuaiy able to estimate
the specific edge load value at any consistency given to the refiner.

Generally, specific edge load in this calculation used to calculate theityitartie refiner
machine, but it is not the fibres’ intensity.

The different target SEL values for each pulp type are shown in the table below.

Table 2.1 Typical Specific Edge Loads for Softwood and Hardwood (Canfor, 2010)

. SEL
Material (J/m)
Softwood 15-3.0

Recommended 2.0
Hardwood 0.2-1.0
Recommended 0.2

2.2.3.Specific Refining Energy Theory

In a given moment, the energy is also determined by net pdwerspecific refining
energy (SRE) differs from SEL because SRE is used fouleding how much energy is
given from the refiner to the fibres.

Specific refining energy (kWhft) is calculated as

P
SRE = —Z& Eq. 2.5
m

It was mentioned above that.Hs the net power applied to the fibres (kW), aimds the
mass of the fibres through the refiner (t/h). In this eass the result of multiplying the
flow rate (liter/h) by pulp consistency (mass/unit volume) (Lumea 2000, Koskenhely
2007).

m = fxcy Eq. 2.6



Generally speaking, the specific refining energy is the metgy expended per unit mass
of fibres.

Some reference values for standard specific refining enetggs/are also shown in the
table below:

Table 2.2 Typical Specific Energy Values for Softwood and Hardwood Pulps for Various
Paper Grades (Canfor, 2010a)

Paper product Material (k%w]z/t)
Softwood 120 - 160
Fine Paper
Hardwood 80-120
Softwood 60 — 80
Food Board
Hardwood 40 - 60
SB Kraft 40 — 100
News Post-refined
) 50 -100
Mechanical pulp
Sack Unbleached Kraft 230 - 280

2.3. TheEffects of Refining on Fibre Properties

The mechanical action that is done by the bars on the plates akfther causes
considerable modification of the fibre properties.

In the VTT Industrial System (2009), Loijas (2010) stated that the main chaniga® i
properties are degradation of the primary wall and the S1 layer, internitiidmi
external fibrillation, fibre straightening, fibre shortening and finezwegaion.

2.3.1. Internal Fibrillation

The first change that occurs during refining of fibres is internal fibola This is a
degradation of the fibre wall. Degradation in this case means removal ofrtiaypvall

and secondary wall outer layer (S1) due to increasing the hydrogen bonding on the fibre.
As a result, the fibres swell.



W W = tubercular core

S; = secondary wall nner layer (tertiary wall)
S, = secondary wall nuddle layer (P & S thickness 7.5 um)
S, S = secondary wall outer layer

P = primary wall (thickness 0.1 pm)

M = mtermediate lamella (thickness 0.5 - 1.5 pm)

F,, = fibre width (30 pm)
F. F, = fibre length (3 mm)

Figure 2.4. Structure of Wood Tracheids (Loija, 2010)

Figure 2.5 shows some examples of swelled fibres. There are typecal swelling
reactions. First is volume swelling (1), second is gel swellilgand the third is ballooned
(). Fibre swelling is indicative of damage in the fibre Ilwdrom this picture it is
apparent that some of the fibres are not swollen.

i -
Yol

Figure 2.5 Swelling of Fibres

Usually fibre swelling is measured by water retention vatantor, 2010). In some cases,
Brecht and Nisser (1963) reported that freeness also indicatdeghee of fibre swelling.
This was also reported by Rene et al in 2006.

2.3.2. External Fibrillation
External fibrillation is the shearing on fibre surfaces. Endkfibrillation is easier to see

under a microscope than internal fibrillation. The refining actmnsse the surface fibrils
to become exposed. If the action is too much, they can peel off and become fines.



Both internal and external fibrillation will increase the bondingaain a paper sheet.
Internal fibrillations increase fibre flexibility, while therea of surface fibrils is increased
by external fibrillation.

¢ Internal
Fibrillation

» External
Fibrillation

Figure 2.6. Internal and External Fibrillation

Taegeun Kang (2005) was able to keep internal fibrillation constanolaserve the effect
of external fibrillation on strength properties. He reported tihatfibrils still attached to
the fibres further improved the consolidation of the paper strengi.light scattering
index decreased with an increase in external fibrillation. At dhme time the fines
increased. Kang expected that paper strength properties wenglgtinfluenced by
internal fibrillation, and that these could also be increased fubthgromoting mostly
external fibrillation.

Increased levels of fibrillation also decrease the sheet gemgitthe opacity, and result in
slower drainage on the papermachine (Canfor, 2010).

2.3.3. Fibre Shortening and Fines Generation

Fibre shortening means fibre cutting during refining. Kerekes and Olson (2003hkave
perspective that fibre length is reduced during refining. Fibre cuttipgnsrally

undesirable in refining, as longer fibre length generally results in highsite strength.
Kerekes (1990) described that the energy of refining can be applied to fibrderendif
ways. A large number of impacts of small intensity, leads to fibres fiwitlgbut a small
number of impacts of high intensity leads to fibre cutting. Another method to predict the
number of impacts which will impact fibre shortening was developed by Hg2D@9).

It was explained above that fines generation also happens in refining duess fexce
during external fibrillation.

Bachelor (1999) found a very interesting conclusion in his researchugtested that

there is a relationship between fines generation and fibre sh@téhmctically, reduction
of the fibre length was calculated based on the length weighterage before and after
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refining. Nevertheless, the reduction of fibre length did not cdereléth changes in the
number of long fibres per unit mass. Bachelor (1999) indicated thaerbth weighted

average fibre length was not accurately tracking the redurtifibre length because the
value for calculating the length weighted is affected by tiesfgeneration during refining.

2.3.4. Fibre Straightening

Page (1985) and Mohlin (1991) agree that fibre straightening ajgmehs in refining.
Often fibres from pulp mills are kinked, crimped, and curly. Filnest be stretched first
because if they remain curly or kinked in a paper network, it will redugesiper strength.
There are three ways to cause fibre straighteningtyfitsy the tension in the refiner gap,
secondly byswelling and lastly bgegment stretching during drying.

Some other fibre changes are shown in the summary of fibre chdageg refining in
Figure 2.7

INTERNAL
FIBRILLATION

EXTERNAL

FIBRILLATION
",
FINES
LENGTH
REDUCTION DISSOLUTION

Figure 2.7. Summary of Fibre Changes

Although the results of refining on pulp fibres have been identified, antinvestigators
agree on what the effects on fibres are, there seems to beeraltyeaccepted theory that
would indicate to the papermaker how the various controlling varialbleslds be
manipulated to achieve a desired output in terms of pulp properties.
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2.4. TheEffects of Refining on Paper Properties

Refining causes changes in fibre properties, and this in turn chpagesproperties (VTT
Industrial System 2009).

The effects of refining on the paper properties of the fihnaéscan be classified into four
categories: physical properties, strength properties, optical proparteesheet formation.

2.4.1. Effectson Physical Properties

One of the effects of refining on paper physical properties ieasag the density.
Increased density means the basis weight increases and kme#lsiclecreases. The value
of bulk is inversely proportional to the value of density. Thus, refingagices the bulk of
the paper sheet.

FIBRE LENGTH BULK AIR PERMEABILITY (GURLEY)
= 4 R n A
B . S Cutting
Fibrillating
Fibrillating
Sy Fibrillating
Cutting
kWh/t kKWh't KWh/t

Figure 2.8. The effects of refining on physical paper properties (Metso, 2008)

Fibre length will decrease after refining. The spaces between the dibdethe pores also
decrease, and as a result the air permeability increases.

2.4.2. Effectson Strength Properties
The main factor that affects strength properties is bonding area. Witmgetire bonding

area increases. Tensile and burst strength will increase afteéngefVhen refining is
applied to the fibre, the tear strength decreases after a slight eatdhs beginning.

TENSILE

I
9k \
<2
X
ﬂ - / FREENESS (CSF)
=z (/2]
o TEAR (softwood)
w J
[ ]
[TH+

TIME OF BEATING
Figure 2.9 Beating Curve (Kerekes, 2012)
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2.4.3. Effectson Optical Properties

In general, the optical properties such as brightness, opacity anddagtering coefficient
are decreased by refining.

LIGHT SCATTERING COEFFICIENT 1 = the arriving light
1 : 1 2 3 2 = scattered reflection
£ Cuting e Er lr;‘;‘;'r (brightness)
- -
Ns = N V=N 3=specular reflection
-' ~ N = -’ | IOSS
Fibrillating S, 3 7 T atae)
<) T I | )y 4 = permeance
LA Ao -~ :
Mo e e o g (opacity)
N s e :
4 5 = absorption

kwh; (color)

Figure 2.10. The Effects of Refining on Light Scattering Co. (Metso, 2008)

Decreasing the light scattering co. effectively decreases théygaw chemical pulp, by
refining the bonded surface increases while opacity decreases. Thisngrastto

mechanical pulp, in which the unbounded surface increases and opacity increases by the
action of refining (Canfor, 2010).

2.4.4. Effects on Sheet For mation

Sheet formation is indicated by the degree of smoothness. The action of refuseg ca
sheet smoothness to increase.

SMOOTHNESS
r'y

nm

Fibrillating

Cutting

.
>

KWht
Figure 2.11. The Effects of Refining on Smoothness (Metso, 2008)

2.5. Softwood and Hardwood Refining

2.5.1. Properties of Softwood and Hardwood
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Softwood pulps consist of long fibres around 2.5 mm in length and 16 — 35 mg/100 m
coarseness. Hardwoods have short fibres from 0.8 — 1.5 mm long and 9 — 115 mg/100 m
coarseness. More differences are shown in the table below:

Table 2.3. Comparison between Softwood and HardwGadfor, 2003)

Softwood Har dwood
Long with relatively wide lumens Short and thick walled
More primitive plants More evolved plants

Hardwood trees are faster growing compared with softwood trees

Fibres are used for mechanical suppart-ibres only provide mechanical support,

and to conduct food (sap) nutrients are conducted by the vessels

65% fibres, 25% vessels and 10%
parenchyma cells

90% fibres and 10% parenchyma cells

Coniferous trees Deciduous trees

Softwood has a lower density, therefore

most softwood varieties are softer than

hardwood.

Examples of softwood trees are, spruceg, Examples of hardwood are mahogany,

cedar, fir, larch, Douglas-fir, white spruge, teak, walnut, oak, ash, elm, aspen
lodgepole pine, Scandinavian pine poplar, birch, maple, eucalyptus.

Hardwood has a higher density and |is
therefore harder

Fibre
diameter
In microns

:T@ @pr—

2.2 3.5 3.4
Wall thickness in microns
»
£
_E 4.0 i
=3.0
E
£20 é
= %
= . i
c 1.0 )
[
e, 3 ’ ¢
o
5 09 Scandmavian Lodgepole White Birch Eucalyptus
ic Pme Pine Spruce (Typical)

"Weight weighted lengths measured by Kajaani FS200"

Figure 2.12. The Typical Fibre Dimensions for Different Trees (Canfor, 2003)
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Long-fibred softwood pulps easily get stapled to the bar edgebualdadstrong flocs that
do not easily break during refining. Decreased gap clearancensastining degree
change and increases fibre cutting. On the contrary, ibre mhifficult to get short-fibred
hardwood pulps stapled on the bar edges, and they build weak flocs thatbeeak
during refining. Therefore, the refiner fillings for softwood anddaod need to be
different to reflect these attributes. Decreased gap cleararaes slower refining, and
bars easily establish contact for refining the hardwood. Long fitsekwood) are
strongest and have the highest refining resistance, and requiregdfining energy and
coarse fillings. Short fibres (hardwood) are the weakest witledowefining resistance,
requiring low refining energy and fine fillings. This means |@fining intensity usually
gives a better refining result with hardwood fibres (Helsinki, 2000).

Simply put, the strength quality of softwood fibres is higher thadvi@wd. On the other
hand, refining softwood will consume higher energy than hardwood.

2.5.2. Methodology of Combining Materialsin Refining

As explained previously, softwood and hardwood pulps have different mlesper
properties. The role of softwood fibres is to ensure the strengttheofpaper. The
reinforcement fibres are flexible, strong and long. Thin-wallece§lare flexible and can
get close together ensuring better bonding ability. Thick-walleadilyield high tear
strength. The role of hardwood fibres is different, as they efiter printability of the
paper. Short fibres and narrow fibre length distribution give goodt Sloesation.
Sufficient tensile strength and tear strength are also ssfjdiar good runnability. The
higher the number of fibres per gram, the better the optical pregpef the sheet are. The
method of mixing the two types of pulp is also important.

There are two different ways to refine the different kinds of pelipch are often used in
the paper industry. The separate refining system and the mixiedhgebystem are
commonly used in the pulp and paper industry (Latinen, 2010).

Both separate and mixed systems are widely used. The newaolagy is the separate
refining method. Usually the new paper machines use separati@gefivhile older paper
machines still use mixed refining. Mixed refining is als@refd to as co-refining. In both
cases, it is good to have a trimming refiner after the miglmgst, homogenizing of the
fibore mixture by cutting fibres that are too long for bettéreet formation, and
reconditioning fibres from the broke line. Both separate and mixedngfsystems have
their advantages. Some paper mills also use a combination of both methods.
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Figure 2.13. Separate and Mixed Refining Systems (Paulapuro, 2000)

The separate refining system means each pulp type is re@padately on individual lines
before blending in the mixing chest. For mixed / co-refiningesgsboth pulps are refined
together on one line.

There are several studies that have found the strength propeiiesetter after separate
refining than after co-refining (Stevens, 1992), (Nuttall et al, 19%@aker, 1995),
however some studies observed the opposite (Ghost et al, 2003). The wieidienostly
done using different pulps. All researchers agreed that changdsdarpfoperties due to
refining response are very important. Optical properties wadynalways reported to be
better after separate refining.

The advantage of separate refining is that it enables papesriakeefine at optimum
intensity and energy for each pulp type. In mixed refining, enengyirensity are not
distributed to different components according to mass fractionséftwood/hardwood
mixtures, softwood takes the larger proportion of energy. If the propaofi hardwood is
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less than 20 or 25 %, Canfor (2010) suggests using softwood conditions. Itim#aas
range of less hardwood proportion, the refining will consume the sasrgy as refining
of 100% softwood. While using the same energy consumption, the strend®O%f
softwood is higher.

Mohlin (2006) performed an experiment using mixtures of eucalyptus amdiiBagian
softwood refined in a conical refiner at a flow rate of 600 fime hardwood proportions
studied were 0%, 50%, 75%, 90% and 100% Eucalyptus. One of the conclusidmdre
from this work was that the no-load power was reduced in relatidimet@roportion of
eucalyptus, 52 kW to 34kw for 0% and 100% additional hardwood, respectively.

2.5.3. Softwood and Har dwood on The Global M ar ket

Figures 2.14 and 2.15 show the global trends in market pulp, specificalBldached
Eucalyptus Kraft (BEK) which is representative of Hardwood, and héant Bleached
Softwood Kraft (NBSK). China is still driving the global markéfpaper & board product.
Figure 2.15 shows the number of tons of paper products between 1998 and 201dain Chi
The production of hardwood is higher than softwood. The same result is ghéigure
2.16 too. The days supply of hardwood is higher that softwood. The growtlofrate
feedstock probably has an effect in paper production, as hardwood tressiaihg faster-
growing than softwood.

Huge paper capacity shift to Asia, mostly non-integrated ina’ f Paper Grade Pulp
E igh Apl 2011

High Yield Pulp i3

TexraChoice Market Services fnc.

Figure 2.14 Paper & board Global market and Monthly Import of Paper in China
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Figure 2.15 Days Supply and Prices of Softwood and Hardwood in the Global Market

From Fig. 2.16, it is shown that softwood prices are always higher than hardwood. Starting
from 2010, the differences in prices become larger.
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CHAPTER 111
MATERIALSAND METHODS

3.1. Materials
3.1.1. Pulp

Chemical bleached pulp softwood and hardwood were used as raw rmat@hal
softwood bleached pulp was collected from the Canfor pulp mill in Canada. It waso mi
70-80% lodgepole pine, 20-30% white spruce and 5% sub alpine fir. The figté fer

this kind of pulp was approximately 2.4-2.6 mm. The hardwood bleached pulp was
supplied by CMPC Pulp's Santa Fe mill in Chile. It was a eucalyptus bleachieplukpaf

3.1.2. Low Consistency Refining Equipment

This low consistency refining experiment was done in the UnivessByitish Columbia’s

Pulp & Paper Centre. There are many pieces of equipment ilothisonsistency refining
facility (refiner plant). They include 2 mixing tanks which have 40689 of capacity,
pipes, valves, pressure and temperature sensors, a speed pump, witnd800 RPM

and 150HP capacity and of course a refining machine with FineBaer plate patterns.
Fluid with low consistency pulp flows through the system (refifimgp) by passing
through pipes, while process parameters are controlled by the computer.

Figure 3.1. LC Refining Equipment (Pulp and Paper Centre, UBC)
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3.2. Experimental Method

When studying refining effects, one must always look at thvermaterial parameter. Raw
material pulps play an important role in the refining processhik éxperiment, two
different pulps were refined using the LC refining equipment. The Emestal design
involved varying the percentage of softwood and hardwood pulps as theat@wals. In
other words, the effect of different percentages of softwoodhamdwood on refining
power, and intensity on fibre cutting were studied. The fibres inveoft pulp are longer
than the ones in hardwood pulp. There is no refining of fibres if the gap size betwesn pla
of the refiner is still more than 2.5 mm. In this refining trialorder to refine the fibres
and examine increases in refining power, the gap size betweers plats closed
periodically until almost £ 0.05 mm while running the refiner. Clodimg gap this much
was a critical condition. Pressure increased and there passiility of plate clash. After
that, the gap was reopened soon in order to stop the refining machiie.rUning the
refiner, gap size between plates should never be full clodeat. would crush the two
plates and also explode the pipe. Other refining process parametersalways kept
constant for every different percentage of pulps. The refining process paranetemilp
consistency, flow rates, refiner speed, and plate geometry. Thedstoaiameters were
varying percentage of softwood and hardwood pulps, and closing the gaperbdtwee
refiner plates to look at the effect of power and intensity omgtineproperties and fibre
cutting.

Table 3.1. Refining Process Parameters.

Parameter Condition

Pulp consistency 35%

Flow rates 200 I/min
1200 rpm

Refiner speed

Plate geometry BEL: 2.74 km/rev

100% Softwood 0% Hardwooc
75% Softwood 75% Hardwooc
50% Softwood 50% Hardwooc
25% Softwood 25% Hardwooc
0%  Softwood 100% Hardwooq

Sample Percentages

—_— S e

|k wnNPE

Gap Variance

The LC refining equipment in the Pulp and Paper Centre is a lotgnsyBigure 3.1). The
loop consists of two mixing tanks with two mixers (a bottom and uppeeriia
centrifugal pump, and a 14" LC disk refiner overhung with plates 16”amelier. Pulp
ready to be refined was pumped through to the refiner and then sanbtteer tank.
Parameters that required attention when running the refiner fieverate readings,
pressure, temperature indicator, power indicator, gap clearadwator, valve opening
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reading, pump frequency reading, and the refiner speed. All wf éine controlled using a
computer interface. The computer data can be monitored and retrievedingy the
LabVIEW™ program. The refining loop can perform one trial each dayinstance, 100%
softwood and 0% hardwood were run the first day, 75% softwood ancha&#ood the
second day, and so on until all samples were completed. Intordet 3.5% consistency
in 4,000 litres total volume, the total dry weight of pulp was be KglODry weight of
softwood was 0.501 grams/sheet and hardwood was 0.725 gram/sheet. Balewalde
of pulp composition needed to get 3.5% consistency in 4,000 litres of total volume.

Table 3.2. Weight and Sheet Quantity of Softwood and Hardwood Pulp

Sample Per centages Softwood Hardwood
100% Softwood 140 kg/ }

0% Hardwood 279 sheet) -

75% Softwood 105 kg/ 35 kg/
25% Hardwood 210 sheet 48 sheet
50% Softwood 70 kg/ 70 kg/
50% Hardwood 140 sheet 97 sheet
25% Softwood 35 kg/ 105 kg/
75% Hardwood 70 sheet 145 sheet
0% Softwood - 140 kg/
100% Hardwood ; 193 sheet

The detailed procedure to run the LC refiner can be seen bélaas based on the refiner
trial working manual (Darychuk, 2012)

3.2.1. Preparation of Refiner/Trial Process

a. All the electrical power supplies to the refiner loop equipmentewadready
switched on at least 2 hours before trial to let them warm upelBo&rical power
supplies include the high voltage power box, VFD electrical cabineempd»AQ
board power, pump controller, DAQ computer, and Gap controller power. For the
pump, the jog button had been switched to ref. mode and VFD had been switched
to remote (switch speed ref. source to REM and use CCW opirorofation
direction).

b. Tank A was used for soaking and mixing of pulp. The butterfly valieeabottom
of the tank also was closed, then the tank was filled with 1000 L & eafore
adding any pulp.

c. The amount of added pulp had been counted based on hardwood and softwood
proportion in order to get 3.5 % consistency in 4000 liters of water. Pulp was mixed
in the tank for 4 hours. The lower mixer had been set to 47 RPM, andapes
had been at 20 Hz, on Reverse mode)
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d.

After the pulp suspension had been mixed for long enough, consistency was
measured to make sure the consistency was right. Consistencgduated if
needed by adding some water or pulp.

When pulp was being mixed, plates were installed based on propedymeselop
cover and the gap motor connection shaft were removed. It was erfsairptate 1
went on rotor and plate 2 went on stator. The plate used was BEL n@rider
km/rev. Each bolt type had its own torque requirement for making thédidl 65

N.m torque was used here. The refiner door was closed carefullpifgén@in was
certainly in the right position and tight enough.

LabVIEW (Aikawa Refiner icon on computer desktop) was opened andatalibr

To calibrate the gap, the drainage valve to the refiner waspéeed in advance.
Refiner shaft cover and gap motor connection shaft was rem@agdwas closed
manually until plates were touching. LabVIEW user interface ori DAQ
computer desktop was opened and zero offset adjustments were done éor pow
pressure in, pressure out and also gap. The run button on the LabVIEW Ul was
engaged to make sure the zero offset adjustments had succeedeitheTdegm was
opened manually to about 9.0 mm (read on the LabVIEW Ul) and the L&¥VIE
Ul was stopped. The gap motor connection shaft and refiner shaft cexerev
installed.

All loop valve positions were re-checked and verified so that pulp cbeld
circulated as desired. The refiner drainage valve was closadw&tr was turned

on. Then, the system was ready to run.

3.2.2. During the Refiner Trial Process

a.

Run button in LabVIEW and drive start button on the VFD electriablnet were
pressed.

The pump was set to ref mode by using the jog function and the run katon
pressed.

In LabVIEW, the refiner was started at low RPM (600 RPM) andptimap was
turned on to the desired Hz. The pump starts slowly before incgetasthe desired
frequency.

Valves underneath the appropriate pulp tank were opened.

Refiner speed was incremented to 1200 RPM as the set point in this experiment.
Valve position and pump frequency were changed slowly and sebdiz200 I/m
gradually. This slow adjustment was needed so that pressure in angreunot
significantly different. At this time, the gap size betweengslavas still around 9
mm. Gap between plates was then closed to 2.5 mm. The flow rateavatained
at 200 I/m.

After parameters reached the set point (refiner speed: 120@.ripoav rate: 200
I/m), the consistency sample was be taken.

. At this time, the gap size between plates was 2.5 mm. Thualled by no load

condition. At this time, the no load power was determined. The no load power
value was entered into the appropriate field on the LabVIEW UI.

One extra person was asked to sit near the VFD to record theaRBMefining
power off the VFD display at each sample point. This was usednpare the
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reading shown in VFD display and LabVIEW on the computer. Thenddhe no
significant difference between VFD display and computer LabVIEW.

j.  For the first sample sequence (G0): File name was typéukeileginning to the
LabVIEW (example: 100%SW GO). Clicked “Log Data” to start loggiprompted
RPM/POWER reader to record RPM/POWER displayed on VFD. Countedd
5 seconds and clicked again on “Log Data” to stop logging data, amadpfad
sample taker to collect pulp sample from sampling point.

k. For the second sample sequence (G1). The gap size was taken to JARatirar
name was typed for this sequence (example 100%SW G1) (diffenset staould
be used; otherwise the previous data will be copied over with ne &t name
was typed as “100SW G1”, clicked “Log Data” to start logging, pi@c
RPM/POWER reader to record RPM/POWER displayed on VFD. Counbedd
5 seconds and clicked again “Log Data” to stop logging data, anuleséaker was
also asked to take the pulp sample from sampling point.

|.  Further gap size and samples were obtained in the same way until the minimum gap
size was reached.

The different values of target gap size were as below.

Table 3.3. Gap Size Variance

ﬁap GO/G2.5|G1 | G2 | G3 | G4 | G5 Gn
umber
Gap
Size 2.5 1 0.5 0.3 0.2 0.1 0.05
(mm)
Manual Manual ::T::al
valve valve
Controller
Tank B Tanka || Sampling point  (LabView)
ﬁ"-l Control
15¢ valve

Pump

Refiner

Figure 3.2. Design of LC Refiner Loop System
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3.3. Pulp and Paper Quality Measurement
3.3.1. Moisture

The following procedure from TAPPI method T 412 was applied to pulp aadpalper
samples. Speed dryer (Fig. 3.3) with temperature control was used.

Figure 3.3. Speed dryer
3.3.2. FibreLength Analysis

The HiRes Fibre Quality Analyzer/FQA (Fig 3.3) was used &asare the fibre length.
The FQA was controlled by a touch screen with user friendly mé@imasoutput result was
selected by the operator and mean fibre length as an aith¢(hif), length weighted

(LW), and weight weighted average (LWW), the mean fibre width,Gurl Index as an
arithmetic mean (CIN), the length weighted mean (Clw), tlegame Kink Index (KI) and
the mean kink angle (2) were able to be obtained. Distributions in histogram$lasdda

each parameter were also calculated.

Figure 3.4. The OpTest Laboratory Fibre Quality Analyzer (FQA)
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3.3.3. Canadian Standard Freeness (CSF)

The freeness of pulp is considered to provide a value of the frat@ioage of a dilute
suspension of pulp. Three grams of pulp in 1 liter of distilled waéer prepared for every
freeness measurement. The freeness measurement wad oatriaccording to TAPPI
method T227.

Figure 3.5. Canadian Standard Freeness (CSF)
3.3.4. Handsheet Making
Handsheets from all pulps were prepared for 60 Igasis weight, as 1.2 grams in 200°cm

sheet area. Handsheets were made according to the TAPPI mé&hodlVRite water
circulation was used to keep the fines in the stock.

Figure 3.6. Handsheet Making Process: Steps for Making the Handsheet
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3.3.5. Measurement of Paper Properties

Standard room conditioning and testing atmospheres to measure thenopeeties were
based on TAPPI method T403. It also specified procedures for hatiuieg materials so
that they may reach equilibrium with the respective atmosphevead preserved below
25°C (77°F) for the room temperature and relative humidity was be8®wiiut not below
10% as the paper may curl or cockle and change in other respects.

The following paper testing properties were also measured (Table 3.4)

Table 3.4 Method and Apparatus for Paper Testing

M easur ed Parameter s

Methodsfor Testing

Apparatusfor Testing

Brightness TAPPI T452 Technidyne (brightness| &

Opacity & Scattering Co. TAPPI T425 Opacity tester)

Thickness and Density TAPPI T411 L&W Micrometer

Tensile strength, TensileTAPPI T494 Tensile tester

Index, Breaking Length

Tearing Resistance TAPPI T414 Elmendorf tearing resistance
tester

Bursting Strength TAPPI T403 Bursting tester

Tensile tester

Bursting tester

Figure 3.7. Apparatus for Measuring Paper Properties

A 15mm (0.59 in) wide cutter double-knife was used to cut the sheeterite physical
tests (tensile, tear and burst). A pile of five sheets waeglan the cutting anvil with the
diameter of the pile accurately situated along one of the sedfjes. Sheets were cut as

shown in Fig. 3.8.
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For teartesting
1% 'n;[ Tensite and fold 1 f
i l Tensile and fold 15 mm Fortensile testing
: T A | — -
| ' -
\ " /m r . s~
........ < I Forburst testing

Figure 3.8. Cutting the Handsheets

3.3.6. Fibre Fibrillation

A microscope was used to visually examine the different fibres before andeéifiang.

The procedure for using this equipment was based on the manual for the Nikon microscope
PPCT 1020.

Figure 3.9. Nikon Photomicrography in PPC Laboratory

27



3.4 Overview of Experimental Design

ﬁ Softwood (SW) g ﬁ Hardwood (5W) g

Bleached Kraft Pulp Bleached Kraft Pulp
J v y v
(( Mixing Tank Mixing Tank Mixing Tank Mixing Tank Mixing Tank |
SW:100% SW: 759% SW: 50% SW: 25% SW: 0%
[ HW:0% HW: 25% HW:50% HW: 75% HW:100%
J— \ 7 L |
Pulp consistency 3.5 %
Mixing for 4 hour
. 7
PR ! 7 v —
Pulp Refining
(Refiner speed: 1200 RPM, Plate BEL: 2.74 km/rev, flowrate: 200 I'm)
8 .
po— I [ L ) — @
GO

e M Gl ﬁ G2 H G3 H G4 H Gn .w
\ S b
_ _ _ , _ g
v \ ©
ﬁ M— g T.aﬁ..._.ﬁi.; ﬁ n..ﬁwmﬁ_ g ﬁ — g TE.E Maler g 2
@]
v v T
o= m.f.._ﬂau.. fiber =
ﬁ Mdp“wuhnhhwuﬁ w ﬁ Freeness g ﬁ ﬂﬂnrr r.._.-.r. curl, g ﬁ FiberFibriladon g ﬁ MH_.WE_KH—H»E _ m
o)
T 3
i
Opsical W.Evn-.nna i Physical P rties i Strength Properties n1U_
(Brightness, Opacity, RS FFOERE E..L. g .
ﬁ mhn”ﬂm.lﬁ Mﬂﬂhﬁmﬁhﬁ.ﬂﬂ@ \7 ﬁqgﬁ Density) ) (T €, 1 ear, M.UU
T




CHAPTER IV
RESULTSAND DISCUSSION

4.1. Effect of Gap Clearance on Refining Power

The behavior of refining power consumption as the plate gap is closedssgigat the
refining power is inversely proportional to gap clearance @ie®l Nissan, 1977). The
experiments done by Mohlin (2006) and Elahimehr et al (2012) havelasm ghat the
gap size between plates and refining power are inversely propdértamagap size
decreases the refining power increases, or vice versa. Aasoiiservation is seen in this
experiment (Figure 4.1). The graph shows the gap size between atamst refining
power in different percentage of softwood (SW) and hardwood (HW) pulpsavas
materials. Figure 4.1A shows the relationships between the gaphandtal power and
figure 4.1B shows the relationships between the gap and the net poiwerlelr that the
refining power increased gradually as gap size decreasegknkral, the refining power
climbed sharply in the critical gap about 0.3-0.5 mm. This occurreall iof the pulp
percentages. The critical gap was independent of refining conditions.
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Figure 4.1. Relationships between Gap and Refining Power

Net power (Re) was calculated from total power {P subtracted by no load power
(ProLoad- NO load power means power that was consumed by the machine when no refining
is happening to fibres. The gap size for no load power was considere@.®rhe. Reis

the net power applied to refine fibres;

Pnet = Ptot - Pnoload

In order to see the refining power increase over small gags,sthe gap (G) on the
horizontal axis was calculated and changed to inverse gap (I4S)method was also
mentioned in the studies of (Luukkonen, 2011). His work showed that power waselgver
proportional to the gap between plates. Figure 4.2 shows the relgtidmstaween the
refining power against the inverse of gap size.
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The refining power is approximately linear to the inverse of gap cleararhich is:
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Figure 4.2. Relationship between Inverse of Gap and Refining Power

In general, there was a rapid increase in refining power p#tssing this critical gap point.

In practice, gap size is independent of refining condition. Mechéniclasing the gap
between plates is the way the gap size is made smallerefihi@g power is an important
parameter and it leads to concern. In some cases, it is possible that thze gxpaiienced

a shift but still gave the same number of refining power. Inedhisefining, energy and
intensity did not distribute on the different pulp components accordimgats fraction.

For softwood/hardwood mixtures, softwood took a larger proportion of rgfipower.

The information given in Figures 4.1 and 4.2 implies that refiningepoler 100%
softwood pulps and 75% softwood pulps mixed with 25% hardwood consumed
significantly more refining power than mixtures with a 50% oeatgr fraction of
hardwood pulp. For example, in this experiment the highest totalngfpower required

for 100% softwood pulps and 75% softwood pulps mixed with 25% hardwood is nearly 80
kW, compared to 50 kW and 40 kW for softwood pulps mixed with 50% and 75%
hardwood. Only 29 kW of total power was consumed for 100% hardwood pulp.

In this experiment, the power consumption result for the mixtuids less than 25%
hardwood was unexpected. In some cases, at the same gap size, thulfEtvsoftwood
consumed more energy than 100% softwood. However, it was quite singkpsasmaller
than 0.1 mm. This could have been due to gap adjustment error during that trial.

The total power consumption for very small gap sizes for 100% coftvand 75%
softwood was almost the same because the proportion of additionalobdrdvas small.
Other researchers have found that mixing pulps with a small arbinairdwood in co-
refining shows very similar behavior to 100% softwood pulps. Withefioing, softwood

fibores can be expected to be more refined while hardwood filmesleas refined
(Kibblewhite, 1993). More fibres refined means increasing rejipiower. It was noted in
a Canfor pulp refining seminar (2010b) that if the percentagerdiMo@ad mixing is less
than 25%, it will give the same refining conditions as pure softwood. iM¢RD0O7)
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performed a co-refining experiment, but only added large proportiohardivood. The
smallest hardwood percentage in her experiment was 50%.

In this experiment, there was very little refining action nigrthe 100% hardwood pulp
trial. A higher refining power consumed indicated that more fitme® refined. There was
only a small increase in total refining power, from just under 27t&\Wearly 29 kW at
small gaps. The smallest gap size that could be reachedom 0.2 mm. With this
condition, very little refining happened to the hardwood fibres. Whegahédecame very
small, the plates became close to each other and the hardwood pulp, bgicgngmiised
of very short fibres, did not load the refiner bars adequately, scefinerrbecome quite
noisy. This meant that the plates were nearly touching each withevery small fibres
passing in between. At that time the researchers decided toh&ogefiner to avoid
damage to the plates. This occurrence indicates that the phaténuthis experiment, with
a BEL of 2.74 km/rev, is not recommended to refine hardwood fibres. Theidhid of
this plate is 1.6 mm, which is much larger than the averagelébgth of the hardwood
used, which was 0.79 mm. Certainly, a plate with a smaller bah widé than the plate
used in this experiment is required for refining hardwood pulp.

4.2. Effectson FibreLength Distribution

The values of length-weighted average fibre length were obtdyngrouping the number
of fibres in each length class, as reported by the FQA. The 8065 setting was used for
measurement. Some properties had test range limits that wietian the default limit
values. The ISO 16065 default setting recorded fibre length from 0.2 -ml@imes from
0.07 — 0.2 mm and fibre width from 7 — afh. The length weighted fibre distributions for
the different pulp samples (Figure 4.3) give additional informatioyore the simple
figure of average fibre length.
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The information given in the graph implies that samples which havesbitjvood (SW)
percentages are more heterogeneous in fibre length, although their averdyes leigiper.
The high proportion of short fibres is from the 100% hardwood (HW) sarHplelwood
fibres are much shorter, but significantly more uniform in fibre length.
The mechanism of fibre shortening happens during refining. It iscvaecyal to understand
the effect of refining on fibre length because it is athtron of low consistency refining
(Olson et al, 2003). Some fibres are cut when they are betwe@tabzs during refining.

This commonly happened during refining.
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Fibre length is known to decrease during refining when the gaghes a certain critical
gap. Similar findings have been reported by (Luukkonen, 2011) and (Elahimahr e
2012). Figure 4.4 shows the relationship between fibre length and gaforsiaké pulp
percentages. The x axis of this graph shows the gap size batlases from 0 mm to 3
mm, while the fibre length is on the y axis. The refining poweshiown on the z axis. It is
shown similarly in all pulp percentages that fibre lengthaieed steady until the gap
reached a certain critical gap, and then it dropped considerablyefiheg power also
increased when the gap reached the critical gap. This indibatethe¢ fibres were refined
in that condition. The graphs show that the critical gap size dependsgialrfibre length.

In 100% softwood the initial fibre length was around 2.6 mm, whitheidongest average
initial fibre length encountered in this experiment. The critgag for this fibre length is
around 0.52 mm. After mixing with 25% hardwood, the average initial fdorgth was
reduced to 1.78 mm. For this mixture, the critical gap decredightlysto 0.48 mm. Co-
refining with 50% softwood and 50% hardwood showed a significant reduatioritical
gap, which was 0.4 mm due to an average initial fibre lengthupder 1.37 mm. The
longer the fibre to be refined is, the sooner the refining poweeases as gap closes,
because the critical gap clearance is reached more quickher @onditions are
summarized in Table 4.1.
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Table 4.1. Summary of Characteristics for Critical Gap for DiffereneHiengths

Initial Critical
Softwood/Har dwood No L oad Power L ength-weighted Gap Clearance
Per centage (kW)

(mm) (mm)
100/0 26.2 2.61 0.54
75/25 27.4 1.78 0.52
50/50 27.8 1.37 0.40
25/75 27.8 1.01 0.35
0/100 26.5 0.79 0.28

No load power is the initial power consumed by machine befoneingfiNo fibres are
refined at the beginning of a trial when no load power israeted (Gap size: 2.5 mm).
The no load power will increase if refiner speed is increaskid. i$ because the refiner
uses the motor to drive the rotor plate of refiner. The highererespeed needs more
power to operate the motor (Pattara, 2012). In this experintend-load power values
are almost the same for all mixtures, approximately 27 kW. iftisates that there is no
significant impact of different pulp mixtures on no load power. A bfiié conclusion was
showed by Mohlin (2007) who found that by increasing weight-proportion afvoead
pulp, the no-load power was decreased. According to her result, doacdh@ower was
reduced for 0% hardwood and 100% hardwood, accounting for 52 kW and 34 kW,
respectively. It's predicted because of the refiner equipment asddsome refining
parameters are different.

All fibre lengths were reported as the length weighted aee(dW) of detected fibres.
This value is most often used to compare differences betweenesarRples tend to have
only a minor effect on this result. Figure 4.5 shows the evolutidheofibre length before
and after refining. Before refining, the gap size was 2.5 mmase. In other words, only
no load power was consumed by the machine. After refining mdaes fre being refined
in conditions after gap is closing until around 0.05 mm. For the maximeghdérefining,
most of the samples in this experiment can reach a gap of arounchi®.@xcept in the
100% hardwood trial*).
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From the information given, it can be concluded that there was lh deceease in fibre
length after refining due to cutting of fibres during refining. example, for 100%
softwood, fibre length before refining was 2.612 mm, and after rgfinas 2.536 mm,
which is about a 3% reduction in fibre length. Fibre shortening happees stator and
rotor plates are separated by a very small gap clearanitey dafining, and pressure is
given to fibres in between. As a result, fibre cutting occurs rgusismall decrease in
fibre length.
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Figure 4.6. Relationships between Length-weighted Fibre Length and §padifiing
Energy

Fibre length distribution was also investigated for unrefined ditetepulp samples. This
investigation is required since the long fibre fraction is vergdrtant in terms of paper
strength. Figures 4.4B & 4.5 show the evolution of the length weighiesll&ngth during
refining. Figure 4.6 shows the fibre length plotted against thepezific refining energy
for all different pulp mixtures. As shown in Figure 4.6, the observdtoms a very
smooth curve. In this case, specific energy is well suited t@actesize the reduction in
length weighted fibre length during refining. The highest SREnisountered in the
sample with 100% softwood. The higher the SRE, the more refining astiaking place.
However, it seems that a higher SRE reduces the average ndedduee length.
Shortening of fibres is generally undesirable. Figure 4.7 — 4.11 slhewdidtribution of
fibre length per unit mass of pulp for every different mixture.
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These figures show the distribution of fibre length of unrefined amdeckpulp for each
pulp sample. It was counted to a 1 mg mass of oven dried fibred testeevery

measurement. In the 100% softwood sample, it is easier to compaeebeinrefined and
refined conditions.
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Expanded views of the distribution in Fig. 4.7 showing only the long fiata (length >
2mm) are presented in Fig. 4.12. From Fig. 4.12 it was calculated twagbd number of
fibres x length weighted, that the average fibre loss in thgeraf 2.15 mm — 4.15 mm
was almost 14.31%. In contrast, the number of fines in the range of 0.2 — Ontreased
by 39.53% (Figure 4.7). The average fibre length decreased bedaeseof small size
were increased after refining. In some cases, the number ofitoeg per unit mass of
pulp was practically the same as in the unrefined pulp in spaes@nificant decrease in
average fibre length. This indicates that a 3% decrease irn lemgghted in Figs. 4.4 and
4.5 was mostly due to short particles detached from the fibreawdllalso fines created
during fibre fibrillation. We expect that the decrease in lengilgited was not due to any
significant fibre shortening. This was also found for other fractibnswe could not see
clearly any differences before and after refining for avith a higher percentage of
hardwood (<50%). Because of the higher hardwood percentage, the spefuiiicg
energy was decreased. There was therefore a lower refmpagi for fibres in the highest
hardwood proportion when using the refiner plates that were used in this experiment.

4.3. Effect of refining to paper propertiesand strength properties

Although freeness is a straightforward property to measure,isardten used as an
indicator of refining, it is not a direct objective in the refinprgcess. In Figure 4.13, the
effect of closing the gap on freeness is shown. By reducingdhebetween plates, the
freeness is decreased. Particularly after passing thrdwgleritical gap, the freeness
dropped dramatically. All of the pulp samples showed the same phenomerefmiofy
decreasing freeness.
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The same behavior was reported by Gao et al (2009). By increbsimggree of beating,
they showed a decrease in freeness. The initial freenessffarood and hardwood was
630 ml and 417 ml, respectively. Freeness decreased with an ingraasount of short

fibres. As shown above, freeness is good indicator of drainage on péeehigher the

freeness value, the faster the water drained from the suspension.

The tensile-tear relationships with inverse of gap size arersimowigures 4.14 and 4.15.
This indicates that there is a good correlation between papegtsireroperties and
refining gap.
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In contrast to the response of tensile strength, tear was decreasedayannrinverse gap.
Under ideal refining operations, the practitioner hopes for a respbmsereasing tensile
strength with little degradation in tear strength (Luukonen, 2010). Fyareshows that
as refining increased there was a gradual decrease istteagth. In mixtures with a
higher percentage of hardwood, there was a strongly signifidact eh tear for unrefined
pulps. By increasing the proportion of short fibres, tear values decr&ter refining, tear
decreased compared with tear before refining, but tear valeresalose for the most pulp
mixtures. The considerations above bring up a new approach into the evabfiaéfining
result, that refining does not necessarily decrease the tear valubylinear

Tensile strength was increased by increasing inverseFigpré 4.15). The same trends
observed for pure softwood were repeated for all mixtures. Longesfwere correlated
with higher tensile strength. For pulps with a higher percentagefafood, it is clearly
identified that tensile index rose sharply by increasing tiverse gap value. At higher
inverse gaps it increased more gradually. By refining, pulps whiyglaer percentage of
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softwood were given a much higher tensile strength. All thingsaeresl, pulps showed a
higher level of fibre bonding after refining.

A relationship between tensile strength and freeness is plottEdyume 4.17. It can be
observed that the tensile strength went up due to an increase indbetage of softwood
(long fibres) for the same freeness.
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Figure 4.17. Relationships between Freeness and Tensile Index

Generally, a higher number of short fibores gave a lower freedg¢sthe same tensile
strength, pulps with higher softwood percentage were drainest.f8st refining, freeness
was decreased while tensile strength increased.

As refining intensity and specific refining energy increadezkness and tear strength of
paper decreased, but tensile strength, burst strength and densityeofipeeased. In
Figure 4.18 it is shown that refining improved the burst strength.
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Figure 4.18. Relationships between Inv. Gap and Burst Index
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Considine et al (2010) stated that tear strength decreasegefiiting of fibres, even
though the burst strength and tensile strength of the paper incr8aséarly, Figure 4.19
shows that tensile index increased with burst strength, whilestesargth decreased with

increasing burst strength.
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Figure 4.21. Relationships between Strength Properties and Sheet Density

From Figure 4.20 and 4.21 it can be seen that there was an incré@se bonding due to
the increase in tensile strength. With an increase in testefliegth, there was an increase
in sheet density and a decrease in sheet thickness.
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4.4.

Important Specific Refining Energy and Refining I ntensity

It was mentioned above that the higher the net power consumptionrefitiex, the more
refining action occurs. Similar energy profiles are shown gufé 4.22. This may have
happened because the flow rate and pulp consistency were kepintolmsevery different
percentage of pulp mixtures, the specific refining energy roadugily as inv. gap

increased.
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Figure 4.22. Specific Refining Energy & Specific Edge LoadCaistant Refining

Parameters.

Most refining action happens in the higher inv. gap (smaller gag)si&as indicated in
figure 4.22, the proportions of hardwood and softwood pulp in mixtures had a pronounced
effect on SRE and SEL. Before refining, SRE and SEL bagahe same number. During
refining, they were raised gradually in different ways. Pthps had a higher percentage of
softwood gave greater increases in SRE and SEL because lifytiee amount of long

fibres, which consumed more refining energy.

At constant refiner speed, flow rate and pulp consistency thefispegining energy and
refining intensity is influenced by net power only, so it makésear correlation between
specific refining energy and refining intensity. In this ¢ake specific refining energy is
proportional with refining intensity.
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Figure 4.23. Relationships between Specific Refining Energy and Refinargsiiyt

In order to make fine paper, the Canfor pulp and paper mill (Canfor) 2880 a SRE of
between 120 — 160 kWh/t for softwood and 80 — 120 kWh/t for hardwood. The SEL was
1.5 — 3 for softwood and 0.2 — 1 J/m for hardwood. In this experiment, theaSdRSEL

for 100% softwood was 132.6 kWh/t and 1.01 J/m which in this range. However4 only
kwh/t and 0.004 J/m were found for 100% hardwood. This demonstrates that hardwood
fibres are not able to be refined using a plate with a BEL of 2.74 km/rev.

Table 4.2 Summary of SRE and SEL for All Mixtures

Softwood/ No Load Net
Max. SRE | Max. SEL
Har dwood Power Power
(kWhit) (J/m)
Per centage (kW) (kW)
100/0 26.2 55.6 132.6 1.01
75125 27.4 54.2 127.5 0.98
50/50 27.8 345 79.4 0.63
25/75 27.8 18.9 42.8 0.35
0/100 26.5 1.9 4.1 0.04
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The higher the SRE, the more refining is happening to the fibhesiTturn decreases the
freeness of the pulp suspension. Freeness development is higldg telétie formation of
fines during refining, while the process is usually aimedrgiroving paper properties
which are strongly related to the degree of interfibre bondindilaredflexibility (Hartman,
1985).

Figure 4.24 shows the relationship between specific refining erardyfreeness. The
freeness fell moderately as SRE increased. This was seafl flifferent pulp samples.
Mixtures with a lower percentage of softwood gave lower freeness at samregrenergy.
Mixtures with a high percentage of softwood required more refiningggrier the same
freeness level (350 ml). This is because softwood fibres bslbd more of the energy in
mixed refining than hardwood fibres.
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Figure 4.24. Relationships between Specific Refining Energy and Freeness

Relationships between specific refining energy against tenslegsh are shown in Figure
4.25.
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Figure 4.25. Relationships between Specific Refining Energy and TensibgiBtre
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Figure 4.25 shows the relationship between specific refining erardytensile index.
According to the figure, there was a linear correspondencelfomixtures. Tensile
strength was increased as the refiner gap was decreased.ndicstas that specific
refining energy is a good predictor of tensile strength.

Figure 4.26 shows relationships between tensile strength insréase the unrefined
condition normalized to specific refining energy versus refimmensity (SEL). It shows
that tensile index stayed the same even the SEL increasaithelnwords, tensile strength
was not affected by SEL.
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Figure 4.28. Tensile Index Increase at a Given Specific Refining Energy

As in the case of SEL, tensile index can be examined at a sbap&ific refining energy.
Figure 4.27 shows the tensile index curve at a constant spedifimgeenergy for
different pulp proportions. This figure does not include 100% hardwood betteuS&RE
was only 4 kWh/t. Figure 4.27A shows the initial tensile index beafeiiaing (SRE: 0
kwh/t). As we can see, the higher percentage of long fibres givigher tensile index.
However, when the refiner gives 50 kWh/t of SRE (Fig. 4.27B), theebiglnsile index is
still shown by 100% softwood, but another percentage is nearly asSugifar results are
shown in Figure 4.28, where tensile index increase is plotted iaea gpecific refining
energy for each pulp percentage. All things considered, refinith@ lggeater effect on the
long fibres, and less on the short fibres. By adding 25% hardwood to of#bad, the
same tensile index can be achieved as with 50% and 75% mixturesis Tdnibenefit
because the price of softwood is more twice of that of hardwood.

4.5. Effectsof Refining on Paper Optical Properties

Figure 4.29 shows the relationship between light scattering cieetfiand tensile index.
Light scattering coefficient and tensile index interaction dach of the five different
mixtures show a linear reduction with increasing refining and leemsdex. The high
percentage of hardwood pulp had the highest light scatteringicieeff and highest
percentage of softwood pulp had the lowest. Light scattering deeffidecreased with
increasing proportions of long fibres.
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Similar trends are shown if light scattering coefficientpistted against paper density
(Figure 4.30). Light scattering coefficient and paper densittiogls for all mixtures
show a linear decrease with increasing refining. At the sammsitge the highest
percentage of softwood pulp showed the lowest light scatteringigestf and highest
percentage of hardwood pulp the highest.

4.6. External Fibrillation on Softwood and Hardwood Fibres

Common theories of refining state that most of the change dditeds during refining is
due to external fibrillation (Canfor, 2010a). Chen & Nazhad (2010) haveanedtthat
sufficiently high external fibrillation (low consistency refigirat high energy) has been
found to be the most important effect of refining on frayed fibre ig¢io@ under the most
favorable prerequisite conditions that indicate highest potenti#bref $plitting during the
following refining process. Figures 4.31 — 4.33 show fibres of softwoodhartivood
under different magnifications. A high resolution NIKON microscops used at 5X, 10X,
40X magnification, respectively. Softwood consists of fibres withtiretly wide lumens
and a small amount of parenchyma cells. After refining, thellibon of fibres was
shown clearly. Some fines generated from fibrillation likely badeffect on fibre length
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weighted as tested by the FCHardwood contains shoand thick wallecfibres with more
parenchyma, as well agssels. When more softwood is added to the mexréfiner is

40x Y 4 10x

Figure4.31. Softwood (Long Fibres) nreed

Figure 4.33Hardwood Short Fibres) with Vesse(®/nrefined
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10x
Figure4.34 Hardwood (Short Fibres) (Refined @4&Wh/t)

_ 40x . 10x
Figure4.35 50% Softwood and 50% Hardwoddr{refinec)

40x P Tt
Figure 4.3650% Softwood and 50% Hardwc (Refined @ 9.4 kWh/t)
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CHAPTER YV
CONCLUSIONSAND RECOMENDATIONS

5.1 Conclusions

This research was carried out to determine the effects of mixing softwoodrdinehbd in
low consistency refining for the purpose of making fine paper. The results can be
summarized as below:

1.

o

5.2

Decreasing softwood content in the mixture makes the pulp qualityasito
hardwood quality.

As expected, refining hardwood and softwood together improved tensile amd burs
strength, increased paper density and improved drainability by degrets
freeness. Refining also reduced tear strength, sheet thicknesglansicattering
coefficient.

As softwood content increased, the refiner was able to reach ipiggideipower and
specific energy. With 100% and 75% softwood, we could reach 80 £1 kW, with
25% we could reach 46.74 kW, while almost no power could be obtained with
100% HW.

The best tensile performance was obtained with 100% softwood pulps and 25%
softwood pulps. We expect that the energy was put into the softwood pulp and
resulted in a higher specific refining energy in the softwood fraction.

No-load power did not vary with % hardwood content.

The higher the hardwood content, the smaller the critical gap was.

Fibre length weighted was reduced after refining due to fibrenguétnd fines
generation. In 100% softwood, the fibres were 2.25 mm — 4.15 mm long. This
initial length was reduced by 14.31%, while fines in the range of 0.2-1@m mm

long increased almost 39.53%.

The refiner plate with a BEL of 2.74 km/rev (bar width 1.6 mm) gaueetéer
refining response to fibres with length > 1.6 mm. For that reassnbietter for
fibres with length > 1.6 mm to be refined with plate > 2.74 km/rev.

Recommendations

Whether or not to mix pulp types is dependent on what target proparges
required. If a very high strength is required in a paper product, 100%osaltis
recommended. On other hand, if mills are interested in reducing power
consumption, adding some more hardwood is suggested. The paper would be less
strong, but there would be economic benefits, firstly because kasisigesnergy

would be required, and secondly because the price of hardwood pulp is lower tha
that of softwood.

In order to be able to evaluate in general terms the optimumngfiasponse for

small proportions of softwood, specific refining energy higher than 60 kiukd
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have to be carried out. Varying different plate geometries wouidtbeesting to

explore.
It might be useful to see the effect of different RPM, flote r@nd consistency for

each percentage.
. Separate refining with the same SRE input to hardwood and softwoodenay

worthy of further study.
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APPENDICES

Graph below shows the optical properties (brightness and opacity). It shodvEetent

between unrefined and refined (@ max SRE) fibre. for the max SRE given pkease re
table 4.2
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Figure 1. Relationships between different pulp proportion and brightness at ttire speci
refining energy given
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Figure 2. Relationships between different pulp proportion and brightness at the
specific refining energy given
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