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Abstract
Pressure screening, nowadays the most widely used method for cleaning pulp, has been traditionally
investigated as a debris removal process. The aim of this thesis, however, was to study it with a view
to the fractionation of pulps, examining systematically and extensively the effects of screening
parameters on fractionation under actual working conditions in order to provide an insight into its
possibilities and limitations as a fractionation method. The experimental work was performed with a
full-scale two-stage pressure screen connected to an industrial TMP process. Fractionation of the
pulp was analysed in terms of consistency, freeness, optical fibre length distribution, coarseness index
and Bauer-McNett fractions. Two sampling systems were used during the screening experiments,
manual and semiautomatic. The latter was assessed to be more reliable, as reflected in lower
stochastic variation and the absence of a systematic bias in the mass balance errors over the screen.
The poorer reliability of the manual sampling system was offset by the large number of screening
tests, however.
The results of the screening experiments showed that with a given design of the screen plate, the
separation of each fraction was dependent almost exclusively on the mass and volumetric reject
rates. The mass flow of fines, defined as the Bauer-McNett P200 fraction, was dependent mostly on
the volumetric reject rate, while the mass flow of fibrous fractions (R200, R50, R30, R16) depended
mostly on the mass reject rate. The mass reject rate obtained in pressure screening was a result of the
choice of operating parameters, but fractionation efficiency could not be affected by using different
combinations of these parameters (feed consistency, rotor tip speed and slot velocity) if the mass and
volumetric reject rates were kept constant. The slot width together with the contouring of the screen
plate affected the fractionation efficiency as compared with the situation at constant mass and
volumetric reject rate. Increased fractionation was obtained by reducing the slot width and
contouring. The pulp passage ratio, which combines the mass and volumetric reject rates into one
parameter, was found to be a expedient way of expressing the fractionation of pulp, as it was possible
to present fractionation uniformly as a function of this ratio. The change in freeness was found to
correlate quite well with that in Bauer-McNett fractions, and it was a good indicator of fractionation
efficiency in screening. Apart from fractionation according to length (or Bauer-McNett fractions),
the slotted pressure screen was also found to classify the fibres according to their coarseness. The
coarseness difference was partially dependent on the fibre length, but additionally the coarseness in
the accept pulp for any given fibre length class was always lower than that in the reject pulp. The
difference obtained seemed to depend on the passage ratio of the pulp.
This thesis provides new information for the modelling of pulp quality and the design of
fractionation experiments, fractionation processes and screen room control strategies.
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1 Introduction
1.1 Background
In its conventional context, fractionation means the separation of pulp into grades of
different average fibre lengths. This approach is commonly used for recycled fibres, to
split the paper pulp into a low-grade short fibre fraction and a high-grade long fibre
fraction (Scott & Abubakr 1992). Fractionation is increasingly being used for virgin pulps
nowadays. Other fibre properties are also of interest as well as fibre length, and the term
“fractionation” is generally extended to cover the separation of a fibre suspension into
fractions according to any average property, including cell wall thickness, specific
surface, bonding potential etc.
Wood pulps, especially mechanically defibrated wood pulps, are highly
heterogeneous. The fibres are widely distributed in their morphology, mechanical
properties (Lammi & Heikkurinen 1997) and chemical composition (Chang et al. 1979,
Koljonen et al. 1997), some of them having a high papermaking potential that can be
exploited as such for the production of high quality papers, while others have no potential
at all unless extensively processed. Appropriate classification of pulp into grades having
different properties is considered an attractive possibility for utilizing its full potential.
Savings in energy, chemicals and raw material costs can be envisaged, and further
mechanical treatment (e.g. refining) can be focused selectively on those fibres that need
it, while the chemical treatment of each fraction (e.g. bleaching) can be performed with
the proper agents and dosages. Pulp quality targets can be achieved with lower energy or
chemical consumption and without damaging the fibres through excessively severe
processing. In addition, the use of different fibre properties in tailored paper products can
reduce raw material costs, e.g. due to a lower need for reinforcement pulp. The economic
potential of fractionation is obvious, but it is largely unclear how one can take full
advantage of it in practice. Selective fractionation processes for different fibre properties
are limited in number and their full fractionation potential has not yet been determined.
The practical fractionation choices available today are still centrifugal cleaning and
pressure screening (Wakelin et al. 1999a, Duffy 1999). Centrifugal cleaners separate the
fibres according to their specific surface (Wood & Karnis 1979) and cell wall thickness
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(Kure et al. 1999), whereas it has been suggested that pressure screens fractionate pulp
primarily by fibre length and secondarily by fibre flexibility (Karnis 1997). Screening of
mechanical virgin pulps can be regarded as an example of fractionation in use today.
Apart from shive separation, the aim is to separate out the underdeveloped long, coarse
fibres for further treatment in a reject refiner to improve their papermaking properties. In
fact, fractionation, i.e. removal of particles with poor papermaking properties (coarse
fibres), and cleaning, i.e. removal of particles with no papermaking potential at all (shives
and fibre bundles), are interconnected in this process.
Pressure screening is a straightforward process, but the phenomena affecting its results
are complex. Basically, the separation of fibres is thought to take place by one of two
mechanisms, probability screening and barrier screening. Probability separation implies
that at least one dimension of a particle is smaller than the aperture size of the screen
plate and thus the passing probability, P, of the particle is in the range 0 < P ≤ 1. In
barrier screening, all the dimensions of a particle to be rejected must be greater than the
aperture size of the screen plate, whereupon the passing probability of the particle will be
zero (P = 0). The effects of an individual operating parameter or screen plate design
parameter on the output are quite well known and predictable, at least qualitatively, but
divergent views still exist on the effects of the parameters on the screening results and
their mutual importance in this respect. Simultaneous changes in several parameters make
prediction of the output very difficult, because the detailed fibre separation mechanisms
that apply under different screening conditions are not fully understood.
Numerous articles concerned with pressure screening have been published, but their
aim has usually been to a greater or lesser extent commercial and they have not always
met the demands of scientific research. Their value as information sources is often low
because essential details related to screen design and screening conditions have been
reported incompletely. The fundamental phenomena occurring within the pressure screen
unit were studied by Niinimäki (1998) in his doctoral thesis, and the present study is a
continuation of his work. Other academic research has been published by Kumar (1991)
and Olson (1996), who investigated the passing of fibres through a single aperture in the
screen plate. A few attempts have also been made to model the pressure screening
process, but no unique, universally applicable description has yet been developed. In their
simplest forms, the models for screening efficiency are based on the mass reject rate and
screening index (Kubat & Steenberg 1955, Nelson 1981). Nevalainen (1969) developed a
group of complex equations to express the screening result, and Gooding & Kerekes
(1989, 1992) demonstrated mathematically the relationship between reject thickening and
the volumetric reject ratio. Later, based on the work of Gooding & Kerekes and of Kumar
(1991), Olsson & Wherret (1998) used the fibre passage ratio to model fibre length
fractionation by slotted screen apertures. Niinimäki et al. (1997) chose another approach
for predicting the production rate and pulp properties and identified a model for pressure
screening which was based on process experiments, theory and expert knowledge. An
identical principle, but with much more extensive data, has been used by Hietanen et al.
(1999). Three-dimensional curvilinear Navier-Stokes code has been also used to simulate
the simplified passage of a single fibre through a screen slot (Dong et al. 2000), but the
implementation of a simulation that will predict a practical screening situation
computationally seems to be far away in the future.
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A comprehensive understanding of the phenomena occurring within the pressure
screen is still lacking, and the full potential of fibre fractionation with pressure screens
has not yet become apparent. Pressure screening has been traditionally investigated as a
process for removing debris (i.e. detrimental particles like shives, stickies etc.), but the
aim of this thesis was to study it with a view to the fractionation of pulps, examining
systematically and exhaustively the effects of screening parameters on fractionation
under actual working conditions in order to provide an insight into its possibilities and
limitations as a fractionation method. A further aim was to obtain new information
relating to the modelling of pulp quality in pressure screening.

1.2 Problems for investigation
The problems for investigation related to the fractionation of pulp by pressure screening
were identified in this thesis as follows:
1. The combined effects of the mass and volumetric reject rates on fractionation
are ambiguous. The combined effects of the flow split by volume and weight
together with the screen plate design and screening conditions on the quality of the
fractionated pulp have not been thoroughly investigated.
2. Imperfect understanding of the role of screen plate geometry in fractionation.
The effects of the screen plate geometry on the separation of fibres under various sets
of screening conditions have not yet been fully understood.
3. Lack of simplified methods for predicting fractionation. One unsolved question
concerns how to predict the quality of the fractionated pulp in different screening
situations.

1.3 Research assumptions
Once the research problems were identified, the next step was to focus the research area
appropriately. For practical purposes, this was done by making certain choices and
assumptions beforehand. These and their justifications were as follows:
1. Use of TMP. Production of thermomechanical pulp (TMP) for use in printing papers
has been increased in recent decades, progressively displacing other mechanical
pulps such as the groundwood (GW) and pressure groundwood (PGW) types
(Kappel 1999). Production is also expected to rise in the future (Sundholm 1999b).
Thus TMP is and will be the most important mechanical pulp. It contains a wide
assortment of fibres, the properties of which are often more evenly distributed than in
other types of pulp, and in this sense it has a great fractionation potential.
2. Use of a foil-type rotor. There are several types of rotor, which have been reported
to give different responses in pressure screening, but the foil type is probably the

12
most common nowadays. It is especially suitable for fractionation, because it can
produce the high reject thickening that is essential if the pulp is to be fractionated
(Wakelin et al. 1994).
3. Use of slotted screen plates. Slotted screen plates are widely used for removing
impurities such as shives, because they have excellent shive removal efficiency
compared with holed screen plates (Hooper 1987). As a low shive level is extremely
important in modern paper manufacturing, slotted screening cannot be omitted from
the processing of mechanical pulps. Therefore fractionation performed
simultaneously with cleaning of the pulp in the same stage of the process is an
attractive choice that keeps the process simple, without any additional stages.
4. Avoidance of the barrier effect. In the case of a slotted pressure screen,
fractionation of the pulp by the barrier effect can usually be considered to be minimal
and can be ignored, so that only probability-based fractionation needs to be
considered. This also entails the assumption that concentrated coarse fibres on the
screen surface (often referred to as a fibre mat) do not serve as a secondary screening
medium in fractionation. The barrier effect becomes significant only if there are a lot
of very coarse fibres in the feed pulp and ultra-narrow slots are used. Such conditions
lie outside the scope of this work.

1.4 Hypotheses to be tested
The aim was to solve the above research problems by testing the following hypotheses.
Hypotheses 1 and 2 refer to problem 1, hypothesis 3 to problem 2, and hypothesis 4 to
problem 3.
1. Fines will be fractionated in accordance with the volumetric reject rate. The
particle dimensions of the fines are so small that these will freely follow the flow of
water and their numbers in a certain unit volume of low consistency suspension can
be considered constant everywhere within the screen and in the feed, accept and
reject streams. Thus the amounts of fines drifting into the accept and reject streams
can be predicted from the volumetric reject rate.
2. Fibres will be fractionated in accordance with the mass reject rate. The passing
probability of a certain length class of fibres is an unambiguous function of the flow
conditions on the screen plate determined mainly by the feed consistency, slot
velocity and foil tip speed. From this – given constant feed pulp properties – it
follows that with a given screen plate geometry and volumetric reject rate any
combination of operating parameters will produce a constant length distribution of
fibres on the accept side provided that the mass reject rate remains unchanged. The
hypothesis entails the assumption of either a constant coarseness of fibres or a
coarseness that is directly related to fibre length, as the mass flow of fibres is
determined by the fibre length distribution and the average coarseness in each length
class, together with the number of fibres per unit volume and the volumetric flow
rate.
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3. The geometry of the screen plate affects fibre fractionation, but it does not
change the fractionation mechanism as such. The slot width and contouring of the
screen plate will affect the passing probability of the fibres. A decrease in either the
slot width or the height of contouring will increase pulp fractionation as compared
with the situation at a constant volumetric and mass reject rate. There are no
interactions between the screen plate geometry and the operating parameters,
however, that would change the fractionation mechanism so that hypotheses 1 and 2
would no longer be valid.
4. The mass and volumetric reject rates together explicitly determine the
fractionation of pulp. As a consequence of the above hypotheses, the two
commonly used basic parameters of pressure screening, the mass and volumetric
reject rates, can be used to predict the fractionation effect for a given screen plate
design. By combining the reject rates mathematically, fractionation can be expressed
with a single parameter, the passage ratio.

1.5 Research environment
The main part of the experimental work was carried out with a full-scale two-stage
pressure screening unit (see Appendix 1) which was connected to a TMP mill process.
This experimental arrangement entailed certain advantages. Firstly, the fractionation
conditions were entirely authentic and fresh pulp at its original temperature could be
used. Moreover, no scaling problems emerged, because the flow conditions were similar
to those in the screen devices used in mills, on account of the size of the screening unit.
Secondly, a large number of experiments could be performed under a broad range of
screening conditions without disrupting the mill process. One special feature of the
experimental arrangement arose from uncontrollable alterations in the quality of the
refined pulp. As the experiments were carried out over several months, both in winter and
summer, some variation occurred in the quality of the pulp to be screened due to process
instability and changes in the quality of the initial wood chips and in the refining
conditions. This variation nevertheless provided a realistic picture of the practical
industrial situation regarding fractionation.
The experimental data collected during the research project comprised readings from
228 test points in two-staged pressure screening under a variety of screening conditions.
The extensive data created an excellent basis for a comprehensive consideration of
pressure screening.
In addition to those with the two-stage screening unit, additional experiments were
performed with mill screens (see Fig. 1) in two TMP mills and with a laboratory screen
(see Appendix 2).
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1.6 Outline of the thesis
The background to the research, the environment in which it took place and the
hypotheses t o be tested are introduced in Chapter 1.
The literature review in Chapter 2 describes some principles of pressure screen and
screen plate design and introduces screening parameters and their effect on performance.
Some basic pressure screening performance equations and their interrelations are
introduced and the ability of pressure screens to fractionate pulp according to different
fibre properties is also reviewed.
The numerical characterisation methods available for analysing the fractionation of
pulp are presented in Chapter 3.
Chapter 4 describes the experimental work involved in this thesis. Firstly, the
preliminary work concerning analytical methods for characterising fractionation is
presented. Consistency, Canadian standard freeness, Bauer-McNett fractions, optical fibre
length and image analysis are considered, the modelling of Bauer-McNett fractions by
means of optical fibre length distributions and freeness values is discussed and some
equations for expressing coarseness are introduced. Secondly, the experimental
arrangement for the primary work concerning fractionation by means of slotted pressure
screening is introduced. The primary work consists of four parts: the effects of operating
parameters on fractionation, the effects of screen plate design, the role of fibre coarseness
and the role of sampling in the experimental work.
The results of the experimental work are presented in Chapter 5. The effects of
operating parameters and screen plate design on pulp fractionation measured in terms of
Bauer-McNett fractions and freeness are considered, together with the role of fibre
coarseness in fractionation and the role of sampling in experimental testing.
The above results and their relevance are discussed in Chapter 6, the most important
findings are summarised in Chapter 7, and some thoughts about topics for future work on
fractionation and the characterisation of fibre properties are put forward in Chapter 8.

2 Fractionation of pulp by pressure screening
2.1 General
The objective in fractionation is to classify the pulp selectively according to certain fibre
properties and to separate the flows appropriately. The separated fractions can then be
used in tailor-made paper products, either directly or after further processing. Although
the goal of fractionation is primarily good selectivity, the yield of the fractions must also
be reasonable, otherwise the complexity of the system and the investment and production
costs may become too high. Yield and selectivity generally follow opposite trends, which
leads to a compromise between the two in practical situations.
Pulp fractionation differs from cleaning, i.e. removal of impurities from the pulp,
although the difference may not always be clear. The pulp may also be fractionated in
cleaning, but this is not necessarily the desired effect (Forbes 1987). Cleaning and
fractionation may or may not be interconnected in the same process stage. The aim of
cleaning is to remove material which cannot be used at all or only after extensive
processing, while causing as low a fibre loss as possible, as determined by the mass reject
rate (Karnis 1997). That of fractionation, on the other hand, is to produce fractions having
different fibre properties, which can be utilised separately in different products or
enhanced by proper processing and used separately or recombined in certain forms.
There are only a limited number of practical fractionation processes, so that
fractionators can be divided into two categories according to their operating principle
(Karnis 1997): devices in which separation is based on mechanical barriers, and devices
in which it is based on the hydrodynamics of the suspension in the fractionator. Different
constructions have been developed in both categories, but the main methods even today
are still pressure screening in the former category and centrifugal cleaning in the latter.
Other types of fractionation process have also been tested, including flotation (Eckert et
al. 1997), a wheel plate atomiser (Moller et al. 1980), liquid column flow (Olgård 1970),
and a rotating cone (Rewatkar & Masliyah 1999), but they are not in general industrial
use at present.
This work focuses on pressure screening, and the following sections in this chapter
will give a general insight into the process.
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2.2 Pressure screen design
Pressure screening is nowadays the most widely used method for cleaning pulp, its
success being based on the invention of profiled screen plates, which give better capacity
per unit screening area than do smooth screen plates (Winkler & Kelly 1994). Pressure
screens are also used for the fractionation of pulps, which can be considered to be a
specific application of screening (Borschke et al. 1998).
There are several configurations for pressure screens devices. A design which
corresponds closely to the principle employed in this work is illustrates in Fig. 1. This
screen has an axial feed, a foil rotor with a conical rotor body, and a slotted screen plate.

Feed (axial)
Feed chamber

Slotted screen plate
(screen basket)
Motor

Hydrofoil
Accept
chamber
Accept outlet
Reject outlet

Rotor body

Fig. 1. A modern pressure screen (Hautala et al. 1999).

17

2.3 Parameters affecting screening performance

2.3.1 Classes of parameters
The parameters affecting the screening result (i.e. screening parameters) can be divided
into three main classes (Yu et al. 1994a): design parameters, operating parameters and
furnish parameters. The screening result – i.e. the quality difference obtained between the
accepted and rejected pulp in terms of the amount of debris, average fibre length, freeness
etc. – is a compromise between capacity (accept production rate) and screening
efficiency, and it arises from the combined effect of these parameters.

2.3.2 Design parameters
Design parameters consist of the general configuration of the screening device, the rotor
design and the geometry of the screen plate.
The feed to the screen can be axial or tangential, but this has not been observed to
have any significant influence on screening efficiency or capacity in general (Niinimäki
et al. 1996a). Too small a feed chamber in terms of volume (i.e. too short) may
nevertheless lead to a significant decrease in the capacity of an axially fed pressure screen
(Ämmälä et al. 1999a). Due to internal back flow phenomena (Ämmälä et al. 1999b),
some of the pulp circulates back into the feed chamber from the screen basket, and if the
feed chamber is short, the pulp has no time to accelerate to its full tangential speed, which
causes it to flocculate and thicken in the front of the screen basket due to insufficient
turbulence, resulting in a lower capacity.
Niinimäki et al. (1996b), having investigated the effect of the rotor body (see Fig. 2),
suggest that a semi-open construction will yield a more even axial flow and pressure
distribution within the screen basket than an open construction, which may have a
beneficial effect on screening efficiency (Hautala et al. 1999). Wakelin & Corson (1995),
when testing different rotor types (a foil and two types of bump rotor), found differences
in their reject thickening behaviour. It has also been suggested that the aerodynamics of
the rotor affect the energy consumption in screening (Hacker & Presley 1995). A variety
of rotor types are illustrated in Fig. 3.
The capacity and runnability of a screen, and also screening efficiency to some extent,
can be controlled by means of pulsation. There are several designs of pulsation elements,
but the foil type is probably the most common one nowadays. The aim is to obtain
adequate pulsation by adjusting the number of foils and their shape, width, clearance,
incident angle and tip speed. An even flow through the screen plate without any
reciprocating pulp flow (Ora et al. 1993) and with a low pulsation level (Kleinhappel et
al. 1995), i.e. only a small difference between the peaks of the positive and negative
pulses, is advantageous for screening efficiency. To prevent blinding of the screen plate,
however, the negative pulses should be strong enough to ensure that the suction flow can
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remix the flocs, fibres and contaminants resting on the edge of the screen opening (Yu &
DeFoe 1994a).

Fig. 2. General constructions for the rotor: a. semi-open, b. closed, c. open, showing F = feed,
A = accept, R = reject, f = hydrofoil, and M = motor (Niinimäki et al. 1996a).

Fig. 3. Rotor types with different pulsation elements. A: foils, B: bumps, C: radial vanes, and
D: tapered surface (Bliss 1990).

Reject thickening is related to the ratio of the duration of the positive pulse to that of
the negative pulse in each pulsation cycle. The greater this ratio is, the more probable it is
that the reject will tend to thicken (Yu 1994). This explains most of the differences
observed between the types of rotor. In the case of the foil type, the width of the foil can
be used to control reject thickening. In low-consistency screening is possible to use
narrow foils, because the reject pulp can be allowed to thicken to a reasonable extent, but
in the case of high-consistency screening, long, powerful suction pulses brought about by
very wide foils are needed to avert reject thickening and screen plugging (McDonald
1993, Fredriksson 1995).
A decrease in the clearance between the foil and screen plate has been reported to lead
to improved capacity but reduced screening efficiency (Levis 1991), although this effect
can be considered minor compared with that of increasing the angle of incidence
(Niinimäki et al. 1998b). Pulsation has been observed to be independent of the properties
of the fluid, i.e. it will be the same for water and for a fibre suspension having a
consistency of 2% (Yu 1994).
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Screen plate design is more crucial to screening than the general configuration of the
screen device. Slotted screen plates have been found to have superior shive removal
efficiency to holed screen plates (Hooper 1987), but the capacity of the latter is usually
better, because they have a larger open area. The invention of contoured screen plates has
increased the capacity of slotted screens, however. Moreover, slotted screens
manufactured from wedged wires (Fig. 4) may give as much as a 100% greater open
surface area than screen plates having machined slots (Ahnger & Hautala 1994).
Increased aperture size and contouring will improve capacity but lower the screening
efficiency (Bliss & Vittori 1992). An increase in contouring has been observed to give a
significant increase in the yield of long fibres, whereas slot width has no effect (Goosney
1993). Corresponding observations have been presented by Niinimäki et al. (1998a). The
geometry of the screen plate affects capacity and the tendency for plugging. Improper
positioning of the apertures in relation to the profiling may even reduce capacity by 50 –
80% (Yu & DeFoe 1994b). Also, if the apertures are too close to each other this may
cause stapling of the long fibres and again reduce capacity (Gooding & Craig 1992). The
specific energy consumption in screening is lower for contoured screen plates than for
smooth ones (Vitori & Phillippe 1989).

W

S

P

Fig. 4. A wedge wire screen basket. W = wire width, S = slot width and P = contour (profile)
height (Kleinhappel et al. 1995).

2.3.3 Operating parameters
The operating parameters are aperture velocity, the tip speed of the rotor, feed
consistency and the volumetric reject rate.
The effects of the accept flow rate (i.e. aperture velocity) are linked to the pressure
difference across the screen plate. An increase in aperture velocity is reported to reduce
screening efficiency (Dulude 1994, Julien Saint Amand & Perrin 1999), especially if the
debris is compressible, as is the case with stickies (Heise 1992, Winkler & Kelly 1994).
On the other hand, there are also observations pointing to no effect of slot velocity on
screening efficiency (Seifert 1993). A higher aperture velocity will increase the accept
consistency, leading to an improvement in production rate (Bliss & Vitori 1992).
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A higher foil tip speed will increases the capacity and reduce the screening efficiency
(McCarthy 1988), an effect that appears to be clearer with profiled screen plates and is
based on increasing turbulence and fluidisation of the pulp suspension, which is thought
to reduce the flow resistance over the screen plate (Frejborg 1986, 1987). Energy
consumption is related almost entirely to rotor frequency (Niinimäki et al. 1998b), the
frequency required being dependent on the network strength of the fibre suspension and
the desired accept capacity.
Feed consistency is the most widely used control variable in pressure screening.
Capacity increases with increasing feed consistency, but then decreases rapidly after a
certain threshold consistency has been reached (McCarthy 1988). Increasing the feed
consistency is usually believed to improve screening efficiency (Levis 1991, Goosney
1993, Bliss & Vitori 1992, Laine et al. 1995), although it has also been suggested that the
latter is independent of feed consistency (Dulude 1994, Julien Saint Amand & Perrin
1999).
The volumetric reject rate is mainly responsible for the operating point of screening,
because it is instrumental in determining the reject thickening behaviour, together with
the mass reject rate. This latter is not an operating parameter as such, but rather a
combined function of operating, design and furnish parameters, but it has been found to
be very useful because the screening efficiency responds to the mass reject rate
significantly if particle separation is based on probability (Kubat & Steenberg 1955). This
can be seen in Fig. 5, where typical screening efficiency curves are presented as a
function of the mass reject rate. Any increase in the screening quotient, Q (introduced in
Eq. 6 later), indicates increasing selectivity of debris removal. With the value Q = 0
debris is split between the accept and reject flows according to their mass flow, while the
theoretical value Q = 1 denotes perfect debris removal to the reject at any mass reject
rate, so that the accept will not contain any debris at all.
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Fig. 5. Screening efficiency as a function of the mass reject rate (based on Eq. 6).
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2.3.4 Furnish parameters
The furnish parameters can be considered to comprise pH, temperature, fluid viscosity
and fibre properties, and also the amount of debris and entrained air in the suspension.
Screening efficiency has been reported to decrease and capacity to increase as the pH
increases (Levis 1991). This is thought to be due to the lubrication effect of alkalis, which
improves the passage of fibres through the screen apertures, but it is more probable that it
originates from the effect of swelling on the flexibility of the fibres. An increase in
temperature will reduce the screening efficiency, as debris will soften at higher
temperatures (Levis 1991, Dulude 1994). McCarthy (1988) attributes the effect of
temperature to the change in the viscosity of the fluid, but Wakelin & Paul (2000) suggest
that the increase in the passage of fibres at higher temperatures is due to softening of the
fibres and not to any alteration in the viscosity. The effect of viscosity was studied by
Paul et al. (1999), who found that the screening capacity and long-fibre yield could be
improved markedly by increasing the viscosity of the fluid with carboxymethyl cellulose.
The effect was assumed to be a result of more single fibres being present near the screen
plate, together with a more favourable flow field. The finding can be explained by the
postulation of Zhao & Kerekes (1993) that the uniformity of a suspension increases with
increasing viscosity of the liquid, because a high viscosity will lower the mobility of the
fibres, restraining reflocculation of the dispersed fibres under conditions of decaying
turbulence. An additional explanation may arise because of the drag force of the fluid
affecting the fibres, an effect that becomes stronger the higher is the viscosity of the
liquid, so that a strong drag force can impel fibres to pass through the apertures of the
screen plate with the flow of fluid.
Fibre dimensions, especially length, have been found to have a powerful influence on
the passing probability of particles (Kumar 1991). An increase in the freeness of the feed
pulp will lead to higher mass reject rates and reject thickening if screening conditions
remain unchanged (Wakelin et al. 1994). It has been suggested that the amount of debris
in the accept pulp may correlate with the amount in the feed pulp (Sealey & Miller 1981).
This debris may be wood-based, e.g. shives or bark, or it may be of artificial origin, e.g.
plastics, stickies or ink (Bliss 1990).
A low or moderate air content will usually have no effect on the functioning of
pressure screening under typical industrial conditions (Ämmälä et al. 2000b). If the
volumetric air content is high, however, and the feed pressure and aperture velocity are
low, fractionation of the pulp may decrease considerably. This may also lead to blinding
of the screen plate if a screen is working close to its maximum capacity.
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2.4 A mathematical approach to screening performance

2.4.1 Development of equations
Attempts have been made to understand the performance of pressure screening
quantitatively and qualitatively by describing it with different forms of numerical
characterisation. The following sections describe briefly the evolution of these
characterisations. Kubat & Steenberg (1955) and later Nelson (1981) were concerned
with pressure screening as a process of shive removal, and the objective of their
equations was to express the observed interrelation between the mass reject rate and
screening efficiency. In other words, they tried to find the equation that fitted the
experimental results best. Gooding & Kerekes (1989, 1992) attempted to understand the
performance of a screen more extensively and to derive a mathematical expression for
this. They also found that, with certain assumptions, i.e. by using the mixed flow model
and plug flow model, screen performance could be reduced to the equations put forward
by Nelson and Kubat & Steenberg, respectively. Further development work by Kumar
(1991) and Olson & Wherret (1998) was concentrated on the plug flow model, and they
attempted to ascertain the effects of individual parameters on the fractionation of fibres
by length. Fibre coarseness and flexibility were not taken into consideration, however.
Although some promising results have been obtained, a comprehensive, universal model
for predicting the fractionation of fibres by a pressure screen seems to be a distant
prospect. Research in this area must still be based mostly on experimental work.

2.4.2 Basic equations
Reject rates are general parameters used to describe the operation point of pressure
screening, as with other fractionators. These can be based on either volume flows or mass
flows of the suspension.
The volumetric reject rate, RRv, is defined as the ratio between the volumetric flow
rates in the reject stream and feed stream:

RR v =
where

VR
VF

(1)

V R is the volumetric flow rate in the reject stream (m3 /s),
V F is the volumetric flow rate in the feed stream (m3 /s).

Correspondingly, the mass reject rate, RRm , is defined as the ratio of mass flow rates:
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RR m =
where

mR
c V
= R R ,
mF
cF VF

(2)

m R is the mass flow rate in the reject stream (kg/s),
m F is the mass flow rate in the feed stream (kg/s),
cR is the consistency of the reject pulp (%),
cF is the consistency of the feed pulp (%).

The volumetric and mass reject rates together determine the reject thickening factor, RTF,
which characterises the operation point of screening. There is a case-specific upper limit
for reject thickening, after which the screen will be plugged (Wakelin & Corson 1995).

RTF =

RRm c R
=
.
RRv c F

(3)

2.4.3 Screening efficiency
TAPPI information sheet TIS 0605-04 defines general screening efficiency, ER , as:

ER =

amount of debris removed
100 % .
amountof debris fed

(4)

Kubat & Steenberg (1955) introduced an equation which presents the efficiency of
probability screening by means of a single parameter:

E R = RRmβ ,
where

(5)

β is the device-specific screening index.

Nelson (1981) also introduced an equation for screening efficiency, which has gained
widespread acceptance in industry:

ER =
where

RRm
,
1 − Q + Q RRm

(6)

Q is the device-specific screening quotient, which describes the proportions of
the debris directed to the accept and reject streams.
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2.4.4 Passage of pulp
Gooding (1986), having studied the separation of fibres in single slot screening,
suggested that the probability o f fibres passing through the slot could be presented with a
quantity that came later to be termed the passage ratio. The passage ratio of a pulp, Pp , is
defined as the ratio between the consistency of the pulp passing through an aperture in
the screen plate, cs , and the consistency upstream of the aperture, cu .

Pp =

cs
.
cu

(7)

On this basis Gooding & Kerekes (1989) developed mathematical models to describe
the performance of pressure screening (with a bump rotor) which relate the passage ratio
to the equations of Kubat & Steenberg (Eq. 5) and Nelson (Eq. 6). The former equation
can be explained by plug flow and the latter by perfect mixed flow in the screening zone.
The plug flow model has been found to express the performance of pressure screening
more precisely than the mixed flow model, however (Gooding & Kerekes 1992).
According to Gooding & Kerekes, the plug flow model is derived as follows: using the
assumption of plug flow, i.e. perfect radial mixing between the screen plate and the rotor
and no axial mixing in the screening zone (on the feed side of the screen cylinder, see
Fig. 6), the material balance in an annular element of thickness dz is:

V z cz

=

(V z − dVz) (c z − dc z ) + Pp c z dVz .

(8)

After rewriting, the equation takes the form:

dc z
dV
= Pp − 1 z .
cz
Vz

(

)

(9)

Pp is assumed to be independent of V z and cz , and thus the equation can be integrated
directly, which yields:

=





VR
VF





cR
cF

Pp −1

.

(10)

This equation links the volumetric reject rate (Eq. 1) with the increase in consistency
from the feed stream to the reject stream, i.e. the reject thickening factor (Eq. 3), as
follows:

RTF = (RR v ) Pp −1.

(11)
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.

Vz cz,x
.

Ppcz,xdV z

dz
.

Rotor

.

(V z-dVz )(c z,x-dcz,x)

Screen plate
Fig. 6. Material balance around an annular element, shown in cross-section (Gooding &
Kerekes 1989).

Despite the difference in rotor construction, and thereby different mixing conditions in
the screening zone, the plug flow model was also successfully adopted in practice for
foil-type rotors by Wakelin & Corson (1995), Walmsley & Weeds (1998), Olson et al.
(1998), and Julien Saint Amand & Perrin (1999), for instance. In the case of foil-type
rotors the pulp is not perfectly radially mixed in the screening zone (Ämmälä et al.
1999b), but on the other hand, this is not essential for the mathematical derivation of the
plug flow model of Gooding & Kerekes as described above.

2.4.5 Length-based passage of fibres
When attempting to describe the passage of fibres through a screen aperture in a more
specific manner, Kumar (1991) suggested that, under ideal conditions, the interaction
between the main screening parameters could be presented by means of a dimensionless
penetration number, Pe. This was assumed to be an approximate physical representation
of the degree of fibre passage into a slot and it was postulated to correlate generally with
the passage ratios of fibres. The penetration number is given by:

Pe =
where

v sW
,
vul

(12)

vs is the average fluid velocity through a slot in the screen plate (m/s),
W is the slot width (m),
vu is the average velocity upstream of the slot (m/s),
l is the fibre length (m).

Later, Olson & Wherret (1998) derived the theoretical interrelation between the passage
ratio and penetration number as:
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 Pe
 k1 k 2

Pp = 
1 − k1 k 2

2 Pe
where

if Pp <

1
2

1
if Pp ≥
2

,

(13)

k 1 is a constant of proportionality relating fibre length to the concentration
gradient above the screen plate,
k 2 is a constant of proportionality relating the upstream velocity to the rotor tip
velocity.

In this approach the fibres are assumed to be fractionated according to length only, and
coarseness, for example, is not taken into account. Although the equation has shown a
moderate correlation with experimental data (Olson et al. 1998), a problem may arise
from the need for the constants of proportionality to be determined experimentally.

2.5 Fractionation ability of pressure screens
Although pressure screening has been used for cleaning pulp, its fractionation ability has
also been known about, e.g. on account of the drop in freeness between the feed and
accept pulp. In the case of cleaning, the fractionation effect has been regarded as a
disadvantage, because of the loss of material from the main stream. Nevertheless, the
screening process is generally controlled by the same phenomena in both cleaning and
fractionation, even though the objectives are different. This section discusses published
data on the ability of pressure screening to fractionate mainly mechanical pulps according
to different fibre properties.
It has been observed in experimental tests that parameters such as fibre length (Olson
et al. 1998), aperture velocity (Wakelin & Corson 1995, Braaten & Wakelin 1999), rotor
frequency (Repo & Sundholm 1995, Wakelin & Corson 1995), aperture size and shape
(Ora et al. 1993, Olson et al. 1998, Braaten & Wakelin 1999) and the contour of the
screen plate (Braaten & Wakelin 1999) affect the fractionation of pulp in pressure
screening. In general, an increase in rotor tip speed, aperture velocity, aperture size and
contouring has been thought to lower the degree of fractionation. On the other hand, an
increase in the upstream velocity over the slot entrance induced by a rotor will promote
fractionation, according to Kumar (1991), Tangsaghasaksri & Göttsching (1994a, b) and
Olson & Wherret (1998). The effect of rotor tip speed is ambiguous, because its net
influence can be considered to depend on the opposing effects of microturbulence,
mixing, pulsation and the tangential speed of the pulp on the screen plate.
It has been suggested that pressure screening classifies the fibres primarily by length
and secondarily by flexibility (Karnis 1997). Results regarding both the length and
flexibility of fibres in single slot screening which support the above statement have been
presented by Kumar (1991) and Tangsaghasaksri & Göttsching (1994a, b). Kure et al.
(1999) suggest that a screen cannot efficiently separate thin and thick-walled fibres,
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which can also be considered to differ in flexibility, as they found the accept pulp in a
newsprint mill to contain a wide variety of combinations of cell wall thicknesses and
fibre parameters. The screening system was not identified, but it is probable that a slotted
screen had been used, as this is the prevailing design for modern screens.
Mohlin (1989) reports that screens do not fractionate fibres according to their bonding
potentiality, but she does not present any detailed information on the screening system in
question, while Karnis (1982) has correspondingly stated that screens do not separate
fibres on the basis of their specific surface, i.e. bonding ability (Forgacs 1963). This
statement was made in the light of a screening result obtained with holed screen plates
and a low mass reject rate. Actually, a substantial change in specific surface takes place in
pressure screening, which is reflected in a large freeness difference between the feed and
accept pulps. This is mainly due to an alteration in the proportion of fines, and the change
in freeness can thus mainly be related to the change in fibre length. Luukko (1999) has
observed, however, that the different types of fines, such as flake-like or fibrillar material,
will segregate to some extent during screening, and that the reject pulp contains relatively
more fibrils than the accept pulp does. These two grades of fines have different specific
surfaces, due to their shape, which may cause them to segregate in screening. In addition,
contrary to the experiences of Mohlin and Karnis, Ora et al. (1993) reported that narrow
slots fractionated groundwood pulp according to bonding ability, as also did holed screen
plates, and that the tear and tensile strengths of the Bauer-McNett long-fibre fraction
(R30) were better in the accept pulp than in the feed pulp, while they were lower in the
reject pulp. The fractionation effect was markedly greater for slotted screen plates than
for holed ones at equal mass reject rates.
Wakelin et al. (1999a) have also reported recently that the specific surface area of the
long fibres and their cross-sectional dimensions (Wakelin et al. 1999b) alter to some
extent in screening, although not as much as in centrifugal cleaning. They also found
differences in the flexibility (in terms of the moment of inertia) and cross-sectional
collapsibility of the fibres between accept and reject pulp samples, although it remained
somewhat unclear what effect of screening conditions was responsible for the
fractionation. The shape of the aperture – slot or hole – and the freeness level of the feed
pulp seemed to have some influence. Slotted screens appeared to operate with a different
fractionation mechanism from holed screens, reacting differently to the operation
conditions and giving a different type of separation.
The articles by Olson et al. also report that holed and slotted screens respond
differently to alterations in operating parameters, which suggests that differences in
fractionation mechanism occur between screen plate designs. In the case of smooth, holed
screen plates, the efficiency of fractionation by fibre length depends almost entirely on
the diameter of the holes (Olson et al. 2000), while in the case of slotted screen plates
(Olson et al. 1998) the slot velocity and width will affect the fractionation result.
Holed screen plates are usually thought to give a better fractionation efficiency in
terms of length, while slots typically give a very clean short fibre fraction which needs no
further screening treatment (Siewert et al. 1989, Yu et al. 1994b). The high long fibre
fractionation efficiency of smooth, holed screen plates can also be matched by contoured
screen plates having fine slots. In addition, contoured screen plates have better
operational flexibility than smooth screen plates (Wakelin & Corson 1995).
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As presented above, the information available on fractionation is mainly qualitative in
nature, and partly conflicting. Experiments have been performed with different pulps,
screening devices and ambient conditions, and the experimental conditions have not
always been reported adequately for a critical review of the results. Therefore the picture
they give of fractionation remains fragmentary and it is impossible to take a broad view
of the process on the basis of these publications. An obvious need has arisen for
additional systematic investigations into this area in order to provide a more
comprehensive understanding of fractionation.

3 Numerical characterisation of fractionation
3.1 General
The numerical characterisation of pulp fractionation is a procedure that has mainly been
adapted from the characterisation of pulp cleaning. Only a few equations have been
developed for application to fractionation. Certain ways of representing fractionation
efficiency or the selectivity of fractionation will be introduced below, all of which will be
used later in this work, except for Eq. 18. It is difficult to place them in order of
superiority, e.g. according their informativeness etc., for in general this depends on the
purpose for which they are to be used.

3.2 Fractionation yield
In the case of screening, the yield is usually defined as the amount of (long) fibres
entering the accept stream, and thus the amount of (long) fibres entering the reject stream
can be considered to represent the yield loss. The yield was adopted here as a means of
expressing the outcome of fractionation, and in this context the yields of separate fibre
fractions can be defined for either the accept or the reject stream, the selection depending
on whether short fibre flow (i.e. the accept stream) or long fibre flow (i.e. the reject
stream) is the topic of interest. In its general form, the fractionation yield, Yi,out, can be
defined with the equation:

Yi ,out =
where

mi , out
mi, F

=

Vout c out w i ,out
VF c F wi , F

m is the mass flow (kg/s),
V is the volume flow (m3 /s),

,

(14)
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c is the consistency (kg/m3 ),
w is the proportion of the fraction by weight,
the subscript i refers to the fibre fraction, e.g. R16, R30, R50, R200, or P200,
the subscript out refers to the accept or reject stream,
the subscript F refers to the feed stream.

3.3 Passage ratio
The passage ratio and its derivation for plug flow have been presented earlier, but the
form in which it is presented in Eq. 10 is not very informative and not easily applicable as
such to the fractionation study undertaken here. To reduce the passage ratio to a more
understandable and convenient form, the information contained in Eqs. 1, 3 and 10 was
combined here to give an expression for the passage ratio of pulp which links both the
volumetric and mass reject rates:

Pp =

log RRm
.
log RRv

(15)

The passage ratio for the fractions can be derived in a corresponding manner by
assuming interaction between the fractions to be negligible. If consistency of the feed, cF ,
and reject, cR , are replaced in Eq. 10 with the respective consistencies of fraction i, wi,F cF
and wi,R cR , the passage ratio of each Bauer-McNett fraction can be presented as:

Pi =
where

log RRm + log (w i , R w i , F )
log RRv

,

(16)

Pi is the passage ratio of fraction i
wi,R is the weight proportion of fraction i in the reject pulp,
wi,F is the weight proportion of fraction i in feed pulp.

3.4 The fractionation index of Karnis
Karnis (1997) introduced a fractionation index, FI, which is defined as:

FI = 1 −
where

XI
,
X II

XI is the average value of fibre property X in fraction flow I,
XII is the average value of fibre property X in fraction flow II.

(17)
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He also proposed that selectivity should be expressed in the form of a cumulative curve
and not for each particular fraction. The principle on which the fractionation index is
defined is illustrated in Fig. 7. If the lower value of a property X is defined as being in
flow I, a uniform and finite range 0 ≤ FI ≤ 1 is obtained for FI. The calculation example
for fibre length distribution based on Bauer-McNett classification results is presented in
Appendix 3.
Feed
Fraction I

Fraction II

Weight of fibres with
property greater than Xi

20

Fraction I

XI

Feed

50

XII

Fraction II

90

98

Xi
Average property X

Fig. 7. Schematic illustration of the definition of the fractionation index (Karnis 1997).

3.5 The fractionation index of Olson et al
Given that the aim is to separate the long fibres from the short fibres, Olson et al. (2000)
suggest that length fractionation can be quantified by a fractionation index, Φ . This can
be defined – in terms of fractionation yield as defined above – as the yield of long fibres
in the reject minus the yield of short fibres in the reject:

Φ = YR, long fibres − Y R, short fibres .

(18)

If the long fibres are defined as equivalent to the Bauer-McNett R30 fraction (fibres
retained on a 30-mesh wire) and the short fibres to the P30 fraction (fibres passing
through a 30-mesh wire), then the fractionation index will be:
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w
 wR 30, R
− P 30, R .
w
 R30 ,F wP30 ,F




Φ= RR m

(19)

3.6 Q-index
The Q-index is a commonly used method of determining the selectivity of long fibre
fractionation that originates from Nelson’s equation for screening efficiency (see Eq. 6).
It can be regarded as a particular case of the Karnis fractionation index. The Q-index for
the fraction i can be calculated as:

Qi = 1 −
where

wi, A
wi ,R

,

wi,A is the weight proportion of i in the accept pulp,
wi,R is the weight proportion of i in the reject pulp.

(20)

4 Experimental work
4.1 Outline of the experimental work
The experimental work was carried out to test the hypotheses introduced in Chapter 1.
The primary work is divided into four parts, which explore respectively the effects of the
operation parameters and screen plate design on fractionation, the role of fibre coarseness
in fractionation and the role of sampling in experimental research. Before the primary
work, the applicability of the laboratory analyses for characterising fractionation is
assessed in the preliminary part. The sections of the experimental work and their links
with the hypotheses and other objectives of the study are summed up in Table 1.
Table 1. Experimental testing of hypotheses.
Section
4.2 Analysis methods for characterising
the fractionation of pulp
4.3 Effects of operating parameters on
fractionation
4.4 Effects of screen plate design on
fractionation
4.5 Role of fibre coarseness in
fractionation
4.6 Role of sampling in the
experimental work

Hypothesis Other objectives
to be tested
To evaluate the applicability of
analytical methods
1, 2
3, 4
2

To find the interrelation between
CSF and Bauer-McNett fractions
To evaluate the flexibility-based
screening mechanism
To assess the reliability of the
experimental results

The preliminary part of the work addresses the analytical characterisation of
fractionation. There are a number of analytical methods available for characterising the
fractionation result, but many of them are laborious and cannot be used as for routine
purposes in extensive research work. In addition, their accuracy is greatly dependent on
the analytical skill of the laboratory technician, and therefore the variation in the results
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mostly remains unknown. It was therefore found advisable to study the reliability of the
analyses, the possibilities for simplifying the analytical procedures and the possibilities
for both modelling and modifying the results. The characterisation methods which were
explored and chosen for use in this work are presented in section 4.2.
The first part of the primary work (section 4.3) is concerned with the operating
parameters. Pressure screening is highly dependent on the combination of operating
parameters chosen. It is unclear, however, whether any combinations of operating
parameters exist in which the screening mechanisms could be altered under varying
screening conditions due to interactions between these parameters. Such interactions
could arise from the strength of the fibre network, for example, internal macroflows,
pulsation and turbulence or mixing conditions on the screen plate. In other words, it is a
question of whether it is possible to obtain different fractionation effects at constant mass
and volumetric reject rates, or whether the situation is as assumed in hypotheses 1 and 2
of this work. The programme of experiments was designed so that fractionation effects
could be studied with a variety of combinations of operating parameters. The aim was to
cover an extensive part of the operating range of pressure screening with the given screen
configuration and screen plate design.
The second part of the primary work (section 4.4) considers screen plate design, as
this has been reported to have a considerable influence on screening efficiency and
fractionation. The effects of slot width and contouring are usually related both to capacity
and efficiency. Crucial factors are the dimensions of the slot and particles and turbulence
conditions on the screen plate. This part of the work examines the role of screen plate
design – contouring and slot width – in fractionation, the aim being to ascertain possible
interactions between screening parameters, especially between pulp properties, foil tip
speed and contouring, which might affect the fractionation mechanism so that the mass
and volumetric reject rates would no longer be able to explain the fractionation effect, in
contrast to hypotheses 3 and 4. Another purpose was to evaluate freeness as a
measurement of fractionation and to find an interrelationship between this and BauerMcNett fractions. The experiments were designed so that the fractionation effects could
be studied over a wide range of combinations of operating parameters with different
screen plate designs.
The role of coarseness in fractionation is considered in the third part of the primary
work (section 4.5). The aim is basically to test the assump tion in hypothesis 2 that a
coarseness change is interrelated with a change in fibre length. These experiments were
performed mainly with mill screening units, accompanied by laboratory screening
experiments. The programme was designed to be carried out with different screen plate
designs at different pulp passage ratios.
The fourth part of the primary work (section 4.6) considers the reliability of
experimental work in general, and particularly of the experiments performed here.
Attempts have seldom been made to assess the reliability of sampling in connection with
an experimental arrangement, but it was found important to do this in the present case so
that the reliability of the screening results could be confirmed. Manual ball valves were
employed for sampling in the first half of the experiments, after which they were replaced
with semi-automatic piston valves. This made it possible to compare the two sampling
methods by reference to the mass balance errors over the screen.
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4.2 Analytical methods for characterising the fractionation of pulp

4.2.1 Storage of pulp samples
It is not possible in an extensive experimental study to analyse pulp samples immediately
in a fresh state, but rather they have to be stored in a cold room or freezer for varying
lengths of time. It is conceivable, of course, that the fibre properties of mechanical pulp
may change in time, e.g. due to extraction and biodegradation, but cold storage at +3°C
for up to six weeks seems to have no appreciable effects on the freeness, strength or
optical properties of TMP (Stoor et al. 2000). Similarly, pulp properties do not change
upon storage in a freezer, except that freeness may increase slightly.
A cold room at +3°C was used to store the present pulp samples, and the duration of
storage before analysis was up to two weeks. The effect of storage on pulp properties was
thus considered to be negligible.

4.2.2 Consistency
Consistency is the most common parameter analysed in pulp slurries, because
information on the dry matter content of the suspension is needed for almost all other
pulp analyses. It is also one of the few properties of pulp which can be measured on line,
although the reliability and accuracy of such measurement is dependent on the method
used and the process conditions. Consistency is an essential parameter when studying
screening, because together with volumetric flow measurements it provides an instrument
for determining the mass reject rate.
In the recent investigation into changes in groundwood pulp properties within the
screen basket (Ämmälä et al. 1999b), a considerable correlation was observed between
consistencies and both freeness values and strength properties. It was thus concluded that
consistency could be used as a means of quality control and monitoring in pressure
screening.
Manual consistency measurement can be considered one of the most accurate pulp
analyses, although considerable errors can occur even here. The coefficient of variation in
determining the consistency of mechanical pulps of low consistency (0 – 4%) has been
measured in our laboratory to be less than 1%.

4.2.3 Freeness
The freeness test, which measures drainability, is one of the most traditional methods for
characterising pulp. The most common tester for mechanical pulps, the Canadian
Standard Freeness (CSF) tester, was introduced in 1925 and became the first standardised
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pulp test for general use in newsprint mills (Clark 1985). As measurements are quick and
easy to perform, it is still in common use in paper mills to predict the quality and
dewatering tendencies of pulps. It has often been criticised, however, because it does not
describe explicitly the effective dewatering of pulp on the wire section of the paper
machine (Clark 1985). Freeness is certainly not a universal measurement of pulp, but
rather a process-specific one. Corson (1996) has suggested that in the case of a given
mechanical pulp, freeness is probably the best indicator of its papermaking properties.
The Canadian standard method for the freeness test was originally designed for use
with groundwood pulp, but it is also used for other mechanical pulps and even chemical
pulps. It has been shown, however, that freeness is actually a measure of the specific
surface of the fibres and does not respond very selectively to changes in their specific
volume (El-Hosseiny & Yan 1980). The former correlates with the papermaking potential
of mechanical pulp and the latter with that of chemical pulp, which is one reason why the
method is well suited for mechanical pulps but not so appropriate for chemical pulps. The
other reason is derived from observations that chemical pulps may be sensitive to the
conductivity of the filtrate in freeness testing (Hiltunen 1999), whereas mechanical pulps
are not (Ämmälä et al. 2000a).
The repeatability of freeness measurements is quite good. The study of freeness
analysis by Ämmälä et al. (2000a) showed that a laboratory technician having good
analytical skills and a good routine can attain a measurement value in a single freeness
test which deviates by less than ± 4% from that in the sample at a confidence level 95%.
The relative accuracy seemed to be slightly dependent on the freeness level of the pulp,
decreasing as the freeness level decreased. In the light of one earlier study (Ämmälä et al.
1999c), the most inaccurate step in the whole analysis procedure may be taken to be
sampling of the process (Ämmälä et al. 2000a).
It has been noted in mechanical pulp testing that pulps from hot conditions that have
been subject to grinding and refining do not exhibit their full papermaking potential and
freeness if prepared in the cold. If hot fibres are cooled while in a curled and distorted
state, the lignin sets and the fibres remain deformed (Jones 1966). The properties of such
a pulp can be restored by means of hot disintegration. The condition in which some
properties of a mechanical pulp are inhibited and require hot mechanical treatment for
their development has been termed “latency” by Beath (1966).
Pulp which has once lost its latency may recover it during cold storage, and therefore
its properties are usually different from those of fresh pulp. Consequently hot
disintegration is often recommended in mechanical pulp testing. As disintegration can be
considered an extra working stage in the analysis procedure and an extra drain on the
resources of the laboratory, the need for disintegration was studied in screening
experiments. The results showed (Ämmälä et al. 2000a) that even if hot disintegration
alters the freeness value of a pulp considerably, the relative freeness change for pulp
samples after the latency tower remains constant (see Fig. 8). After hot disintegration at
85°C, the freeness for TMP pulps was about 86% of the value for non-disintegrated pulp,
the correlation coefficient being 0.99. The disintegration consistency (0.4 – 3.0%),
freeness level (30 – 600 ml) and origin of the pulp (TMP from two different mills)
seemed not to have any systematic effect on the relative drop in freeness during
disintegration. Temperature seemed to be a critical parameter, for if too low a temperature
was used (73°C), latency was abolished incompletely, giving a lower freeness drop. Cold
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disintegration (20°C) gave only minimal changes in freeness compared with nondisintegrated pulp.
It was concluded that the disintegration of pulp is not necessary for the analysis of
freeness in samples from screening experiments, and the step was left out of the
analytical procedure employed here.

CSF hot disintegrated, ml

620

500

y = 0.859x
R2 = 0.99

380

260

140

20
20

140

260

380

500

620

CSF non-disintegrated, ml

Fig. 8. Effect of hot disintegration on freeness at 85°C (Ämmälä et al. 2000a).

4.2.4 Bauer-McNett classification
The Bauer-McNett classification is a much used method for characterising both chemical
and mechanical pulps, although it is more suitable for the latter, because the fibre length
distribution is usually broader than in chemical pulps and thus the fibres will be
distributed more evenly in each fraction. It has been shown (Lindholm 1980, Koran
1994) that these fractions serve well to predict most of the properties of a given
mechanical pulp. Hence it seems to be a suitable method for the analysis of pulp
fractionation. As there are several ways of representing Bauer-McNett fractions, the
following notations are selected for use here for the sake of clarity:
−R16 is the fraction that remains on the 16-mesh (1190 µ m) wire.
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– R30 is the fraction that remains on the 30-mesh (595 µ m) wire but passes through
the 16-mesh wire.
– R50 is the fraction that passes through the 30-mesh wire but remains on the 50mesh (297 µ m) wire.
– R200 is the fraction that remains on the 200-mesh (74 µ m) wire, but passes through
the 50-mesh wire.
– P200 is the fraction that passes through the 200-mesh wire.
The Bauer-McNett apparatus has been shown to classify pulp primarily according to
fibre length, while other factors such as width and fibre flexibility have only minor
effects (Ullman et al. 1968). The analogy between pressure screening and Bauer-McNett
classification is obvious. The analysis as such has been shown to be repeatable (within
the same laboratory) but its reproducibility (between laboratories) has been found to be
poor (Levlin 1982). The repeatability, expressed as the coefficient of variation, has been
reported to be of the order of 1% for each fraction (Ullman et al. 1968, Levlin 1982). The
poor reproducibility is attributable to dimensional and constructional anomalies in the
apparatus (Bos 1966), and the differences between the results of analyses performed with
different apparatuses have been shown to be so great that attempts at developing BauerMcNett analysis into a standard method have been abandoned (Levlin 1982).
Although individual analyses are not directly comparable between apparatuses, a
correlation seems to exist between them. An example of the results obtained here with
two apparatuses using the same TMP samples are presented in Fig. 9. As can be seen,
they are quite divergent, but an almost linear relationship exists between the individual
fractions determined with these two apparatuses, as shown in Fig. 10. Thus it can be
assumed that different Bauer-McNett apparatuses produce comparable results in pressure
screening if the normalised values (i.e. the output value divided by the input value) is
considered, even though Bauer-McNett classification results for single streams are not
directly comparable. This is an important observation, because it makes it possible to
compare fractionation analyses performed with Bauer-McNett apparatuses producing
very different classification results. The assumption may not be always valid, however, as
the interrelation between apparatuses is not necessarily linear and the lines describing the
results do not necessarily intersect at the origin.

39

45

45
CSF 55

CSF 55

CSF 117

CSF 117

Weight proportion, %

Weight proportion, %

CSF 224
35

25

15

CSF 224
35

25

15

Device A

Device B

5

5
R16

R30

R50

R200

P200

R16

R30

R50

R200

Fig. 9. Comparison of two Bauer-McNett apparatuses at three level of freeness.
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Fig. 10. Correlation of fractions between results obtained with two apparatuses.
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4.2.5 Modelling of Bauer-McNett fractions
Bauer-McNett classification and the optical fibre analyser actually measure the same
fibre property, length, and its distribution, and a linear relationship has been found
between fibre lengths measured by the two methods (Bentley et al. 1994). From the very
beginning researchers have tried to model Bauer-McNett fractions by means of fibre
length distribution (Tiikkaja 1996), but the results have not been good enough and the
predictive power of the models has been shown to be limited. In the case of mechanical
pulps, one disadvantage of an optical analyser is poor resolution in the case of fines, the
resolution of the optical analyser as a whole being about 50 µ m, whereas most of the
particles in the P200 fraction are smaller than this. Taking this into account, a model was
developed in which correction factors were used. These were determined for each
fraction, those for the fines (P200) and for the coarsest material (R16 for TMP or R30 for
GW) being dependent on the freeness level while the others were constant over the whole
freeness range. The principle of the modelling was introduced by Niinimäki et al. (1999).
The model was shown to be accurate if correction factors were determined for a given
pulp in a given process, and in view of its versatility and good prediction ability, this
model was chosen as the method for this thesis. Modelled and actual Bauer-McNett
fractions were verified with independent test data from time to time during the project,
with the results depicted in Fig. 11. All the proportions of the fractions by weight are
plotted on the same figure. As can be seen, the accuracy of the model is very satisfactory.
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Fig. 11. Verification of modelled and measured Bauer-McNett fractions.

4.2.6 Optical fibre length and coarseness
The first mill installation for the optical analysis of shive content dates back to the mid1970’s (Sköld & Nilsson 1993), while the first commercial optical fibre analyser was
introduced in the early 1980’s (Tiikkaja 1997), after which they quickly became common
in pulp and paper laboratories. Optical analysers had great advantages over manual
methods because of their ease and quickness of use.
The device used in this work was mostly the Kajaani FSA fibre length analyser, which
allows only the fibre length distribution to be measured. Towards the end of the study,
however, the FSA was replaced with the Kajaani FiberLab for the analysis of samples
from mill screening experiments. The principle of fibre length measurement in both
Kajaani devices is in accordance with the TAPPI T271 standard, and the repeatability of
the measurement has been shown to be very good (Luukkonen et al. 1990). In addition to
fibre length distribution, FiberLab also allows the coarseness, width and wall thickness of
fibres to be analysed.
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The coarseness of fibres, ω , can be measured easily with optical fibre analysers. It can
be calculated by dividing the weight of the analysed sample by the cumulative fibre
length:

ω=
where

ms
,
nl a

(21)

n is the number of fibres analysed,
la is the arithmetic mean length of fibres (m),
ms is the weight of fibres in the sample (mg).

The length resolution of the optical fibre analyser, about 50 µ m, is inadequate for the
smallest particles in wood pulps, and this situation is emphasised further in the case of
mechanical pulps, as these contain large amounts of fines, normally in the range 10 – 45
w-%. Thus coarseness measured directly by the analyser is not usually very useful as
such, since the fines have a notable effect on the weight of the sample but not on the fibre
length. Consequently some correction is needed. This was done here by multiplying the
coarseness value by the weight proportion of fibrous material, referring to the new
quantity as the corrected coarseness:

)

ω ' = ( 1 − wfines ω,
where

(22)

ω ´ is the corrected coarseness (mg/m),
ω is the coarseness measured with the optical fibre analyser (mg/m),
wfines is the weight proportion of fines (Bauer-McNett P200 fraction).

The proportion of the P200 fraction by weight was chosen for correction because the
wire opening (74 µ m) is close to the resolution of the analyser (50 µ m) so that the
majority of the particles in this fraction are not measurable optically. If one takes into
account that the R200 fraction also contains some material that is too small to be
measured, the weight of the P200 fraction seemed to be a reasonable approximation for
the total amount of unanalysed particles in optical fibre length analysis.

4.2.7 Coarseness index by image analysis
FiberLab employs a CCD camera and two-dimensional image analysis, making it
possible to determine distributions and average values for fibre length, width and cell
wall thickness. About 10% of the total number of fibres in the sample are analysed by
image analysis. Fibre width and cell wall thickness can be used to determine the
coarseness index, CI, which is assumed to be proportional to the cross-sectional surface
area of a fibre. The coarseness index is calculated from (Kauppinen 1998):
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CI = W 2 − (W − 2CWT
where

)2 ,

(23)

W is the average width of the fibres analysed (µ m),
CWT is the average cell wall thickness of the fibres analysed (µ m).

Since cell wall thicknesses measured with FiberLab are generally much greater than
those measured by light microscopy or CLSM (Heikkurinen et al. 1998), the FiberLab
values can be considered to express relative wall thicknesses rather than actual values.
If the cell wall density is assumed to be constant for every measured fibre, a linear
relation should exist between coarseness (in its corrected form, see Eq. 22) and the
coarseness index. To explore the interrelation between these two methods, the results of
analyses of pulp samples from two separate mill screenings were drawn in same figure
(Fig. 12). As can be seen, the correlation is in general quite good. The data are from test
series 1 and 3 (see section 4.5), which were analysed in different laboratories, with
different settings of their FiberLab devices. The discrepancy between the coarseness
indices is mainly attributable to the fact that fibres longer than 0.2 mm were subjected to
image analysis in series 1, while only those over 0.4 mm were analysed in this way in
series 3. Part of the discrepancy may also be due to differences in refining process
conditions between the two mills.
1100
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Coarseness index
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Fig. 12. Correlation between corrected coarseness and the coarseness index. The data points
are from the feed, accept and reject pulps of test series 1a, 1b and 3 (see section 4.5).
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The FiberLab coarseness index based on the cross sectional area of fibres determined
by fibre width and cell wall thickness was found to be an expedient method for
expressing the coarseness of TMP fibres. The analysis is quick and easy to perform, and it
seems to give results that are almost directly proportional to the coarseness of the pulp
after removal of the fines (Bauer-McNett P200 fraction), i.e. the corrected coarseness as
defined here. The coarseness index may not be a universally explicit function of the
actual coarseness of fibres, but they probably have a mutual pulp and process-specific
correlation. Due to the use of fibre splitting as an analytical method, incompletely peeled
fibre wall material, external fibrillation and changes in specific volume (internal
fibrillation) may cause variations in the result. The middle lamella, for instance, does not
peel away completely in refining, and the middle lamella coverage in TMP fibres has
been measured to be about 15 – 25% (Fjerdingen et al. 1997). Fibre splitting is closely
dependent on the pulping method, its incidence in the Bauer-McNett fraction greater than
48-mesh having been determined to be about 10% for TMP, but as much as 35% for
PGW (pressure groundwood) and 46% for GW pulp (Fjerdingen et al. 1997). It can
therefore be assumed that the coarseness index determined by image analysis is a
practicable method for relative intact fibres such as those in TMP but may give greater
variation and lower correlation with the actual coarseness of fibres in the case of
damaged fibres such as those in GW. This was not assessed here, however. In general, the
reliability of the analytical results can be ascertained by analysing a sufficient number of
fibres, which means in practice that several parallel analyses must be performed on the
same pulp sample.

4.2.8 Summary of laboratory analyses
The analytical methods evaluated and developed for this fractionation study are listed in
Table 2.
Table 2. Laboratory analyses and standard methods used in the experimental work.
Analysis
Consistency
Freeness
Bauer-McNett classification
Fibre length
Coarseness
Corrected coarseness

Method
SCAN-M1:64
SCAN M4:65
Modelling
FSA, FiberLab
FiberLab
FiberLab

Coarseness index

FiberLab

Comments
No hot or cold disintegration
Corresponds to SCAN-M6:69
Corresponds to TAPPI T277
Corrected by reference to the amount
of fines (BMcN P200)
Corresponds to the cross-sectional area
of fibres
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4.3 Effects of operating parameters on fractionation
The materials, methods and experimental arrangements used for studying the effects of
operating parameters on pulp fractionation were as follows:
Thermomechanical pulp (TMP) made from Norway spruce (Picea abies) was used in
the mill-scale screening experiments. Key data on the fed pulp in pressure screening are
presented in Table 3.
Table 3. Key data on the fed pulp in the pressure screening experiments.
Bauer-McNett

R16
R30
R50
R200
P200
Pulmac shives (#0.10 mm)
Freeness (CSF)
Length-weighted fibre length (FSA)

Mean
27.3 w-%
20.4 w-%
13.1 w-%
13.1 w-%
26.1 w-%
1.1 w-%
135 ml
1.85 mm

Stdv
1.6 w-%
1.2 w-%
0.4 w-%
0.5 w-%
2.2 w-%
0.1 w-%
11 ml
0.05 mm

A screen plate (#0.15/HP) having a slot width of 0.15 mm and a contour height of 1.1
mm (determined as in Fig. 4) was used at both screening stages. The effects of operating
parameters on the fractionation result were examined with that screen plate design, the
screening conditions being varied over a wide range by altering the feed consistency,
volumetric reject rate, rotor frequency and volumetric accept flows. Feed freeness and
temperature were uncontrollable variables. The operating ranges used in the experiments
are presented in Table 4. Samples were collected under steady-state screening conditions,
and on-line process information was recorded by means of a laptop computer.
The experimental screen was a two-stage, axially fed Valmet MuST202E pressure
screen having a screening area of 1.2 m2 in the first stage and 0.6 m2 in the second.
Photographs of the screen are shown in Appendix 1 and a schematic diagram in Fig. 13. A
foil-type rotor and wedged wire screen baskets were used. The screen was installed in the
circulation of the pulp from the latency tower as shown in Fig. 13. The pulp in the latency
tower, of a consistency of about 2.5%, was diluted with white water from the paper
machine before the screen. White water was also used for dilution between the screening
stages. The inlet and outlet pipes of the screen were equipped with magnetic flow meters,
pressure sensors and manual ball valves as sampling devices. In addition, microwave
consistency transmitters were installed in the feed and reject lines to help monitor the
screening process. An inverter was installed to facilitate adjustment of the rotor
frequency.
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Fig. 13. Flow diagram showing the connection of the two-stage pressure screen to the mill
process.

Consistency, freeness and fibre length distribution were analysed in the laboratory
from non-disintegrated pulp samples. The fibre length distribution, measured optically
with the Kajaani FSA, and freeness were used to model the Bauer-McNett fractions R16,
R30, R50, R200 and the P200 in the pulp samples. Fractionation was characterised by
means of Eq. 14, using the yields of these fractions.

47
Table 4. Operating ranges used in the 71 screening tests.
Screen plate and operating parameters
Temperature
Tip speed of foil
Slot velocity
Volumetric reject rate
Mass reject rate
Feed consistency
Feed freeness
Accept flow per unit screening area
Accept production per unit screening
area (odt = oven-dry ton)

Screening
stage
1st , 2nd
1st , 2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd

Range
75 – 85°C
13 – 21 m/s
0.5 – 1.9 m/s
0.3 – 1.9 m/s
29 – 47%
38 – 58%
45 – 67%
58 – 80%
0.9 – 2.0%
1.0 – 3.1%
111 – 161 ml
160 – 310 ml
90 – 330 m3 /h /m2
45 – 330 m3 /h /m2
20 – 122 odt/d /m2
8 – 95 odt/d /m2

4.4 Effects of screen plate design on fractionation
The following materials, methods and experimental arrangements were used for studying
the effects of screen plate design on pulp fractionation:
Typical Bauer-McNett distributions of the fed pulp at the given freenesses are
presented in Table 5, together with the average fibre length of each fraction. The passage
ratio was chosen as the measure to be evaluated, as this combines the mass and
volumetric reject rates into a single parameter. The relations between the passage ratios
and reject rates are presented in Eqs. 15 and 16.
As freeness is a widely used analysis performed on mechanical pulp that produces
results which are easy to access and understand, it seemed worthwhile to test its
suitability as a measure of fractionation and to seek possible analogies between it and the
Bauer-McNett classification.
As the freeness of the feed pulp was not constant, a normalised accept freeness,
CSFA/F , was used to unify the screening results:

CSF A / F =
where

CSF A
,
CSF F

CSFA is freeness in the accept stream (ml),
CSFF is freeness in the feed stream (ml).

(24)
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The experimental arrangement was the same as that described in section 4.3, with the
exceptions described below.
The test procedure was carried out with five screen baskets of the designs described in
Table 6, and the screening conditions were varied over a wide range, as reported in Table
7. Semi-automatic piston-type sampling devices, Valmet NOVE M2, were used instead of
the manual ball valves.
Table 5. Typical Bauer-McNett distribution of TMP in the feed of the first screening stage
at a freeness of 150 ml, and in that of the second stage at a freeness of 340 ml.
Fraction Weight proportion
of fraction, %
1 st stage
R16
28
R30
21
R50
13
R200
13
P200
25

Weight proportion Average fibre length
of fraction, %
of fraction, mm
2 nd stage
(Kajaani FSA)
38
2.86
24
1.97
12
1.02
11
0.28
15
0.07

Table 6. Screen plate designs.
Screen plate
#0.15/LP (low-contoured)
#0.15/MP (medium-contoured )
#0.15/HP (high-contoured)
#0.20/LP (low-contoured)
#0.20/HP (high-contoured)

Slot width, mm
0.15
0.15
0.15
0.20
0.20

Contour height, mm
0.60
0.80
1.10
0.60
1.10

Table 7. Operating ranges used in the 89 screening tests.
Parameter
Temperature
Tip speed of foil
Volumetric reject rate
Mass reject rate
Feed consistency
Feed freeness
Accept flow per unit screening area
Accept production per unit screening
area (odt = oven-dry ton)

Screening stage
1st , 2nd
1st , 2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd
1st
2nd

Range
78 – 87°C
13 – 23 m/s
20 – 50%
23 – 60%
33 – 67%
38 – 83%
1.0 – 2.4%
1.0 – 3.0%
124 – 172 ml
150 – 340 ml
90 – 360 m3 /h /m2
60 – 260 m3 /h /m2
27 – 141 odt/d /m2
13 – 89 odt/d /m2
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4.5 Role of fibre coarseness in fractionation
Coarseness was studied by means of five series of screening tests performed at two TMP
mills and in the laboratory. The materials, methods and experimental arrangements used
in these were as follows:
TMP pulps from the first screening stage of mills A and B were used in these
experiments. In addition, the accept pulp from the first stage at mill A was screened
further with the laboratory screen device. The mill screening devices were axially fed
Valmet TAP340 and TAP450 pressure screens (see Fig. 1) with slotted screen plates. The
screen plate in mill A had a slot width of 0.18 mm and high contouring and that in mill B
a slot width of 0.15 mm and low contouring. The laboratory experiments were performed
with a modified axially fed Valmet TAP03 screen and a medium-contoured screen plate
with a slot width of 0.09 mm. A picture of the device is presented in Appendix 2.
Pulp samples were taken from the accept and reject flows and their consistency and
freeness were analysed. Fibre properties were analysed with the Kajaani FiberLab
system. Coarseness values were determined by the three methods outlined in Eqs. 21, 22
and 23. Fibres longer than 0.4 mm were measured by image analysis.
Some additional FiberLab analyses (average values, not distributions) obtained in the
Valmet MuST202E screening experiments at mill A and analysed at the Valmet
Technology Centre were also available. These experiments used a slot width of 0.15 mm
and high contouring in both screening stages. Fibres longer than 0.2 mm were subjected
to image analysis.
One term used in the data analysis was “the relative coarseness index difference”,
which is related either to the total difference or to the difference independent of fibre
length. The former relation is defined by the following equation:

∆ CItot =

CI R − CI A
100% ,
CI R

(25)

and the latter by the equation:

∆ CI =
where

Σ

CI R ,i − CI A, i
CI
n

R, i

100% ,

∆CItot is the total relative coarseness index difference (%)
CIR is the average coarseness index in the reject pulp,
CIA is the average coarseness index in the accept pulp,
∆CI is the relative coarseness index difference independent of length (%),
CIR,i is the coarseness index of the reject in length class i,
CIA,i is the coarseness index of the accept in length class i,
n is the number of length classes.

(26)
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The devices, screen plate designs and screening conditions used in the test series are
presented in Table 8. The notations for the screen plates are similar to those in Table 6.
Table 8. General information on the screen plate designs and screening conditions used
in the experiments.
Test
series
1a
(Mill A)
1b
(Mill A)
2
(Mill A)
3
(Mill B)
4
(Lab)
1

Device

Screen
plate

Number
of tests

TAP340

#0.18/HP

6

Pulp
passage
ratio
0.46-0.55/
0.36-0.401
0.68-0.77/
0.57-0.611
0.57-0.67

TAP450

#0.15/LP

5

0.38-0.42

132-144

26-36

481-527

TAP03

#0.09/MP

11

0.27-0.33

73-84

n.a.

161-237

Must202E #0.15/HP

5

Must202E #0.15/HP

5

Feed
CSF, ml

Accept
CSF, ml

Reject
CSF, ml

127-131

329-358

139-150

54-64/
40-521
95-113/
84-931
71-90

135-140

259-297
264-321

second stage values

4.6 Role of sampling in experimental work

4.6.1 Experimental arrangement
The following experimental arrangement was used to determine the effects of the two
sampling methods:
The two sampling methods used here were manual ball valves and semi-automatic
pneumatic piston valves (Valmet NOVE M2). The construction of the piston valve is
illustrated in Fig. 14. Sampling was carried out with the manual valves for the first five
months, after which they were replaced by the pneumatic sampling valves for the next
four months. The valves were located in the inlet pipe and outlet pipes of the two-stage
pressure screen (Fig. 15). The manual valves were mounted conventionally on the wall of
the pipe, and the semi-automatic valves in the manner shown in Fig. 14, where the
sampling device extends into the process stream. The ranges of the flow parameters in
these pipes are presented in Table 9.
All the pipes excluding the feed pipe were equipped with magnetic flow meters, and
the volumetric feed flow was calculated from the flow balance. Pulp samples were taken
from the feed, accept and reject pipes during steady-state screening for laboratory
analysis of their consistency, and the accuracy of the sampling methods was evaluated in
terms of the standard deviation and mean of the calculated mass balance error over the
screen. 112 mass balances were calculated for the manual sampling method and 96 for
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the semi-automatic method. White water from the paper machine was used as dilution
water between the screening stages. This had a constant, fairly low fibre concentration
and its daily average was used in the mass balance calculations.

Fig. 14. Schematic diagram of the semi-automatic piston valve used in the experiments
(Reisto 1990).

.

.
.
.

.
Fig. 15. Schematic illustration of the two-stage screen used in the experiments.
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The mass balance error was used to determine the differences between the two valve
types in the sampling of the pulp slurry. Two inlet and three outlet flows are shown in
Fig. 15, and the mass flow balance is calculated according to:

min = m out
(27)

⇒ VF c F + V D c D = V A1 c A1 + V A2 c A 2 + V R c R ,
where

(28)

m is mass flow (kg/s),
V is volume flow, (m3 /s),
c is consistency, (kg/m3 ),
the subscripts refer to the flow positions in Fig. 15.

The mass balance error, mbe, as a percentage, is calculated as follows:

mbe = [(min − m out ) / m in ]⋅100 % .

(29)

Table 9. Pipe diameters and the range of flow parameters in the test series with manual
and semi-automatic sampling valves.
Manual valves
Pipe diameter, mm
Volume flow, dm3 /s
Flow velocity, m/s
Consistency, %
Freeness, ml
Pressure, kPa
Temperature, °C

Feed
250
37-193
0.7-3.9
0.9-2.0
111-161
190-230
75-85

1 st accept 2 nd accept
200
150
30-110
8-55
0.9-3.5
0.5-3.1
0.5-1.5
0.6-1.4
52-113
40-96
220-290
220-290
-

Reject
100
3-44
0.4-5.6
1.4-4.8
253-519
240-340
-

Dilution
80
0-21
0.0-4.2
0.1-0.2
-

Semi-automatic valves
Diameter, mm
Volume flow, dm3 /s
Flow velocity, m/s
Consistency, %
Freeness, ml
Pressure, kPa
Temperature, °C

Feed
250
48-187
1.0-3.8
1.0-2.4
106-172
190-230
78-87

1 st accept 2 nd accept
200
150
30-120
11-44
0.9-3.8
0.6-2.5
0.7-1.7
0.7-1.5
50-127
35-136
230-270
220-280
-

Reject
100
8-44
1.0-5.6
1.5-4.7
196-525
250-330
-

Dilution
80
0-28
0.0-5.6
0.0-0.1
-
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4.6.2 Statistical analysis
The following equations, together with an assumption of normally distributed sampling
errors, were used for statistical evaluation of the sampling methods.
Measurement error is a combination of several error components, and errors in
different steps of the analysis procedure will prove cumulative in the final result.
Provided that the error components are independent, the uncertainty attached to the result
can be determined by the sum of the variances of the components:

S 02 = S 21 + S 22 + S 32 ,
where

(30)

S 0 2 is the total variance of the measurement,
S 1 2 is the variance of the sampling,
S 2 2 is the variance of the laboratory analysis,
S 3 2 is the variance of the process.

If the standard deviation of a variable is known or can be estimated, the number of
samples, n, needed to obtain the mean value of the variable in a given confidence interval
can be calculated as:

t pS
n =
 a
where

2


 ,


p is the risk level for an errorless interpretation of the result,
tp is the t-value of Student’s distribution at the risk level p,
± a denotes the limits of the confidence interval,
S is the standard deviation of the variable.

(31)

5 Results
5.1 Effects of operating parameters on fractionation

5.1.1 Presentation of the results
The yields of Bauer-McNett fractions in the accept flow will be presented in the
following sections as functions of the mass reject rate or the volumetric reject rate in
order to determine whether the fractionation of pulp is dependent those two reject rates
only, as hypotheses 1 and 2 suggest. A corresponding manner of presentation could also
have been adopted for the yields of the fractions in the reject pulp, which would have
given the inverse result. This is due to the definition adopted in Eq. 14 whereby the yields
of fractions in the reject flow are proportional to the mass reject rate, while those in the
accept flow are proportional to its reciprocal, the mass accept rate (1-RRm ). The equations
for the volumetric and mass reject rates are those presented earlier as Eqs. 1 and 2. Reject
thickening, which will also be used below, is defined in Eq. 3.
To assess the effect of the volumetric reject rate RRv, the experimental data were
divided into two sets according to this rate, i.e. lower values and higher values. This
division was made separately for the first and second screening stages. In the first
screening stage the first set of RRv data had a mean of 0.33 and a standard deviation of
0.03 while the second set had a mean of 0.43 and a standard deviation of 0.02. The
respective values in the second screening stage were 0.43 and 0.02, and 0.51 and 0.02. As
the volumetric reject rates were not exactly constant, this caused some variation in the
results.
Because of the special construction of the screening apparatus, the pulp properties in
the first stage reject and the second stage feed had to be calculated from the mass
balances, since sampling between stages was not feasible.
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5.1.2 R16 fraction
As seen in Fig. 16, the yield of the R16 fraction in the accept pulp fell well below the
bold line which denotes the mass accept ratio (1-RRm ), i.e. the limit where no
fractionation occurs. At a constant level of the volumetric reject rate, the yield was
dependent almost exclusively on the mass reject rate, while at a constant mass reject rate
the yield was lower the smaller was the volumetric reject rate. The behaviour of R16
seemed to be similar in both stages of screening. It is obvious that as the difference
between the mass and volumetric reject rates becomes smaller, the yield will approach the
bold line, which also means decreasing fractionation, i.e. the proportions of the R16
fractions by weight in the accept and reject pulp approach each other.

0.45
1A, RRv:0.33
1A, RRv:0.43
2A, RRv:0.43

0.37

2A, RRv:0.51

Yield

0.29

0.21

0.13

0.05
0.40

0.50

0.60

0.70

0.80

RRm

Fig. 16. Yield of the R16 fraction in the accept flow as a function of the mass reject rate. 1A
denotes the accept flow in the first screening stage, and 2A that in the second screening stage.
RRv denotes the average volumetric reject rate of the test series. The bold line denotes the
mass accept ratio.
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5.1.3 R30, R50 and R200 fractions
The yield of the R30 fraction in the accept flow was lower than the mass accept ratio
(Fig. 17), whereas in the case of R50 and R200 the yields were slightly greater (Figs. 18
and 19). The effect of the volumetric reject rate on the yield of R30 was similar to the
case of R16, but it appeared to be smaller here. In the range tested, the yield of R50
seemed to be almost independent of the volumetric reject rate while that of R200
increased slightly with decreasing volumetric reject rate as compared with the situation at
a constant mass reject rate. There appeared to be no significant difference in the
behaviour of the fractions between the screening stages.
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Fig. 17. Yield of the R30 fraction in the accept flow as a function of the mass reject rate.
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Fig. 18. Yield of the R50 fraction in the accept flow as a function of the mass reject rate.
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Fig. 19. Yield of the R200 fraction in the accept flow as a function of the mass reject rate.

5.1.4 P200 fraction
The yield of the P200 fraction decreased as the mass reject rate increased. In addition, it
was lower the greater volumetric reject rate was, as can be seen in Fig. 20.
According to hypothesis 1, a passing probability of 100% for fines could be assumed,
which suggests that the yield of the P200 fraction should be proportional to the
volumetric reject rate. This correspondence in the first and second stages of screening is
presented in Fig. 21, where the bold line denotes the volumetric accept ratio (1-RRv). In
addition to the variation in the results, a small but systematic bias also appeared. The
yield of the P200 fraction was on average lower than the volumetric accept ratio, and the
difference seemed to increase as the volumetric reject rate decreased. In fact, the decrease
in the yield could be related to the increasing reject thickening factor (RTF), which was
seen especially in the first screening stage (Fig. 21). The results showed that the P200
yield was not totally independent of the mass reject rate.
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Fig. 20. Yield of the P200 fraction in the accept flow as a function of the mass reject rate.
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Fig. 21. Yield of the P200 fraction in the accept flow as a function of the volumetric reject
rate. RTF denotes the average reject thickening factor of the test series. The bold line denotes
the volumetric accept ratio.

5.2 Effects of screen plate design on fractionation

5.2.1 Presentation of results
To test hypothesis 3, the passage ratios of the Bauer-McNett fractions to total pulp were
used to explain the fractionation effects of the various screen plate designs. The passage
ratio (Eq. 15), which combines the mass and volumetric reject rates, was employed as a
quantity for expressing the fractionation effect uniformly, in accordance with hypothesis
4. The normalised freeness (Eq. 24) was used as an alternative to the passage ratio (Eq.
16) to represent the fractionation effect.
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5.2.2 Bauer-McNett fractions
The passage ratios of the Bauer-McNett fractions R16 and R30, calculated according to
Eq. 16, for the various screen plates in the first screening stage are presented as functions
of the passage ratio in Fig. 22, and those for the second stage in Fig. 23. Correspondingly,
the passage ratios of the fractions R50 and R200 and P200 are presented in Figs. 24 and
25. Unlike the situation with the other fractions, all the results for R50 are combined into
one plot. Some variation appeared in the results due to variations in sampling, laboratory
analyses, process conditions, feed pulp properties and the modelling of the fractions, but
certain trends were perceivable.
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Passage ratio of fractions
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0.80
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Passage ratio of pulp

Fig. 22. Passage ratios of the R16 and R30 fractions as functions of that of the pulp in the first
screening stage. The bold line denotes the overall passage ratio of the pulp.

The results clearly indicated that the greater the average fibre length of a fraction was,
the lower its passage ratio. Comparison of the passage ratios of the fractions with the bold
line which denotes the overall passage ratio of the pulp demonstrated a tendency for P200
and R200 to be enriched in the accept flow and R16 and R30 in the reject flow, while
R50 tended not to be fractionated. The passage ratios of the intermediate fractions, R30,
R50 and R200, were close to that of the total pulp, while only the coarse (R16) and fine
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fractions (P200) differed markedly from the overall passage ratio. There seemed to be no
substantial differences in the passage ratios of the fractions between the first and second
screening stages, even though the proportions of the fractions in the feed by weight were
different. The passage ratios of the short fibre fractions, P200, R200 and R50, seemed to
be slightly higher in the second stage than in the first, however, whereas those for the
long fibre fractions (R30 and R16) were almost at the same in both stages. No great
differences in fractionation appeared between the screen plates, operating conditions and
screening stages, i.e. in the feed pulp properties, but some diversity did emerge.
At a constant pulp passage ratio, an increase in slot width raised the passage ratio of
the R16 and R30 fractions. This was seen clearly in the first stage, where low-contoured
screen plates were used. In the second stage, with high-contoured screen plates, the
difference appeared to be smaller. There did not seem to be any differences in the passage
ratio of the R50 fraction between the slot widths, but the passage ratios of the R200 and
P200 fractions were slightly higher with the narrower slots.
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Fig. 23. Passage ratios of the R16 and R30 fractions as functions of that of the pulp in the
second screening stage.

Alongside the slot widths, the contour of the screen plate also had an effect on the
passage ratio of the fractions. At a constant pulp passage ratio, a low-contoured screen
plate produced a lower passage ratio for the R16 and R30 fractions and a higher one for
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the R200 and P200 fractions than either a medium or high-contoured screen plate. The
differences between the latter two screen plates were small, with differences in passage
ratio apparent only in the R16 and P200 fractions.
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Fig. 24. Passage ratios of the R50, R200 and P200 fractions as functions of that of the pulp in
the first screening stage.

In order to deduce the fractionation efficiency of pressure screening, the fractionation
index of Karnis (Eq. 17) for fibre length in the first screening stage (feed freeness 150
ml) is illustrated in Fig. 26. The fractionation index for low and medium-contoured
screen plates having two slot widths was evaluated at pulp passage ratios of 0.45 and 0.60
on the basis of Figs. 22 and 24 and Table 5, assuming the volumetric reject rate to be 0.25
in both cases. The fractionation index (i.e. the efficiency of fractionation) increased
linearly with increasing fibre length. In addition, the fractionation index increased as the
passage ratio of the pulp, the slot width or the contour of the screen plate decreased. The
fractionation index for the longest fibre length in Fig. 26 is equal to the Q-index for the
R16 fraction (Eq. 20).
The fractionation index for the second screening stage is illustrated in Fig. 27 for
identical situations to those in Fig. 26, except that the average feed fractions in question
refer to a feed freeness of 340 ml in Table 5. Fractionation efficiency depended on the
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feed fractions. The efficiency remained somewhat lower than in the first stage when
considering the same passage ratio and screen plate design.
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Fig. 25. Passage ratios of the R50, R200 and P200 fractions as functions of that of the pulp in
the second screening stage.
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Fig. 26. Fractionation index of Karnis for fibre length in the first screening stage.
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Fig. 27. Fractionation index of Karnis for fibre length in the second screening stage.
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5.2.3 Freeness
The results for the normalised accept freeness (Eq. 24) as a measure of fractionation are
presented here. The correlation between the normalised accept freeness and the passage
ratio in the first screening stage is illustrated in Fig. 28, which is based on freeness data
for four screen plate designs and employs the same notations as in the previous section.
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Fig. 28. Normalised accept freeness as a function of the passage ratio in the first screening
stage for different screen plate designs.

Fig. 28 contains quite similar information to that presented in the previous section,
5.2.2. At a constant passage ratio, the normalised accept freeness was highest on average
in the case of the widest slot width, and lowest with the lowest contouring of the screen
plate. There appeared to be no clear difference between medium and high-contoured
screen plates. The normalised accept freeness showed greater variation than the passage
ratios of the Bauer-McNett fractions, probably due more to alterations in feed pulp fibre
properties than to inaccuracy in the freeness analysis.
As there is an obvious correlation between the two sets of data, the freeness change in
screening should be presentable in terms of the alteration in Bauer-McNett fractions, and
vice versa. Since the previous sections have shown that the intermediate fractions
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remained almost unchanged in screening, the alterations in the coarse and fine fractions
should be enough to predict the change in freeness. Indeed, the following experimental
relation between freeness and Bauer-McNett fractions was found:

CSFout wc ,out w f , F
=
CSF F
wc, F w f ,out
where

(32)

CSFout is freeness in the accept or reject stream (ml),
CSFF is freeness in the feed stream (ml),
wc,out is the proportion of the coarse fraction (R16) in the accept or reject stream
by weight,
wc,F is the proportion of the coarse fraction (R16) in the feed stream by weight,
wf,out is the proportion of the fine fraction (P200) in the accept or reject stream by
weight,
wf,F is the proportion of the fine fraction (P200) in the feed stream by weight.

The predictive power of Eq. 32 was shown to be good, as illustrated in Fig. 29, where
the output freeness values for pressure screening are modelled with this equation.
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Fig. 29. Freeness of the accept and reject flows modelled with Eq. 32 vs. measured freeness.
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5.3 Role of fibre coarseness in fractionation

5.3.1 Presentation of results
This section consists of four parts, which aim at corroborating the assumption of
coarseness included in hypothesis 2. Firstly, various methods for determining coarseness
and their responses to screening conditions are considered. Secondly, the correlation
between fibre length and corrected coarseness (based on optical measurement) among the
samples is examined, thirdly, the correlation between fibre length and the coarseness
indices (based on image analysis) within samples is deduced, and fourthly, the
interrelation between the separation mechanisms based on length and coarseness is
estimated.

5.3.2 Coarseness as measured by different methods
Three methods were used to measure coarseness. Average coarsenesses for the input and
output streams as measured directly with the FiberLab system (Eq. 21) and as calculated
from Eqs. 22 (corrected coarseness) and 23 (coarseness index) are summarised in Table
10. Data from test series 1a and 1b were used to exemplify the effects of the coarseness
determination methods on the result.
Table 10. Fibre lengths and coarseness values determined by different methods, data
from test series 1a and 1b. 5 experiments in each series.
Test series 1a
Length-weighted Coarseness, direct
fibre length
measurement
Stream Mean Stdv CV Mean Stdv CV
mm mm % mg/m mg/m %
Feed
2.01 0.03 1.4 0.347 0.009 2.5
1st acc. 1.76 0.03 1.8 0.358 0.007 1.9
2nd acc. 1.66 0.04 2.5 0.368 0.005 1.5
Reject 2.25 0.02 1.0 0.355 0.011 3.0

Corrected
Coarseness index,
coarseness
image analysis
Mean Stdv CV Mean Stdv CV
mg/m mg/m %
%
0.256 0.010 4.0 680 14.8 2.2
0.221 0.008 3.5 587 14.7 2.5
0.211 0.009 4.2 555 6.9 1.2
0.306 0.016 5.3 809 8.3 1.0

Test series 1b
Feed
2.01
1st acc. 1.91
2nd acc. 1.85
Reject 2.19

0.242
0.232
0.227
0.279

0.03
0.06
0.05
0.03

1.3
2.9
2.8
1.4

0.321
0.323
0.326
0.333

0.010
0.004
0.003
0.012

3.0
1.3
0.8
3.7

0.007
0.007
0.003
0.011

2.9
3.2
1.4
3.8

648
615
593
753

15.4
28.1
21.4
17.0

2.4
4.6
3.6
2.3

As expected, the direct measurements gave inconsistent results. Coarseness seemed to
be lowest in the feed pulp and highest in the accept or reject pulps, but upon comparison
of the corrected coarseness values, it became obvious that the highest coarseness existed
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in the reject pulps and the lowest in the accept pulps, while the values in the feed pulp lay
in between these. The corresponding trend was seen in the coarseness index, as could be
expected from Fig. 12. Corrected coarseness and the coarseness index were about 30%
lower in the accept than in the reject pulp in test series 1a and about 18% lower in test
series 1b. There seemed to be a positive correlation between fibre length and both
corrected coarseness and the coarseness index. The coefficients of variation (CV) were
similar in the feed, accept and reject streams, and there were no substantial differences
between the analytical methods. There did not appear to be any clear correlation between
the coefficients of variation for fibre length and the coarseness values.

5.3.3 Effect of fibre length on corrected coarseness
It has been reported that coarseness is a function of fibre length, in that the longer the
fibres are, the greater is their coarseness on average (Clark 1985). To explore this
relation, corrected coarseness was plotted as a function of length-weighted fibre length,
whereupon a clear, non-linear (exponential) correlation emerged between the values (Fig.
30).
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Fig. 30. Corrected coarseness as a function of length-weighted fibre length. The data points
are from the feed, accept and reject pulps of test series 1a and 1b.
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5.3.4 Coarseness index in different fibre length classes
A further comparison was made between the coarseness index and the fibre length
classes, as shown in Figs. 31 – 33, which present the averages of several screening test
points. This averaging enabled enough fibres to be obtained in each class, especially in
the longest ones, to even out the variation in the analysis. The mean values and standard
deviations of the experiments are listed in Table 11.
Table 11. Analysis results of the test series 2, 3 and 4.
Test series 2 (mill A)
Length-weighted fibre
length, mm
Stream
Mean
Stdv
Feed
1.86
0.02
Accept
1.68
0.02
Reject
2.01
0.03
Test series 3 (mill B)
Length-weighted fibre
length, mm
Stream
Mean
Stdv
Feed
1.78
0.03
Accept
1.31
0.03
Reject
2.09
0.02
Test series 4 (Lab)
Length-weighted fibre
length, mm
Stream
Mean
Stdv
Feed
1.73
0.07
Accept
0.79
0.12
Reject
1.84
0.05

Coarseness index
Mean
758
708
844

Stdv
14
27
25

Coarseness index
Mean
743
612
870

Stdv
28
17
32

Coarseness index
Mean
752
519
812

Stdv
31
25
38

As seen in Figs. 31 – 33, the coarseness index was lower in the accept than in the
reject stream in each fibre length class, the relative differences being almost equal over
the whole range of fibre lengths, although tending to increase slightly with length.
Quantitative divergences appeared between these three test series due to differences in the
pulps, screening conditions and screen plate design, but on average, the coarseness index
appeared to be 21% lower in the accept than in the reject stream in the laboratory
screening, while in the mill screening the corresponding differences were 18% in mill B
and 11% in mill A.
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Fig. 31. Coarseness index as a function of fibre length in pulp from the first screening stage at
mill A (test series 2). The results are averages from 6 experiments.
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Fig. 32. Coarseness index as a function of fibre length in pulp from the first screening stage at
mill B (test series 3). The results are averages from 5 experiments.
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Fig. 33. Coarseness index as a function of fibre length in pulp from laboratory screening. Fed
pulp from the first screening stage of mill A (test series 4). The results are averages from 11
experiments.

5.3.5 Relative effects of fibre length and coarseness on screening
To illustrate the effect of coarseness on the difference in fibre length between the accept
and reject streams, the length and coarseness differences in general and the coarseness
difference independent of fibre length were calculated. The relative difference in lengthweighted fibre length between the accept and reject pulps (calculated as in Eq. 25) was
greater than the relative differences in the coarseness index in general (Eq. 25) and
independently of fibre length (Eq. 26). Under the present test conditions the difference in
length was 1.5 – 2.7 times greater than that in the coarseness index when considered
independently of fibre length and 1.0 – 1.6 times greater than that in the total coarseness
index (Fig. 34).
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Fig. 34. Relative differences in the coarseness index (total and independent of fibre length)
between the accept and reject streams as functions of the respective differences in lengthweighted fibre length.

Plotting of the relative coarseness index differences (total and independent of fibre
length) as functions of the passage ratio indicated a decline as the passage ratio increased,
as illustrated in Fig. 35.
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Fig. 35. Relative coarseness index differences (total and independent of fibre length) in the
screening test series as functions of the passage ratio of the pulp. Notations next to the test
points refer to the screen plate used.

5.4 Role of sampling in experimental work
The effect of the sampling method on the reliability of the experimental work, assessed in
terms of the mass balance errors over the screen, is approached here by comparing the
two sampling methods with an ideal one.
The results of the mass balance errors based on Eq. 29 are shown in Fig. 36, and the
main statistical measures are collected together in Table 12. The mean of the mass
balance error was clearly biased when manual ball valves were used, whereas in the case
of the semi-automatic valves it was close to zero. Furthermore, both the standard
deviation and the maximum and minimum errors were about twice as great for the
manual valves.
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Fig. 36. Calculated mass balance error in the test series with manual ball valves and semiautomatic piston valves.

The effect of the sampling error with these two systems relative to an ideal situation
was determined by calculating the number of repetitions needed to obtain a mass reject
rate which deviated by less than ± 2 percentage points at the 95% confidence level. The
mass balance error can be considered to be equal to the error in the mass reject rate.
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The mean of the mass balance error for an ideal sampling device can be assumed to be
zero, and any variation in the mass balance will be caused by inaccuracies in the
laboratory analyses or process fluctuations, while the sampling device as such should not
produce variation. Thus, for an ideal system, S 1 2 = 0 in Eq. 30. Estimates of the variances
in the laboratory analyses and of process instability are also needed for the calculation,
but as these variances are independent of the sampling system, their components are
equal for all three systems. The variance components S 2 2 = 0.0001 and S 3 2 = 0.0001 are
used in the following calculations. The value for S 2 2 , based on the reproducibility of the
consistency analyses, follows from another internal investigation in which the same
laboratory technician was employed, while that for S 3 2 is based on information given by
the manufacturer concerning the level of uncertainty in measurements made with the
magnetic flow meter. This time the variance in the process is ignored. It follows from Eq.
30 that the total standard deviation, S 0 , is 0.0141 for an ideal sampling system, while that
for the manual one was S 0 = 0.0344 and that for the semi-automatic one S 0 = 0.0188 (the
latter two were determined experimentally, see Table 12). The number of repetitions, n,
can now be calculated using Eq. 31 (a = 0.02).
The calculated values for the ideal, semi-automatic and manual sampling systems are
summarised in Table 13. With the present assumptions, two repetition tests are needed if
an ideal sampling system is used, twice as many are needed with a semi-automatic
sampling system and six times as many with the manual system.
Table 12. Statistics on the mass balance errors.
Mean x
Standard deviation, S
Max. error (+)
Min. error (-)

Manual valves
1.66%
3.44%
11.8%
14.4%

Semi-automatic valves
0.39%
1.88%
5.2%
6.3%

Table 13. Results of example calculations for different sampling systems at the 95%
confidence level.
Case
Ideal valves
Semi-automatic valves
Manual valves

S
0.0141
0.0188
0.0344

Number of repetitions needed
2
4
12

6 Discussion
6.1 Effects of operating parameters on fractionation
The experimental results showed that the mass and volumetric reject rates were the
primary variables governing the fractionation of pulp in pressure screening, and thus
hypotheses 1 and 2 proved to be basically valid. A small discrepancy appeared with
respect to hypothesis 1, however. The yield of fines in the accept flow, if fines are defined
as the Bauer-McNett P200 fraction, was not entirely proportional to the volumetric accept
ratio (1-RRv) but seemed to be somewhat lower, especially if the reject thickening factor
was increased. From this point of view – assuming that hypothesis 2 is valid – P200 may
not be an exact definition of fines. On the other hand, the preliminary assumption of no
secondary screening medium in the form of a fibre mat may not be totally correct, either,
as in certain circumstances, i.e. with high reject thickening, there is a fibre mat that
prevents the fines (P200) from flowing freely through the slots to some extent, causing a
filtration effect.
The operating parameters of pressure screening – feed consistency, rotor frequency
and slot velocity – can be regarded as instruments by which the mass reject rate can be
controlled. From an operational point of view, they also determine the limits within
which the volumetric reject rate can be altered without plugging of the screen, since the
mass and volumetric reject rates together determine reject thickening (Gooding &
Kerekes 1992). At each level of the volumetric reject rate, the yield of the fractions
seemed to depend on the mass reject rate only. Equal fractionation can thereby be
produced with various combinations of operating parameters (feed consistency, rotor
frequency and slot velocity), as is suggested in hypothesis 2. This result is significant and
seems to be divergent from those of many previous studies. This will be discussed further
in the next section.
A deduction can be made about the decisive nature of reject rates alone, although the
data showed some variation, which might be explained by alterations in other operating
parameters. It must be kept in mind, however, that the data contain experimental error
due to sampling error and uncontrollable process fluctuation, analysis error due to the
inaccuracy of the analytical methods and the human factor, and error in the modelling of
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the Bauer-McNett fractions. It is thus understandable that there will be some variation in
the results. The main source of variation was most probably the manual sampling method,
which proved to be somewhat unreliable, as will be discussed in section 6.4 below.
The selectivity of fractionation determines how effectively the fractions can be
separated into two flows. In the case of TMP and slotted pressure screens with the given
screen plate design (#0.15/HP), it seems that the intermediate fractions, R30, R50 and
R200, cannot be separated selectively, while the coarse fraction, R16, and the fines, P200,
can be segregated more efficiently. One output flow that is relatively free of R16 material
and another which is free of P200 material could be obtained with a combination of a
high mass reject rate and a low volumetric reject rate, but it follows from the
requirements that high reject thickening will occur in single-stage screening, and thus
several screening stages would be needed to split the pulp into R16-rich and P200-rich
grades in order to avoid plugging.
It is interesting that, under the present test conditions, the fractionation of the pulp did
not seem to depend markedly on the properties of the feed pulp, i.e. the proportions of the
various fractions in the feed pulp by weight. The behaviour of fractionation was very
similar in both the first and second stages of screening, and the graphs almost overlapped
at a constant volumetric reject rate, as seen in Fig. 16, for instance. This was possible
because the effect of barrier screening did not become significant in these experiments,
but rather the screening was based on probability and the coarse material that had
accumulated on the screen surface did not generally serve as a secondary screening
medium, as the preliminary assumptions of this thesis suggests. The barrier effect will
alter the behaviour observed here, however, if the amount of debris in the pulp is high or
very narrow slots are used.
The finding of a notable correlation between the reject rates and the fractionation of
the pulp offers new significant possibilities for controlling and monitoring pulp quality in
pressure screening by means of in-line volumetric flow and consistency meters. A control
strategy based on the results presented here has recently been published by Niinimäki et
al. (2000). The idea of consistency-based monitoring of pulp quality in pressure
screening was originally introduced by Ämmälä et al. (1999b).
Although only one pulp (TMP) from one mill was used, the pattern of fractionation is
likely to be fairly similar in principle whatever mechanical pulp is fractionated using
slotted screens, although some differences will probably occur depending on the
morphology and flexibility of the fibres, the species of wood used and the pulping
methods. In addition, the design of the screen plate will play a substantial role in
fractionation, as will be discussed in the next section.
The significant findings obtained in the first part of the primary work can be
summarised as being:
– Pulp fractionation in slotted pressure screening is governed by the mass and
volumetric reject rates.
– Fractionation cannot be affected by operating parameters if the mass and
volumetric reject rates are kept constant.
– Pulp fractionation occurs mainly between the coarsest (R16) and finest (P200)
fractions.
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6.2 Effects of screen plate design on fractionation

6.2.1 Bauer-McNett fractions
As suggested in hypothesis 3, the fractionation result can be affected by the screen plate
design. At a constant pulp passage ratio it is possible to improve the selectivity of
fractionation to some extent by lowering the contour of the screen plate and narrowing its
slot. The results gave no reason to assume that any interactions exist between screen plate
design and operating parameters which would notably alter the fractionation mechanism,
as also suggested in hypothesis 3. The fractionation effect for each screen plate design
seemed to be almost exclusively dependent on the pulp passage ratio. The combined
parameter formed by the mass and volumetric reject rates, i.e. the overall pulp passage
ratio, therefore seems to be enough to give a satisfactorily exact approximation of the
fractionation effect of pressure screening in practical situations with a given screen plate
design. The result can be regarded as validating hypothesis 4.
Basically, the fractionation of pulp can be interpreted as a function of either the mass
reject rate or the overall pulp passage ratio, as they both give similar information,
provided that the volumetric reject rate is constant. If it is not, the overall pulp passage
ratio may be a better choice, because it seems to express the fractionation effect under
practical screening conditions uniformly over a wide range of volumetric reject rates. It
can be assumed, however, that the passage ratio is not a totally explicit representation of
fractionation, but that the fractionation result at a constant passage ratio may depend to
some extent on reject thickening.
In general, the findings of this part of the work are consistent with observations made
in the previous part and can be considered to corroborate the main hypotheses 1 and 2.
The findings indicate that the fractionation of pulp in pressure screening can be
controlled mainly by altering the overall pulp passage ratio. As discussed in the previous
section, any combination of operating parameters will produce the same fractionation of
pulp in practice, provided that the overall passage ratio of the pulp remains unchanged. In
previous studies (Repo & Sundholm 1995, Wakelin & Corson 1995, Braaten & Wakelin
1999) slot velocity and rotor frequency have been reported to affect the selectivity of long
fibre fractionation. The present results agree with these observations in that alterations in
slot velocity or rotor frequency will have a precise effect on selectivity, but the reason for
this is now seen to originate mainly from alterations in the passage ratio of the pulp. The
observations reported previously can probably be explained in the light of this.
The probability of fibres passing through the screen aperture is affected by slot width
and fibre length, and it is easy to understand that any narrowing in the former will affect
the longer fibres more obviously than the shorter ones. If a narrow enough slot width is
used, the barrier effect will become more pronounced in fractionation and the selective
separation of long fibres will increasingly be improved.
An increase in the contour of the screen plate is commonly known to increase the
capacity of the accept pulp in pressure screening and to reduce its quality. It has been
suggested that this effect may be a result of turbulence and the disruption of flocs
(Halonen et al. 1989), which will facilitate the passage of numerous long fibres through
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the apertures of the screen plate. This does not fully explain, however, why the selectivity
of fractionation increases as the contour decreases when the passage ratio of the pulp is
kept unchanged. The turbulence conditions and the degree of fluidisation of the fibre
suspension on the screen surface are also affected by the rotor frequency and feed
consistency, but according to the present results, these factors do not seem to have any
influence on the selectivity of fractionation at a constant pulp passage ratio. An
explanation for this selectivity can be derived from the geometry of the screen plate as
such, which will affect the flow pattern near the slot and thus the passage probability of
fibres of different types. The role of fibre flexibility may become pronounced as the
contour decreases, for instance. The results also suggest that there is a limit to the height
of the contouring after which a further increase will no longer affect the fractionation
result.
Feed fractions have an influence on fractionation efficiency, but the difference appears
to be small, as can be seen by comparing the fractionation indices in Figs. 26 and 27. The
higher proportion of long fibres and lower proportion of fines will reduce the
fractionation efficiency to some extent if the same passage ratio of the pulp and the same
screen plate design are used. It is obvious that if there are two feed pulps, one having a
low proportion of fines and the other a high proportion, more longer fibres will have to be
passed through the openings in the screen plate in the former case than in the latter case
in order to obtain the same passage ratio, i.e. the same mass of accept flow.
The passage ratio of the intermediate fractions (R30, R50, R200) followed closely that
of the whole pulp, which means that their selective separation cannot be accomplished
with slotted screen plates having configurations similar to those used here. The R16 and
P200 fractions are much easier to enrich selectively in separate streams, using a relatively
low volumetric reject ratio and a high mass reject ratio together with a screen plate
having narrow slots and a low contour. Probability-based fibre separation in pressure
screening may not always be an adequate fractionation method for achieving high
selectivity, which may require taking advantage of the barrier screening effect by
employing very narrow slots, below 0.10 mm, for instance.

6.2.2 Freeness
Freeness was also shown to be quite a practicable means of measuring mechanical pulp
fractionation in pressure screening. Normalised freeness provides quite similar
information on fractionation to that obtained from Bauer-McNett fractions, as a
consequence of which, Bauer-McNett fractions in the input and output flows can be
related to the normalised freeness by means of Eq. 32. As can be seen from the form of
the equation, however, it is not a universal representation for freeness changes. For
instance, if the whole coarse fraction (R16) is rejected, which means that its amount in
the accept stream will be zero, the accept freeness according to the equation will be zero
too, which does not correspond to the situation in practice. However, if the changes in the
fractions are not very extensive, the predictive power of the equation seems to be good,
as illustrated in Fig. 29, where the output freeness values for pressure screening are
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modelled with this equation. No corresponding link between freeness and Bauer-McNett
fractions has been proposed previously.
As normalised freeness correlates with both the passage ratio, i.e. the mass and
volumetric reject rates, and relative changes in the coarse and fines fractions, it should
basically be possible to develop a control strategy for screening, fractionation and
refining based on on-line freeness and flow meters. The system would be an alternative to
that based on on-line consistency and flow meters presented in section 6.1 above.
In summary, the significant findings that arose from the second part of the primary
work were:
– The pulp passage ratio combines the mass and volumetric reject rates appropriately
into one parameter that can be used to express fractionation uniformly over a wide
range of screening conditions.
– Fractionation of pulp can be controlled by the pulp passage ratio, slot width and
contouring.
– Selective separation of the R16 and P200 fractions can be increased without
changing the passage ratio by reducing the slot width and contouring.
– Adjustment of the screen plate geometry has only a slight effect on fractionation
efficiency with respect to the intermediate fractions (R200, R50, R30).
– At a given pulp passage ratio, the fractionation efficiency decreases with increasing
freeness of the fed pulp, but the effect is relative small.
– A close interrelation exists between freeness and Bauer-McNett fractions, making it
possible to predict the change in freeness from changes in the coarse and fine
fractions.

6.3 Role of fibre coarseness in fractionation
The investigation into the effect of fibre coarseness on fractionation was performed using
more than one pulp and more than one screening device. New information was obtained
regarding fibre classification mechanisms based on length and coarseness. The most
essential findings, however, were new methods for determining the coarseness of TMP,
i.e. the corrected coarseness and the coarseness index and their interrelations, which
made it possible to carry out this part of the research in the first place. The coarseness
values demonstrated that the above methods were clearly correlated and responded
logically to the screening results. Thus both of them could be considered to give a more
authentic representation of the coarseness of TMP than did the direct measurement
method. The following discussion of coarseness in general refers expressly to these two
coarseness values.
The effect of the coarseness of fibres in pressure screening was tested using two
independent analytical methods based on optical fibre length and image analysis. Both
methods gave a similar result, which also corresponded to the qualitative findings of
Wakelin et al. (1999b) that the coarseness of the fibres altered considerably in pressure
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screening as well as the fibre length, and that this alteration was at least partly
independent of the change in fibre length.
Firstly, the correlation between fibre length and corrected coarseness in the pulp
samp les from pressure screening was found to be an exponential one (Fig. 30), whereas it
could have been expected to be more logarithmic (Sastry & Wellwood 1972) or linear
(Kärenlampi & Suur-Hamari 1997) if the coarseness change had been dependent on the
change in fibre length only. Thus the non-linearity observed here was assumed to indicate
that the fibres were also fractionated according to their coarseness independently of their
length. Secondly, the coarseness indices of fibres of equal length were always found to be
clearly lower in the accept flow than in the reject flow in every fibre length class, as
becomes apparent in Figs. 31 – 33. Moreover, the correlation between fibre length and
coarseness within pulp samples was found to be practically logarithmic, thereby
corresponding to the findings of Sastry & Wellwood.
Thus it can be deduced that there are two reasons for the coarseness change in pressure
screening. The first originates from the correlation between fibre length and coarseness.
The probability of fibres passing through a slot increases as their length decreases, which
causes an enrichment of short fibres in the accept flow and an enrichment of long fibres
in the reject flow. As a consequence of this, and together with the general correlation
between coarseness and fibre length, a lower average coarseness will automatically be
obtained in the accept pulp than in the reject pulp. This behaviour only partly explains the
observed coarseness differences, however. The other reason derives most probably from
the classification of fibres according to their flexibility. In each fibre length class, flexible
fibres having a low coarseness pass through the slots more readily than stiff ones having a
high coarseness. The effect of flexibility in classification may be even more extensive
than appears from the coarseness of the fibres, as coarseness does not express the
differences in the average elastic modulus of the cell walls. Fibres having a low average
elastic modulus pass through the slots more easily than fibres having a high average
elastic modulus, but no such measurement can be made in the case of coarseness. Under
the screening conditions used in the present tests, 30 – 40% of the relative difference in
coarseness between the accept and reject pulps was explained by the change in fibre
length (from Fig. 34) and therefore 60 – 70% must have been due to something else,
mainly the flexibility-based classification of fibres.
The interrelation between coarseness and flexibility can be interpreted simply by
assuming fibres to be tubular elastic beams (Popov 1976) having a constant elastic
modulus and cell wall density. Thus the longitudinal flexibility of a fibre, F, can be
defined as the inverse of fibre stiffness, EI:

F=
where

1
,
EI

(33)

E is the elastic modulus of a fibre (Pa),
I is the moment of inertia (m4 ).

Under the assumptions made here, flexibility is therefore inversely proportional to the
moment of inertia for a fibre of cylindrical cross-section given by:

84

I=
where

(

)

π 4
dout − d in4 ,
64

(34)

d out is the outer diameter of the fibre (m),
d in is the lumen diameter of the fibre (m).

The coarseness of the fibre is given by:

ω =
where

(

)

π 2
d out − d in2 ρ cw ,
4

(35)

ρ cw is the density of the cell wall.

With the assumptions used here, a clear interrelation emerges between the coarseness
and flexibility of fibres. Both these properties are dependent only on the cross-sectional
dimensions of ideal fibres, but no explicit correlation exists between the coarseness and
flexibility of individual fibres. As an example of the ambiguity of fibre dimensions in
relation to flexibility, two ideal tubular fibres having outer diameters of 27 and 35 µm and
lumen diameters of 19 and 29 µm, respectively, are illustrated in Fig. 37. If their lengths
and fibre wall properties are equal, they will be roughly speaking equal in coarseness, but
in accordance with Eqs. 33 and 34, the longitudinal flexibility of the narrower fibre will
be about twice as great as that of the wider one.
In practice, however, the average coarseness of fibres of a given pulp type from a
given process can be considered an indication of average fibre flexibility. Paavilainen
(1993), for example, found a good negative correlation between the wet fibre flexibility
and coarseness of softwood kraft pulp, while Karnis (1994) reported a process-specific
negative correlation to exist between the wet flexibility and coarseness of the long fibre
fraction of mechanical pulps.
Width:
Wall thickness:
Longitudinal flexibility
Coarseness:

Width:
Wall thickness:
Longitudinal flexibilty:
Coarseness:

27
4
2
1

35
3
1
1

Fig. 37. Relative effect of cross-sectional dimensions of fibres on flexibility.
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Overall, the results of this part of the work showed hypothesis 2 to be correct with
respect to the unique correlation between coarseness and fibre length in fractionation, as
illustrated in Fig. 30. The hypothesis does not, however, take into account the finding that
there would be some fractionation of fibres according to their coarseness independently
of fibre length, as there evidently is (see Figs. 31 – 33), and therefore hypothesis 2 can be
considered imperfectly formulated. Changes in both coarseness and fibre length seem to
be highly dependent on the pulp passage ratio. Although there are two basically
independent fibre classification mechanisms, based on length and coarseness, their effects
on the fractionation result cannot be distinguished in practice, because they are both
intimately interrelated to the overall pulp passage ratio. Therefore the basis of hypothesis
2 is essentially correct, but for the sake of exactness the formulation would need to be
adjusted in accordance with the above discussion.
The experiments performed here suggest that the screen plate design had no effect on
any change in coarseness obtained during pressure screening. The results might be
somewhat coincidental in this respect, however. Due to the relatively small number of
experiments, they do not exclusively indicate that the coarseness-based classification of
fibres is independent of the screen plate geometry. This issue would need further
investigation.
In general, length is attributed to a primary fibre property and flexibility to a
secondary one when fibres are to be fractionated by slotted pressure screening (Karnis
1997). The present results can be considered consistent with this. Nevertheless, the
relative difference in average coarseness between the accept and reject pulps may be
close to that obtained with the average length-weighted fibre length. Low coarseness (i.e.
high flexibility) is advantageous for the bonding ability of fibres (Mohlin 1980), and it
may be the coarseness difference that explains the findings of bonding ability differences
between the long fibres of the accept and reject pulps following slotted pressure
screening (Ora et al. 1993). Thus slotted pressure screening seems to be a practicable
alternative when designing a fractionation process, because it can be affected by both the
length and coarseness of the fibres. Pressure screens alone may not always be a sufficient
method for achieving high pulp quality, and integration of their use with other processes
in which fractionation takes place according to different fibre properties from those that
apply in pressure screening may be needed. One possibility could be the integrated use of
pressure screens and hydrocyclones. A combination of pressure screening and centrifugal
cleaning such that they are complimentary to each other in fractionation has also been
proposed by Sandberg et al. (1997).
In summary, the significant findings of the third part of the primary work were:
– The coarseness index and corrected coarseness are clearly correlated and respond
logically to the screening results, suggesting that both of them give quite an
authentic representation of the coarseness of a TMP.
– Slotted pressure screening separates fibres according to their coarseness as well as
their length.
– The coarseness of a given fibre length class is lower in the accept pulp than in the
reject pulp.
– The relative difference between the accept and reject pulps seems to depend mainly
on the pulp passage ratio and tends to increase with the latter.
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– It is possible in slotted pressure screening to obtain a relative difference in average
coarseness between the accept and reject pulps that is equal to that in lengthweighted fibre length.

6.4 Role of sampling in experimental work

6.4.1 Background
Although the sampling of pulp slurry is a common operation in any pulp or paper mill,
many analyses are still performed manually in a laboratory, either because on-line
measurements are not available or because they are not accurate enough and require
frequent calibration. Errors are always liable to occur in both sampling and the analysis
of samples. Sampling is generally the most prone to errors, while laboratory analyses are
more accurate, thanks to standardised analytical methods. Surprisingly little attention has
been paid to techniques for sampling pulp slurry, so that sampling devices have often
been validated and placed in position without adequate know-how. In addition, the
reproducibility of sampling and the representativeness of the samples have mostly
remained unknown. In spite of this, optimisation and control of the process, the
calibration of measurements and procedures for experimental testing have been based on
such samples.
Sampling may be manual, semi-automatic or automatic. Manual sampling valves are
still the most common in the pulp and paper industry, because they are inexpensive and
simple to use and maintain. Sampling systems can be considered semi-automatic when
their operation is automatic with the exception of manual sample collection and handling
sequences. Many such systems have been introduced in the pulp and paper industry
lately. Fully automatic sampling systems controlled by a process computer, which are
expensive and may require frequent maintenance, are used in the case of on-line pulp
analysers.
Few attempts have been made to assess the reliability of sampling in connection with
an experimental arrangement. The idea of examining the sampling of pulp slurry arose
from the ambiguous results obtained in the screening experiments when manual ball
valves were used. These were consequently replaced with semi-automatic piston valves,
making it possible to compare the two sampling methods. The following sections will
consider the reliability of experimental work in general and particularly of the
experiments performed here
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6.4.2 Sampling methods and phenomena affecting sampling
In general, as many as possible of the following properties are required for an adequate
sampling system:
– The sample should be a reliable representative of the process.
– The result should be insensitive to process variables such as consistency, flow
velocity and pressure.
– The system should be simple and sampling easy, quick and safe.
– The volume of sample should be controllable.
– The result should be independent of the user.
– It should be possible to flush the system with water.
– The system should not become plugged.
– The investment and maintenance costs of the sampling system should not be too
high.
The devices used for sampling pulp slurries are usually ball valves or piston valves of
some kind. Three types of flow geometry for sampling, denoted as S1, S2 and S3, are
illustrated in Fig. 38. S1 represents a common mounting on the wall of the pipe, S2
involves a mounting where the sampling device extends into the process stream, and S3
represents a mounting for isokinetic sampling which is based on parallel and equal flux
velocities in both the sampling pipe and the process pipe.

Up

us3

S3
S1
us1

S2
us2

Fig. 38. Some typical arrangements for sampling pipes.

Reisto (1990), studying flow geometries for sampling bleached kraft pulp (from Scot
pine), found statistically significant, systematic dilution effects on the sample
concentrations. The sample flow geometry as such, the process pressure and the flow
velocity in the process pipe had an influence on the relative dilution of the sample. The
flow geometry S1, for instance, always produced markedly lower consistency values than
S2, the difference being within the range 5 – 20%, with an average of 11%. Any increase
in main flow velocity or sampling flow velocity, which depended on the process pressure,
increased the dilution of the sample in both flow geometries S1 and S2. The average
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relative difference between these two geometries seemed to be independent of the
consistency level in the experiments.
Karaila (1998) later provided a qualitative explanation for the physical background to
Reisto’s findings. His theory was based on the law of the conservation of momentum.
During a change in flow velocity and direction, the particles must dissipate momentum in
the direction of the main flow and gain new momentum in the direction of the sample
flow. The only phenomenon changing the momentum of each particle is the
hydrodynamic force, which is only generated if there are velocity differences between the
particles and the fluid, which means that excess water must pass by the particles and into
the sample pipe. For a sampling system in which the main flow and the sample flow are
perpendicular to each other (as in S1 and S2), the sample is thus always diluted to some
extent. If isokinetic sampling is used, there is no change in the flow velocity or flow
direction and therefore the sample does not have to be diluted.
The dilution effect due to the change in particle momentum does not explain the
experimental findings, however, which showed that the S1 flow geometry always
produces a lower sample concentration than S2. One possible explanation is that the
velocity gradient near the solid layer may cause fibres to become oriented parallel to the
direction of flow, causing variable anisotropy in the suspension (Zirnak et al. 1994),
which is manifested in changing apparent spatial viscosity in the pulp. In the case of pipe
flow, the apparent radial viscosity of the pulp is greater at the wall than near the process
pipe axis, where the fibres are more randomly oriented. As a consequence, samples
extracted at the wall have a lower concentration than samples extracted at the pipe axis.
This may explain why it is advantageous to mount the sampling probe within the process
stream, as in the S2 type of flow geometry (Fig. 38). An additional possible explanation
may be that the local consistency is higher near the pipe axis than near the pipe wall, as
measured by Sanders & Meyer (1971).
The theory contains a number of simplifications, such as morphological and spatial
(three-dimensional) homogeneity of the fibre suspension, straightforward flow behaviour
and the absence of interaction between fibres or flocs. In practice the situation is more
complicated. Fibre suspensions have physical properties that cause special forms of flow
behaviour, and these can also be affected by the morphology of the fibres, their
concentration and flow conditions.
The flow geometry of the process pipe together with the flow conditions may cause
mixing or segregation of fibres due to plug disruption after a major disturbance in the
flow (Moller & Norman 1975). The former increases the local spatial homogeneity of
fibre suspensions and the latter reduces it. The typical factors affecting flow disturbances
include pipe fittings, such as bends, tees, constrictions and expansions, and process
equipment, such as pumps, valves and in-stream measuring instruments. Julkunen &
Kukko-Liedes (1982), for instance, have shown the existence of spatial consistency
variations in pipe flow after valves.
Wood fibre suspensions are morphologically heterogeneous, which affects both
anisotropy and local consistency variations. The degree of heterogeneity depends on the
wood species being processed, the pulping process (mechanical or chemical) and the
further processing of the fibres (e.g. beating). Suspensions consist of loose fibrils and cell
wall fragments, broken and whole fibres and fibre bundles, and the behaviour of such
suspensions depends on the proportions and physical properties of these fractions.
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Additionally, a suspension may contain non-wood material, such as fillers or entrained
air, which also change the rheological properties of the pulp suspension and may cause
spatial heterogeneity because material segregates or settles in the pipe. As heterogeneity
increases, the reliability of sampling inevitably decreases.
The flow characteristics of a suspension at low fibre consistencies are very close to
those of water. If the fibre concentration is high enough, the fibres will form a network
structure with elastic characteristics and measurable strength. This network will not be
continuous, however, but rather will be formed of flocs loosely connected to each other.
As the fibre concentration increases, the network becomes more uniform and stronger.
Consequently some water seeps through the fibre plug during sampling, because the
network structure tends to keep the fibres bound in the plug.
In conclusion, the explanation for the failure of pulp slurry sampling may well be a
combination of four factors:
1. a dilution effect due to the flow geometry of the sampling system and process
variables,
2. anisotropy of the fibre suspension, which depends on the fibre properties and
velocity gradients,
3. local consis tency changes caused by the flow conditions and fittings of the process
pipe, and
4. network strength, which results from the consistency and fibre properties.

6.4.3 Analytical error
Analysis error is a combination of several error components, the magnitudes of which are
often unknown, as are their distributions, although a normal distribution is generally a
good enough assumption. The components of the error may be systematic or stochastic. A
systematic error may be due to a fault in the construction or location of the sampling
device, while a stochastic error may be caused by a fluctuation in the process and/or by
the human factor. A fluctuation in the process may also cause a systematic error, however,
if both the fluctuation and the sampling frequency are regular.
Errors in different phases of the analytical procedure will prove cumulative in the final
result. Provided that the error components are independent, the uncertainty attached to the
result can be determined by the sum of the variances of the components, as shown in Eq.
30. Only three main components are presented in the equation, but they can be divided
into several sub-components if necessary.
If one wants to increase the precision of an analytical procedure, the variances of these
three components in Eq. 30 can in principle be minimised. Since there are standardised
methods which define how to measure the consistency of pulp slurry in the laboratory,
e.g. TAPPI T-240 and SCAN-M1:64, the accuracy of analyses depends mainly on the
proficiency of the laboratory technician, and the scope for reducing the variance in this
component is thus limited. It is only possible to reduce the level of random or regular
variation in a process by improving the process itself or its control, and this is not always
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possible, or at least not practicable. Thus the only means left is to improve the sampling
procedure. This can be done by taking a statistically sufficient number of samples,
replacing the sampling device with a better one, or adjusting the location of the device.

6.4.4 Manual vs. semi-automatic sampling
The determination of quantitative error in the sampling of pulp slurries is always
problematic because the exact values for consistency and other pulp properties are
unknown. Use of the mass balance error is one not a perfect way of doing this, but it is
probably the best for conducting comparable tests on different sampling systems. One
disadvantage is the difficulty in identifying sampling errors and error sources if the
consistencies, flow velocities, pipe diameters and fibre properties change in the course of
the process. Another disadvantage is that systematic effects caused by the flow geometry
of the sampling device may not become apparent as a whole, because the error may be
parallel and of the same magnitude in each flow. In addition, possible errors in flow
measurement and errors due to process fluctuation cannot easily be distinguished from
those due to the sampling device. Despite such minor disadvantages, the mass balance
error was used here as the research method.
Analysis of the experimental data confirmed that semi-automatic piston valves were
superior to manual ball valves. This was obviously attributable to both the bias and
standard deviation in mass balance. The bias in mass balance with the manual valves was
probably due to the flow geometry together with changing process conditions, which
caused a considerable systematic dilution effect on the pulp samples. When piston valves
were used, no significant bias occurred. Their construction and mounting within the
process streams hence seemed to be feasible and sampling was independent of the
moderate changes in process conditions. The difference in the standard deviations of the
mass balance error between the manual and semi-automatic valves was presumably
mainly due to the human factor, because the other error sources – such as the laboratory
analyses, the flow measurements and process fluctuations – can be considered to be equal
in both test series. The sampling flow rate could be controlled only approximately using
the manual valves, while the use of semi-automatic valves nearly always resulted in a
constant sampling flow rate that depended almost exclusively on the pressure in the
process pipe, which did not change much in these experiments. Understandably, the flow
conditions in the sampling valves were more stable and the deviation was smaller. In
addition, the mounting of the manual valves at the side of the stream might render them
more sensitive to changes in process conditions than the mounting of semi-automatic
valves within the stream.
The results indicated that the sampling of pulp slurry with semi-automatic valves
produced systematically reliable results and not even moderate changes in the process
conditions could detract from the reliability of sampling. The larger the number of
samples taken, the more obvious is the difference between the manual and semiautomatic sampling methods, because the latter is insensitive to the human factor. The
sampling results obtained here corresponded to the earlier observations of Reisto (1990),
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although a different research method was used and the results were therefore only
qualitatively comparable.
The example calculation of the number of repetitions shows that, considerably less
samples are required to reach the same precision in determining the mass reject rate with
a proper sampling system than if an inadequate one is used. Systematic error in the
sampling devices was not taken into account in these calculations, but in the case of the
manual ball valves both the level of bias and the variation are dependent on the user of
the valves, so that the difference between the manual and semi-automatic sampling
systems may be a pronounced one in practice. The calculated numbers of samples are
only valid for this particular case and with the assumptions that were made here. The pulp
type and consistency may affect the deviation in the consistency analysis, for example,
and thereby the number of samples needed. In addition, the standard deviation in the
consistency analysis in many laboratories may be 3 to 4 times greater than that used in
these calculations, which means that more samples will have to be taken to achieve the
same level of certainty as calculated above.
Although it was not feasible to investigate directly what sampling error in consistency
affected the other pulp properties, i.e. freeness, fibre length distribution etc., it can be
assumed that if there was a deviation in consistency there would also be a deviation in
fibre properties. The deviation in pulp properties probably occurred in proportion to that
in consistency. It is possible, of course, that the sampling devices themselves may act as
screens, as proposed in a recent paper (Ämmälä et al. 2000a). It was not possible within
the scope of this work to ascertain completely what is the effect of sampling on the
deduced fibre properties, an issue that would need further investigation with a proper
experimental arrangement.
In conclusion, most of the variation in the screening results could be attributed to the
sampling error, especially in the first part of the experimental work, where manual valves
were employed. Replacing the manual sampling valves with semi-automatic ones led to
considerably better reliability in the experimental work, and this together with the large
number of screening experiments performed here suggests that the results can be
considered reliable at a high level of confidence. The probability of misinterpreting the
screening results could therefore be considered to be minimal.

7 Concluding remarks
The following concluding remarks concerning full-scale pressure screening under
industrial process conditions can be made based on the work carried out in this thesis:
The mass flow of fines, defined as the Bauer-McNett P200 fraction, is dependent
mostly on the volumetric reject rate, which means that fines follow the flow of water in
the relatively loose fibre network that exists within the screen. This confirms hypothesis 1
as being generally correct. If reject thickening is high, however, the flow of fines does not
follow the flow of water perfectly, because the fibre network on the screen plate does
prevent the fines from flowing freely through the slots to some extent. This observation
does not essentially affect the validity of hypothesis 1, however.
The mass flow of fibre fractions (R200, R50, R30 and R16) depends mostly on the
mass reject rate, which is a product of the choice of operating parameters, although pulp
fractionation cannot be altered by using different combinations of operating parameters
(feed consistency, rotor tip speed and slot velocity) if the mass and volumetric reject rates
used in association with a given screen plate design are kept constant. There is also a
positive correlation between average coarseness and fibre length in the fractionated pulps,
which corroborates hypothesis 2. Slotted pressure screening nevertheless separates the
fibres according to their coarseness independently of their length, as can be seen from the
finding that coarseness is lower for the same fibre length class in the accept flow than in
the reject flow. This is most probably on account of the ability of slotted screens to
achieve fractionation according to the flexibility of the fibres, as lower average
coarseness can be considered to be as sociated with a higher average longitudinal
flexibility. Given equal length, flexible fibres of low coarseness will pass through a slot
more readily than stiff ones of high coarseness. Hypothesis 2 does not take into account
the finding that there would be some fractionation of fibres according to their coarseness
independently of fibre length. In practice this effect does not necessarily become visible,
however, as the separation of fibres according to length and coarseness (independent of
length) seems to be interrelated.
The slot width and the contouring of the screen plate also affect fractionation.
Increasing fractionation of pulp can be obtained by reducing the slot width and
contouring. Although the geometry of a screen plate affects the passing probability of
fibres, it does not alter the fractionation mechanism as such. Therefore hypotheses 1 and
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2 are valid for different screen plate geometries provided that the probability-based
separation of fibres without the barrier effect is considered. In view of this, hypothesis 3
can be considered to be valid.
In probability-based pressure screening of TMP with equipment of a given screen
plate design, the mass reject rate together with the volumetric reject rate can be used to
predict the quality of the accept and reject pulp, because fractionation seems to depend
exclusively on these two reject rates. The fractionation of pulp can be illustrated properly
as a function of the mass reject rate, but only if the volumetric reject rate remains
unaltered. The pulp passage ratio therefore seems to be a more expedient way of
expressing the fractionation of pulp in practical situations, because it combines these two
reject rates into one parameter, which makes it possible to present fractionation uniformly
as a function of this ratio, even if the volumetric reject rate is altered. The result can be
regarded as validating hypothesis 4. Hence, it seems to be advisable to compare the
fractionation of pulp at the same pulp passage ratio instead of the same mass reject rate in
order to avoid misinterpretation.
To generalise the result, it can be said that the fractionation efficiency of pressure
screening depends mainly on the passage ratio of the whole pulp, and secondarily on the
slot width together with the contouring of the screen plate. Pressure screening with
slotted screen plates can be used to obtain enrichment of long fibres (Bauer-McNett R16)
and fines (P200) in separate streams by using a low passage ratio, but this seems to be
quite ineffective for the selective separation of intermediate fibre fractions, especially for
the R50 fraction, and also to some extent for the R30 and R200 fractions. An increase in
fractionation efficiency can be obtained without altering the passage ratio by lowering the
slot width and the contouring. The freeness of the fed pulp does not affect fractionation
substantially, although fractionation efficiency tends to decrease with increasing freeness.
Although fibre length (determined in terms of the Bauer-McNett distribution, for
example) is usually the primary property according to which pulp is fractionated in
slotted pressure screening, coarseness also plays a significant role. It is possible in slotted
pressure screening to obtain a relative difference in average coarseness between the
accept and reject flows which is equal to that in length-weighted fibre length. This
observation may increase the usability of slotted screen plates for fractionation purposes,
as the coarseness of the fibres can be expected to have a substantial effect on the quality
of the resulting paper.
The present experiences also remind us of the importance of pulp sampling in
experimental work. The sampling technique plays a significant role with regard to the
reliability of the results, and for that reason an ext ensive investigation was carried out
into two sampling methods, manual and semi-automatic. Pulp slurry can be sampled at a
low consistency level without significant errors if the location and construction of the
sampling device are appropriate and the procedure is automated, i.e. independent of the
user. An inadequate sampling system (often referring to manual devices) will heighten the
risk of errors in experimental work, however.
Overall, this thesis provides an illustration of the fractionation of TMP in slotted
pressure screening in terms of Bauer-McNett fractions, freeness and coarseness, which
makes it possible to approximate the quality of the fractionated pulp accurately under
practical screening conditions. This illustration enables an improved view to be obtained
of the interrelation between pulp quality and the flow split by weight and volume, and
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enhances the possibilities for influencing this by means of the screen plate design. The
observations contained in this thesis give a novel insight into the fractionation ability of
slotted pressure screening that can be utilised in research and process development. They
also yield new information for the modelling of pulp quality and the design of
fractionation experiments, fractionation processes and screen room control strategies.

8 Recommendations for future work
Although advances have been made in the design of slotted pressure screens, these alone
may not be selective enough to fulfil the requirements placed on pulps intended for the
production of high quality papers. Slotted pressure screens should probably be used
together with hydrocyclones and perhaps holed pressure screens, because fibre
classification is based on different mechanisms in these devices. Although these
processes have already been examined, the field is still open for new systematic research.
The fractionation ability of the processes in relation to certain fibre properties and their
responses in terms of paper quality should be tested under standardised conditions.
Among other things, the role of fibre flexibility in the separation mechanism needs
further investigation. With a view to enhancing the capacity, efficiency and selectivity of
fractionation, the optimum interconnections between the unit processes mentioned above
and the proper operating conditions for them would be issues worth taking up in future
research. In fact, the balancing of the process as a whole, i.e. pulping, fractionation and
further mechanical or chemical treatment of the fractions, is in need of re-evaluation.
An interesting research topic could arise from the coarseness index determined by
image analysis in the manner of the Kajaani FiberLab. This research provided promising
but brief results regarding its potential for characterising fibre properties. It would be
worth investigating the method more closely. Issues that would need to be considered
would include:
– the correlation between the coarseness index and the papermaking potential of
mechanical pulps,
– the response of the coarseness index to changes in raw material, defibration and
refining conditions,
– the suitability of the coarseness index for characterising mechanical pulps other
than TMP, and also chemical pulps,
– extensive clarification of the information contained in the distributions of the
coarseness index and fibre length.
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Appendices

Appendix 1

The Valmet MuST202E screen used in the experiments (published
with permission from Valmet Mechanical Pulping Inc.)

Fig. A1.1. Front view of the screening unit.

Fig A1.2. Rear view of the screening unit.

Appendix 2

The Valmet TAP03 modified laboratory screen

Feed

Accept

Reject

Fig. A2.1. General view of the laboratory screen.

Appendix 3/1

Example calculation of the fractionation index of Karnis
To calculate the weight of fibres of a length greater than li for data obtained with the
Bauer-McNett classifier, it is assumed that half of the fibres in a fraction will have a
length greater than the average value and half will be shorter. In other words, the fibres in
each fraction are assumed to be normally distributed. Table A3.1 presents example
calculations for the cumulative curve of fibre length and the fractionation index of Karnis
(Eq. 17), the results being illustrated in Figs. A3.1 and A3.2, respectively.
Table A3.1. Example of the calculation of the cumulative curve and fractionation index of
fibre length.
Feed
Average
fibre
length of
the
fraction,
mm

Weight
of fibres
in the
fraction,
w-%

lR16 =2.86

28.0

lR30 =1.97

21.0

lR50 =1.02

13.0

lR200 =0.28

13.0

lP200 =0.07

25.0

Accept

Reject

Weight of
Weight of Weight of Weight of Weight of
fibres of length fibres in
fibres of
fibres in
fibres of
greater than li,
the
length
the
length
w-%
fraction,
greater
fraction,
greater
w-%
than li,
w-%
than li,
w-%
w-%

Fractionation
index
(Eq. 17)

½± 28

1-10/19

=14.0
½± 21+28
=38.5
½± 13+21+28
=55.5
½± 13+13+21+
28
=68.5
½± 25+13+13+
21+28
=87.5

20.0

10.0

38.0

19.0

20.0

30.0

23.0

49.5

13.0

46.5

12.0

67.0

15.0

60.5

11.0

78.5

32.0

84.0

16.0

92.0

=0.47
1-30/49.5
=0.39
1-46.5/67
=0.31
1-60.5/78.5
=0.23
-
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Fig. A3.1. Cumulative curves for fibre length in pressure screening.
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Fig. A3.2. Fractionation index of fibre length.
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