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Abstract

Passage of fibres suspended in water through apertures of dimensions greater than
a fibre length and less than a fibre diameter has been examined at flow conditions
approximating those in a pulp screen (large velocity parallel to the wall upstream of
‘the aperture compared to the flow velocity within the aperture). Fibre behaviour
was characterized in terms of three components: penetration of the leading tip into
the aperture, rotation of the fibres on the downstream edge of the aperture, and
fibre bending. Dimensionless numbers for each of these factors were derived from
simple mass and force balances of fibres at an aperture entry. Experimental mea-
surements of the magnitude of fibre passage were made on a single aperture located
in a flow channel and in multiple apertures in a device simulating a commercial
pulp screen in cross-section.

For stiff fibres, it was found that fibre passage changed greatly with the ratio of
fibre length to aperture width (L/W). When L/W was less than 2, the relation-
ship between fibre passage and aperture velocity was approximately an exponential
curve. The passage data correlated well with the penetration parameter. On the
other hand, when L/W > 2, up to measured values of L/W = 6, the relationship
between fibre passage and aperture velocity corresponded to a cumulative proba-
bility distribution curve. This latter behaviour, and the absence of a correlation
with penetration and rotation parameters, was ascribed to contact between the tip
of the rotating fibre and the upstream wall of the aperture. This was confirmed
by experimental observations. Flexible long (L/W > 2) fibres showed behaviour
between the two cases described above.

The above observations were found to hold qualitatively for elevated concentra-
tions up to a crowding factor of 4, multiple apertures, and the presence of pulses
induced by a rotor of the type found in pulp screens. Accordingly, it appears that
the findings are likely to hold in pulp pressure screens. An implication of this find-
ing is that long stiff fibres may be best separated from short ones by choosing an
aperture size such that L/W > 2 for the long fibre fraction and < 2 for the short
fibre fraction.
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Chapter 1

Introduction

Both woody and nonwoody plants are used as a source of papermaking fibre. The
conversion of these raw materials into individual fibres is known as the science
of “pulping” and the end-product so obtained is known as “pulp”. Pulp is the
fibrous raw material used for papermaking. Wood is the most abundant source of
papermaking fibres and the pulp and paper industry is almost totally dependent

on wood.

The fibres are elongated, tubular cells which are aligned parallel to one another
in the wood and embedded in a matrix of non-fibrous material which is mostly
lignin, but also contains some hemicelluloses, resins and gums. Fibres can be
separated from the wood by chemical, mechanical or by a combination of both
methods. In mechanical pulping, fibres are removed from the wood matrix by
thermal softening. of lignin and micro-abrasion. In chemical pulping, fibres are
liberated because cooking liquor dissolves the lignin in the middle lamella between

fibres.

A wide variety of undesirable material is either introduced or created when
wood is reduced to pulp using any of the pulping processes. Both chemical and
mechanical pulping processes produce a small quantity of “shives”, which are bun-

dles of fibres that have not been separated during cooking or refining action. Shives



reduce the strength and optical properties of paper and create problems on printing
presses and in the production of coated papers. Shives must be removed from the

pulp in order to produce high-quality paper.

Screening is the principal unit operation used to separate shives from the pulp
in aqueous suspension. Wood fibres are 1-3 mm long and have high aspect ratios
of about 50-100. Although the amount and dimensions of shives present in the
pulp depend on the raw material and pulping process used, shives, in general, are a
few fibres wide and have an aspect ratio similar to that of fibres. Pressure screens
are widely used in the pulp and paper industry for shive removal. The size of
the apertures employed in the screen plate to separate shives from fibres is larger
than their diameters but smaller than their lengths. This means that most shives
have at least one dimension (thickness) which is small enough to enable them to
pass through the smallest aperture employed in the screen plate. Thus, the screen
plate is not a physical barrier to all shives and, while shives generally do not pass
through the apertures, most fibres do. The screening process, therefore, is a unique
separation process which depends primarily on mechanisms rather than physical
obstruction and is governed by other differences in properties, such as flexibility,

and by the laws of probability screening.

In order to reduce the shive concentration of pulp from a typical value of about
1.0% to 0.5%, a pressure screen may reject about 10% of the feed pulp which then
passes to the secondary and tertiary screening systems to reclaim the good fibre.
The technical information on the working performance of the existing pressure
screens and on the selection of screening systems for industrial applications are
available in the literature. However, despite the widespread use of screens for
shive removal, little has been published that gives insight into the fundamental

understanding of how shives are separated from the pulp.



In fibre screening, the aim is to separate long fibres from short and/or stiff
fibres from flexible ones. The general objective of this thesis is to understand the
passage of highly asymmetric fibres through apertures larger than the minimum
dimensions of fibres and to identify the relative importance of the key factors which

affect the passage.

The relevant screening literature is reviewed in this dissertation in Chapter 2.
Although a large number of technical articles has been published on pulp screening,
most of the work has focussed on hardware development and the selection of best
screening systems for industrial applications so that rejects can be discarded with
a minimum loss of good fibre or treated with the least amount of equipment and
energy. The aim here was not to review all this screening literature in detail but
to concentrate upon those studies which added scientific insight to the process.
However, some aspects related to equipment used in the industry and performance
characteristics of screening systems are briefly reviewed. The summary of the
Literature Review section focusses on the subject of this dissertation and concludes

with a statement of objectives for this research work.

Chapter 3 presents an approximate analysis of fibre passage through a screen

aperture under conditions which are likely to exist in a pressure screen.

Chapter 4 presents an experimental program for carrying out the research work.
Nylon and rayon fibres were used as model fibres. The length distribution of these
fibres is narrow. The fibres were selected to have lengths corresponding to the
lengths of wood-pulp fibres and also flexibilities matching to those of pulp fibres

and shives. The experimental work is divided into two parts:

1. To determine how various fibre, flow and screen plate variables affect the
separation of long fibres from short fibres and/or stiff fibres from flexible

ones in dilute concentrations in a steady flow past a single slot.

3



2. To test the robustness of the findings in 1. with conditions approaching those
of commercial pulp screens, i.e. increased concentration, change in entry

geometry, multiple slots and pulsed purging,.

The experimental results are reported and discussed in Chapter 5. Chapter 6
summarizes the major findings of this work. The conclusions drawn from the
research are given in Chapter 7. The recommendations for future research work
are given in Chapter 8. The appendices are introduced to record information and

subsidiary findings which are important in clarifying the main text.



Chapter 2

Literature Review

2.1 Fibre Screening

The separation of one type of solid particles from another is often accomplished by
solid-solid screening. The general principles of screening are described in a num-
ber of texts (B1,B2,M1,P1,R1). In this separation process, desired particles are
separated from undesirable ones by selective passage of desirable particles through
apertures. Selective passage through an aperture may be caused by barrier screen-
ing, probability screening or a combination of the two. For convenience, we will

refer to the undesirable particles as contaminants.

In barrier screening, the size of the contaminants is such that they can not fit
through the apertures on any dimension. Particles larger than the size of apertures

are retained and those that are smaller pass through.

In probability screening, both the accept and reject material can pass through
the aperture because the minimum dimeﬁsion of all particles is less than the aper-
ture size. However, the maximum dimension of the particles is larger than the
apertures. Particle passage is therefore governed by the factors such as particle
orientation and interaction with other particles (B2,K1). In pulp, contaminants

may span a considerable size range. Thus, industrial pulp screens perform both



barrier and probability screening. The present study, however, is focussed on the
separation of shives from good fibres or, in general, long fibres from short and/or
stiff from flexible ones. Specifically, the study is aimed at separation of highly
asymmetric fibres by apertures larger than the minimum dimension of the parti-

cles. Thus, the focus of this work is on probability screening.

2.2 Physical Properties of Fibres and Shives ‘

The properties of wood fibres are described in numerous publications (I11,M2,P2,R2,51).
The most important fibre properties affecting pulp screening are length, width and
flexibility (H1,52,Y1). There is a wide range of values for fibre properties given in
these publications due to the wood variability that exists naturally from tree to
tree, species to species, and within a tree. Based on these publications, the average
fibre length of commercially important softwoods varies from 2-5 mm and their
width from 3045 pgm. Hardwood fibres are 1-2 mm long with a fibre width of

about 20 pm.

A shive is a small bundle of fibres that have not been separated from each other
during the pulping process. There is no general agreement in the industry on the
precise geometric dimensions of shives. Clark (C1) defined a chemical pulp shive
as a fibre bundle that is unable to pass through a slot 0.15 mm wide and at least
3 mm long. He suggested a mechanical pulp shive be defined as a particle at least
3 mm long and 0.08 mm wide. The classification of shives based on the anlysis
by an optical shive analyzer differs in approach as it gives a count of all particles

having a width greater than 0.75 mm and length greater than 0.3 mm.

It gives separate counts for 16 different groupings of length and width (H1).
Shives have also been defined based on the problems caused by their size such

as web breaks and linting for mechanical pulps (B3,C2,C3,H2,L.1,M3,S3). Studies

—
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(A1,A2,A3) have shown the importance of the origin and size of shives in un-
bleached pulp to optimize and influence the particle elimination during bleaching.
It was found that the amount of bleaching should be determined by the cleanliness
requirement i.e. the absence of particles such as shives in the bleached pulp. It was
observed that semibleached pulp quality tends to be more sensitive to the shives
present in unbleached pulp than those in fully bleached pulp. This occurs because
the rate of shive removal in pulp bleaching is slower than the rate of brightness

development (A3,F1).

Stiffness is also an important property that influences the screening process.
Schniewind et al. (S4) and Samuelson (S5) measured deflection of pulp fibres by
clamping them in water and, using such beam type tests, they reported the rigidity
of chemical pulp fibres. Tam Doo and Kerekes (T1) measured wet fibre flexibility
using fibre bending in a cross flow of water to avoid fibre clamping. Soszynski
(S6) used load-elongation procedure to measure the stiffness of nylon monomer in
the elastic regime and then reported the values of the elastic modulus. Claudio-
da-Silva Jr. (C4) reported stiffness values using morphological and ultrastructural

data.

There are no published measurements of the stiffness of shives. Gooding (G1)
estimated shive stiffness by assuming them to be simple beam-like composites. All
wood fibres in a bundle were considerd to be identical and intimately bonded to
each other to simplify the analysis. The stiffness values for pulp fibres and the

model fibres used in this study are given in Table A.6 (see Appendix A).

Wood pulp fibres are hydrophillic and retain the imbibed water in the fibre
wall, lumen and microfibrills. Thus, fibres have an apparent mass and volume.
The density of the fibre wall is about 1500 kg/m?> (S7) and that of water at 20°C

is about 998 kg/m® (C5). The apparent density of pulp fibres varies with the



amount of imbibed water and is 1123 kg/m3 for a typical water retention ratio at
knee, WRRK, of 2.0 kg/kg (see Section A.3 of Appendix A). This means that the
apparent density of pulp fibres and shives in aqueous suspension is only slightly
greater than that of water and therefore these fibres can be considered nearly

neutrally buoyant.

2.3 Equipment Used for Pulp Screening

Pulp screens are used for a variety of purposes such as shive screening, fibre frac-
tionation and equipment protection. The equipment used for shive removal can
be categorized as: vibrating flat screens, centrifugal, and rotary type atmospheric
screens and pressure screens. The design, operating principle and dynamics of these
screens differ considerably (C6,L2,L3,58). In the early days, flat screens were used
to remove contaminants in fine pulp screening. These are barrier screens having
screen plate apertures smaller than the smallest shive diameter. Flat screens have
low capacity, require high maintenance and now find limited use in the modern pulp |
and paper industry. In both rotary atmospheric and centrifugal screens, the plate
apertures are much larger than the average shive diameter, but shives normally do
not pass through the apertures. These are probability screens and it is believed
that a mat of fibres forms adjacent the screen plate and the interstices in the mat

rather than the size of apertures control the removal efficiency (B4,C2,14).

Pressure screens came into existence in the 1960’s and have since been in
widespread use in the industry. These are probability screens and were devel-
oped to provide higher throughput and better shive removal efficiency. Figure 2.1
shows the principal features of a typical pressure screen used commercially for pulp
screening. The pulp enters tangentially at the top of the screen and passes down-

ward through a narrow annular zone between the screen plate and a cylindrical



rotor. The accept pulp passes radially outward through the screen while reject
pulp continues down the annular screening zone to the reject outlet. The screen
plate is stationary and its configuration is very critical to screen performance. The
size and type (holes or slots) of the screen plate apertures are selected based on
the application. Rotor designs vary among manufacturers depending on the ap-
plication. A drum type rotor having hemispherical bumps on a cylindrical shape
is shown in Figure 2.1. The thickness of the annular zone between screen plate
and rotor also varies from one screen type to another. In spite of the differences
in shape, all rotors serve the same function. They accelerate the pulp suspension
to a high tangential velocity and along with the axial flow, establish the necessary
flow field adjacent to the screen plate. Also, the lugs or vanes on the rotor produce

pulses and turbulence that prevent apertures from plugging.

2.4 Performance Characterization of a Pressure
Screen

Because probability screening is affected by flow conditions, it is necessary to define
efficiency in terms of the three flows entering or leaving a screen: the feed flow,
accept flow and reject flow. Efficiency (Eg) is defined as the mass of shives in the
reject flow as a percentage of shives in the feed flow. Reject rate (R) is the overall
portion of the feed pulp that passes to the reject stream and is normally based on
pulp mass fractions. The relationship between various parameters and basic equa-
tions for screen efficiency are given in Tappi Information Sheets (T2). A typical
E-R curve which describes screen performance is shown in Figure 2.2. Efficiency
increases as the reject rate is increased. The aim is to achieve high shive removal
efficiency with minimum loss of good fibres, i.e. high éfﬁciency at low reject rates.

In industry, an E-R curve is determined experimentally by measuring efficiency at
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Figure 2.1: A typical pressure screen used in the industry for pulp screening.
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Figure 2.2: Performance curve of a pressure screen.
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various reject rates. The challenge is to develop a curve from a small number of
scattered data points. To assist in this, theoretical models have been proposed
to link and extrapolate experimental data. Nelson (N1) presented the following

equation which has found widespread use in pulp screening;:

R

EpR=—"7-——
R 1—a+aR

(2.1)

Equation 2.1 is not based on any mathematical proof. The variable « is referred
to as the screening quotient, a characteristic of the screen hardware. If a = 0,
Ep = R, the concentration of contaminants in the feed stream equals that in the
reject stream; the screen merely splits the feed stream into two streams of equal
contaminant concentration and thus no screening takes place. Higher values of «
denote better screen performance. At « = 1, Er = 1 for all R. The usefulness
of Equation 2.1 is based on the fact that «, which defines screen performance, is
independent of the reject rate. In reality, it has some limitations since a reliable
value of «a is difficult to obtain in practice. Also, a does vary to some extent with

process parameters such as reject rate and shive level in the feed.

Another E-R equation for probability screening may be obtained by extending
the work of Kubat and Steenberg (K1). They modelled a screen plate as a row of
apertures acting in series. If their variables are expressed in terms of efficiency and

reject rate, the following equation is obtained:

Erp=RFP (2.2)

The power  may also be used as a screening index like a in Equation 2.1. At
B =1, Ep = R; no screening takes place, and at § = 0, Er = 1 for all R. Thus,

decreasing values of § represent better screening.
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In a more recent publication, Gooding and Kerekes (G2) derived the above
two equations for solid-solid screens. They showed that Equation 2.1 represented

the case of perfect mixing adjacent the screen plate and gave the following equation:

R

Ep =
"TR+E-ER

(2.3)

P, and P, are the “Passage Ratios” (deﬁned later) of contaminants and pulp fibres.

Equation 2.3 is similar to Equation 2.1 in which e =1 — (F,/P,).

The second equation was shown to be the case of plug flow model assuming
no axial mixing in the annular screening zone. However, perfect radial mixing was

assumed. The equation is:

= (JP) 4
Er R (2. )
This equation is similar to Equation 2.2 where B = R:/Pp

Equations 2.3 and 2.4 derived by Gooding and Kerekes represent the two lim-
iting cases of mixing inside a screen and therefore define the bounds in which real
screens work. They also extended these two equations to include barrier screening
in addition to probability screeniﬁg. Most important, they related a and f to the
“Passage Ratio” for fibres at a slot. Thus, their work directly links performance

equations to passage ratio measurements at a single slot.

2.5 Design of Screening System for Industrial Ap-
plications

The performance of an individual screen depends on the properties of fibres and
contaminants to be removed, type of screen plate used, operating consistency, reject

rate and a number of other factors (H2,L1,L2,N2 T3). To maintain high efficiencies,
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high reject rates must be used, and this reject stream must therefore be further
treated. Thus, a system configuration involving several screens is used in order
to produce the desired pulp quality. Steenberg (S9) has proposed some general
guidelines for designing a screening system. Hooper (H3) has recommended some
general principles and their use in designing the flow sheet for specific grades of
pulp. A number of case studies (C7,C8,F2,H4) has been done on modern screens
and screening systems with the aim of optimizing the system for a specific appli-

cation.

The removal of shives from mechanical pulps and its influence on pulp properties
have been studied by a number of researchers (B5,F3,G3,P3). However, due to the
problems in defining and measuring particles such as shives (B6,H5,2,T4,T5), it
has been very difficult to repeat the results of shive removal efficiency and thus the

problem of comparing the results still remain.

In a screening system, screens can be used as fractionating units to separate
mechanically certain types of fibres from a mixture to produce at least two fractions
containing fibres with different properties. Generally the aim is to separate long
fibres from short ones. Screens have been used as fractionators mainly in board

mills (B7,C9), and to a lesser extent in mills using virgin fibre (A4).

Optimizing the performance of a screening system is a key to obtain desired
product quality. Studies have been carried out to develop models for optimizing the
performance of a screening system and these models have been examined by using
industrial data (D1,H6,N3). General purpose computer-based modelling systems
have also been used for evaluating and optimizing the design of screening systems

(D2).
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2.6 Flow of Fibre Suspensions Through Aper-
tures in Screening Situations

2.6.1 Flow of Fluid Through Apertures

Despite the large number of factors affecting screening, in essence, the process is
one of determining whether particles in suspension pass or do not pass through a

given aperture. This aspect of screening is therefore crucial.

In pulp screens, fluid from a flow parallel to the screen plate is drawn into a
series of apertures. Flows of this type have been examined in various hydrodynam-
ics for specific purposes. For example, McNowen (M4) studied bifurcating flows
in manifolds by considering a single tube branch from a circular conduit. Loss

coefficients for the tubes were obtained.

Investigations have also taken place to determine the effect of slot flow on the
boundary layer of the main flow that turns to enter into the slot. For example,
Thomas and Cornelius (T6) examined the flow into a slot from a laminar boundary
layer. They observed the expected boundary layer separation and recirculating zone
shown in Figure 2.3. They determined conditions at which separated flow would
reattach to the slot wall by measuring a/w and b/w for various slot Reynolds
number and mean flow velocity gradients. They gave empirical relationships to

determine a/w and b/w for various flow conditions.

In summary, the hydrodynamics literature contains useful information on en-
ergy loss characteristics of slots and flow patterns from well-defined main flows, but
‘the complex cases of flow into slots from unsteady-state turbulence and pulsatile

flow found in pulp screens remain to be investigated.
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2.6.2 Two Phase Flow Through T-Junctions

The principal interest in screening is to separate a solid phase from a liquid and
therefore studies of two-phase flow in geometries which cause flow splitting are
of interest. A number of papers have been published on two-phase flows in T-
junctions and manifolds encountered in many industrial applications. Although
studies have considered gas-liquid, gas-solid and liquid-solid systems, the work
done with the solid-liquid system is meagre. Bugliarello and Hsiao (B8) studied
the phase separation of neutrally buoyant particles in a laminar flow and found
that the degree of separation, expressed as the ratio of the concentration of the
dispersed phase in the branch to that in the upstream flow, increased as the size
of branch was reduced. Most of the other experimental studies (M5,N4,T7) have
been concerned with the sampling through small branches in a vertical downward
flow. In these studies, the effects of branch velocity, branch size, particle size
and upstream flow conditions on the separation ratio were determined. In a more
recent work, Nasr-El-Din et al. (N5,N6) studied particle segregation in slurry flow
through T-junctions of vertical, horizontal and side orientations. The effects of
particle size, upstream solids concentration, upstream velocity, ratio of branch to
upstream velocity on the separation ratio were studied. These studies are useful in
predicting the distribution of solid particles in branches due to flow bifurcation, but
they are of limited use when applied to fibre screening due to following fundamental

differences between these systems and fibre suspensions:

1. In most of the studies of two-phase slurry flow through T-junctions, the

branch size is larger than the dimensions of particles to be segregated.

2. In most of the studies with slurry flow, the particles were considered symmet-

ric and rigid (e.g., sphericle particles of length to diameter ratio=1). On the
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other hand, fibres have a very high aspect ratio of 50-100 and are flexible.

3. In many of the two-phase slurry flow studies, there was a significant difference
in the density of particles and suspending medium. Thus, inertia was often a
major factor in the separation of particles. In pulp screening, fibres are nearly
neutrally buoyant and thus inertia can be expected to play a relatively small

role.

2.6.3 Flow of Fibre Suspensions Through Apertures

The literature contains a number of studies on fibres of the type of interest in
this work. Most of these studies have been limited to flow behaviour in pipes.
Norman et al. (NT7) critically reviewed the major fundamental investigations in
relation to the flow of pulp suspensions in pipes within the framework of basic
flow mechanisms (plug, mixed and turbulent flow) and three basic study levels
(empirical, network and fibre). They concluded that the flow behaviour of fibre
suspensions is controlled by the volumetric concentration, éspect ratio and modulus
of elasticity of the fibres. Mason (M6) considered the orientation of rigid fibres in
simple shear flow and predicted that fibres tend to align in the direction of flow.
However, in the case of turbulent flows, the eddies will tend to destroy the preferred
orientation. In these and many other studies of fibre suspensions, there is little
published on the motion of fibres through apertures smaller than the length of a
fibre as is the case in screening. What follows is a brief review of scientific work

related specifically to this problem.

Kubat and Steenberg (K1) treated the screening process from a statistical point
of view. The passage of particles through the interstices of a screening element was
considered as an independent elementary process describable in terms of average

passage probabilities. They suggested that the average passage probability of a
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certain particle type is influenced by factors such as the relative geometrical di-
mensions of particles and the screen openings, the hydrodynamic field around the
screen openings and the interaction between particles passing the screening el-
ement. Their quantitative analysis did not establish the relative importance of

these parameters.

Andersson and Bartok (A5) investigated the passage of fibres in a dilute sus-
pension through a mesh by considering a flow which had a substantial component
parallel to the screening surface. They defined a term “permeability” as the relative
concentration of fibres on the accept side and feed side of a mesh. They observed
that permeability increased with decreased fibre length and fibre stiffness. They
did not attempt a theoretical explanation of their findings and thus their results

remain strictly empirical and of limited use.

Estridge (E1) and Abrams (A6) studied the retention of stiff nylon fibres in a
dilute fibre suspension flowing normal to the screens (open rectangular wire mesh)
having very high open area (> 82%). The retention was obtained by making
periodic measurements of the concentration downstream of screens as the upstream
concentration was known. The effect of only two variables — fibre length and
screen mesh-size was studied. They assumed random fibre orientation and position
upstream, due to fluid turbulence, and the fluid flow was practically unaffected
by the presence of the highly open screen. They concluded that the fluid pattern
upstream of the screens did not influence fibre retention. This is not the case in

pulp screens as will be discussed later.

Riese et al. (R3) used the basic approach of Estridge and Abrams but utilised
more realistic screens by having circularly perforated plates with open areas in
“the range of 8 to 41%. A dilute suspension (< 3 mg/l) of stiff nylon fibres was

caused to flow normal to the perforated screen plates. It was observed that fluid
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forces aligned a fibre parallel to the direction of flow, and the velocity of a fibre
was roughly equal to the velocity of fluid along its length. This alignment and
the probability of fibre passage through the plate increased as the flow through
the plate increased. They argued that a fibre approaching an aperture from a
flow normal to the screen plate could be expected to rotate to some degree as it
passes over an aperture. Fluid flow patterns, which played no role in the work of
Estridge and Abrams, were found to be the most influential variable in their study.
They also made a quantitative analysis of the process, and based on the concept

of 1nviscid flow, developed a theory by which retentions could be predicted.

In a more recent work, Gooding (G1) studied the motion of fibres near a screen
slot using very dilute fibre concentrations (< 0.05 g/l) in a laboratory flow loop
having a single slot channel. The average bulk velocities that may exist near an
aperture in an industrial pressure screen were estimated and then used as a guide-
line in the single slot tests. Gooding and Kerekes (G2) defined a term “Passage
Ratio”: the concentration of pulp fibres or contaminants in the aperture flow di-
vided by the corresponding concentration upstream of the aperture. The effect of

fibre properties and flow variables on passage ratio was studied (G1).

Gooding and Kerekes (G4) also filmed the trajectories of individual nylon fibres
in the entry zone of an aperture using high speed photography. The fibre trajec-
tories were classified into five different types of motion based on whether fibres
contact the slot wall or not, and whether on contact with the slot wall, fibres pass

into the slot or back into the main flow.

Table 2.1 summarizes their findings for 3 mm nylon fibres and a 0.5 mm wide
slot. The data of Table 2.1 show when V,/V,, was inceased from 0.39 to 1, yielding
an increase in the passage ratio from 0.09 to 0.86, the fibres contacting the slot

out of the total fibres observed increased from 24% to 35%. Moreover, a sizeable
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percentage of the fibres contacting the slot were immobilized there, meaning they
were close to entering or not entering. The total incidence of motion types D and
E was equal to the passage ratio. Although these data are few, they show that
fibre interaction with the downstream wall of the slot is an important factor in

determining fibre passage through the apertures.

Based on the analysis of trajectories of individual fibres, Gooding and Kerekes
proposed that screening took place by two mechanisms — (1) a “wall effect” and
(2) a “turning effect”. The wall effect occurs because all fibres passing through the
slot came from a thin ”exit layer” adjacent to the upstream wall. The thickness
of this layer was less than the fibre length and increased with the slot velocity.
Fibre concentration in this zone was lower than in the mainstream flow. The exit
layer therefore was one of diminished concentration of fibres. Furthermore, the
concentration of shive-like fibres in this layer was less than pulp-like fibres. Thus,
a screening effect can be obtained by simply removing the exit layer from the
mainstream flow. Fibres in this layer were oriented parallel to the wall and thus
had to turn to enter into the slot. The turning effect caused more flexible pulp-like
fibres to bend and follow the streamlines into the slot while stiff shive-like fibres

tended to rotate and were swept away by the mainstream flow over the slot.

The studies of Gooding and Kerekes and many others on the mechanism of
screening have been carried out at dilute concentrations, in fact, at less than the
critical concentration which was defined by Mason (M6) as the concentration above
which fibre-fibre interaction becomes important (see Appendix B). This is typically
0.015 to 0.06% on volumetric basis for fibres having aspect ratios in the range of
50-100. A fibre suspension can be termed as dilute, semi-concentrated or con-
centrated depending on the level of interfibre contact. This can be estimated by

calculating the “crowding factor”, N, (K3,K4). N represents the number of fibres
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Table 2.1: Types of fibre motion observed by Gooding and Kerekes (G4) using high
speed photography for 3 mm nylon fibres and a 0.5 mm wide slot.

Description : Test 1 | Test 2

Motion
Type | Velocity Ratio, V,/V, 039 | 1
Exit Layer Thickness, (mm) 0.2 0.53
Passage Ratio 0.09 0.86

| B, C & D | Fibres contacting the wall (% of the
total number of fibres observed in a 1 24 35
1.5 mm thick layer from the wall)

‘B Fibres going into the mainstream

flow after contacting the wall (%) 15 9
C Fibres immobilized on the downstream

wall of the slot after contacting the slot (%) 8 20
D Fibres passing through the slot after

contacting the slot wall (%) 1 6

A Fibres move downward without contacting .
- | the slot (% of the total fibres observed) 76 56

E Fibres passing through the slot without

contacting the slot (% of the total

fibres observed) 0 9
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in the volume swept out by the length of a single fibre. This indicates the level of
restraint of rotational motion. N can be calculated from the volumetric concentra-

tion of fibres, C,, fibre length, L, and fibre diameter, d, using the following equation

N= gc,, (5-)2 | (2.5)

In industry, pulp is screened at consistencies of 1-4% where substantial inter-
action between fibres occur. Fibres also interact with the apertures when trying
to pass through them. Fibre interaction with apertures may cause the fibres to
accumulate at the entry of the aperture resulting in “stapling”. Stapling is likely
to be governed by factors such as fibre length, distance between the centres of
two neighbouring apertures, pulp consistency, velocities in the screening zone and
through apertures, level of turbulence and rotor speed. The effect of these pa-
rameters on fibre accumulation or on the passage of fibres through apertures has
not been systematiéally investigated. It has been speculated in some studies that,
at higher consistencies, fibre interaction with apertures should merely result in a
new screen geometry. This may be true in case of atmospheric screens but seems
to be highly unlikely in pressure screens where substantial turbulence is created
by the rotor used to prevent aperture plugging. Thus, fibre to fibre interaction in
suspension (K5) and fibre interaction with the apertures affect the passage of fibres

through apertures. This effect at elevated concentrations has not been studied.

2.7 Bulk Velocities Inside a Pressure Screen

The importance of the hydrodynamic flow field in the screening zone and its in-
fluence was discussed in the previous section. The velocities in a pressure screen
produce forces which determine the degree of separation of one fibre type from

another. There are three main velocities inside a pressure screen — the radial,
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Figure 2.4: Velocities inside a pressure screen.
axial, and tangential as shown in Figure 2.4.

The velocity through the screen plate apertures is the radial velocity. In order
to pass through the apertures, flow from the feed side has to turn, converge and
accelerate. Passage of the rotor past an aperture creates pressure pulses which
superimpose a‘ time-varying component of velocity on the mean aperture velocity.
The velocity is thought to reverse direction resulting in momentary backflushing.
These fa(;tors complicate the determination of the radial Velocity through screen

apertures.

As a first approximation, we may consider the bulk velocity through an aper-

ture, V;, as a representative value of aperture velocity. V; is defined as follows:

_ Q, _ volumetric flow rate through theslots

Vs

A, open area of the screen plate
The axial velocity is in the direction of the axis of rotation, parallel to the screen
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plate. This velocity depends on the flow rate in the annular zone and the distance

between the screen plate and rotor.

The tangential velocity is parallel to the surface of the screen plate'and at right
angles to the radial and axial velocities. This velocity depends on the design of the
rotor and varies from one screen to another. The resultant mean velocity of pulp
flow in the plane of the screen plate in the annular zone is the vector sum of axial

and tangential velocities.

In spite of its importance, the flow field within the screening zone has not been
studied in detail and the average velocities in the annular zone and within the aper-
tures have not been measured. Koffinke (K6) suggested that in case of secondary
fibre screening, the radial velocity should not exceed 1.2-1.8 m/s. Another source
(H3) refers to a maximum pressure drop of 70-100 kPa across the screen plate
as a criterion to achieve maximum efliciency or to avoid plugging of the screen
plate. Gooding (G1) estimated the average bulk velocities near an aperture by us-
ing typical feed and accept flow rates for screening conditions in a pressure screen
operation. A representative bulk velocity parallel to the feed side of the screen
plate was estimated to be about 6 m/s and the bulk velocity through the apertures
as about 1 m/s (G1). Although this simple analysis is approximate, it provides a

useful basis for conducting fundamental screening studies.

2.8 Recent Developments

In the last decade, there have been some significant developments in the design of
pressure screens with the aim of improving throughput and handling higher consis-
tencies. Traditionally, pulp has been screened using screen plates with smooth
surfaces and specifications have been limited to the size of holes or slots and

open area of the screen plate. During the early 1980’s, “contour” screen plates
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were developed in which the surface of the screen plate facing the feed flow was
milled to provide various configurations of ridges and grooves. Some examples are
shown in Figure 2.5. Various patterns are used for contoured plates by various
- manufacturers. The selection is based on factors such as fibre type, type of fur-
nish, desired operating consistency and end product requirement. Improvements in
shive removal efficiency at constant capacity or increase in capacity and reduction
in reject thickening have been reported for a number of commercial installations
(F3,H7,J1,M7,M8,P4). The development of contour screen plates has also enabled

the pressure screens to operate as barrier screens (B9).

The success of contoured screen plates has led to the development of various new
rotor concepts in recent years. This is due to the fact that the rotor and screen
plate work in combination and therefore need to be optimized together. Rotors
that produce high pressure pulsations have been designed (L5,M8) for screens to
operate in the consistency range of 4-5%. A medium consistency “MC” screen has

been developed by Kamyr for screening pulp at consistencies over 10% (G5).

In spite of the widespread use of contoured screen plates, the exact difference
between how contoured and smooth plates work is not known. In a recent study,
Halonen et al. (H9) investigated the flow field above smooth and Profile™ slots.
The flows were simplified and the average upstream and slot velocities were main-
tained in a flow loob consisting of smooth and Profile™ slots. It was reported that
the velocity measurements were made by using Laser Doppler Anemometry. The

following differences in the flow field between two plate types were found:

1. The shape of the profile caused the flow parallel to the plate surface to turn

more smoothly towards a slot than in case of a slot in smooth plate.

2. In case of profile plate, the boundary layer on the feed side of the plate was
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Figure 2.5: ‘Smooth and contoured screen plates used for pulp screening.
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about three times thicker than in case of smooth plate.

3. The kinetic energy of turbulence was much larger for a profile plate.

‘The above study was carried out using water without the presence of any fibres.
To date, no work has been reported on the fundamental differences in the flow fields
between smooth and contoured slots using fibre suspensions under flow conditions

that exist in a pressure screen.

2.9 Summary of Literature Review

From this review of the literature, it can be concluded that little is known about
fibre screening from a fundamental standpoint, z.e. the passage of fibres at a single
aperture. Moreover, there is little systematic scientific information or data available
from which an attempt can be made to obtain a fundamental understanding of
screening. Based on this state of knowledge, useful next steps in research are to
obtain good data that clearly show the effects of major screening variables and

simple quantitative parameters that characterize screening behaviour.

2.10 Objectives of This Research

The objectives of this thesis are:

1. To identify the relative importance of the key variables which affect the pas-

sage of fibres through a single screen aperture.

2. To make an approximate theoretical analysis of fibre behaviour at a screen

aperture under conditions likely to exist in a pressure screen.
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3. Test the validity of the above theoretical and experimental findings at condi-
tions approaching that of commercial pulp screens, t.e. higher concentrations,

multiple apertures, contoured surfaces and pulsed purging.
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Chapter 3

An Approximate Analysis of Fibre -
Passage into Apertures

3.1 Introduction

A full, rigorous theoretical analysis of fibre passage into slots would be the most
desirable basis for predicting fibre passage, and for obtaining the key dimensionless
numbers that govern passage. However, such an analysis is a formidable problem
given our current knowledge of screening. Indeed, it is a formidable problem in

even simpler single phase or two-phase systems.

Starting upstream of the slot, there is a boundary layer at the wall surface.
This boundary layer is affected by the main flow and the flow into slots. Also,
there is a concentration gradient of fibres near the wall, and most fibres, but not

all, are oriented in the flow direction with some rotational motion (G1).

Once a fibre reaches the entry zone of the slot, the entry flow field imposes
hydrodynamic drag upon the fibre, causing translational and rotational acceleration
into the slot. The degree of acceleration is determined by the hydrodynamic drag
on the fibre caused by the relative flow and by the inertia of the fibre both in
translation and rotation. At the same time, the fibre may bend as a result of forces

imposed on it. The fibre may also come in contact with the upstream edge of the

30



slot. All these factors may determine the degree of fibre penetration into the slot.

Because a fibre continues to move at a high speed across the opening of the
aperture, penetration may not be complete before the fibre comes in contact with
the downstream edge of the slot wall. Momentarily, translational motion in the
direction of main flow or slot flow may cease altogether. The hydrodynamic drag
forces imposed by these flows create opposing moments on the fibre which bend and
rotate the fibre over the edge of the slot. Fibre bending causes the moment acting
on the fibre to diminish. If bending is large, the frictional resistance between the
fibres and the wall may come into play as an additional force resisting translational

motion.

A preliminary attempt was made to model the above problem by some simplified
equations of motion but the problem was too complex. For example, modelling a
combination of rotation and bending induced by hydrodynamic drag in a flow field
which in itself is not well defined was too uncertain for practical use. This short-
coming would be even more severe in flow fields affected by the periodic passing of

rotating foils.

In light of the complexity of this problem, consideration was given to obtaining
the dimensionless numbers that determine the fibre passage through apertures
using simple dimensional analysis, for example using the Buckingham Pi method.
However, this approach did not take advantage of the available physical knowledge
of the problem described above. An intermediate approach based on some physical
understanding of the problem was deemed most appropriate. Accordingly, the
approach adopted in this study was to divide the problem into some key conceptual
components and derive approximate parameters for each from simple material and

force balances.

31



—_— - Vu

I

y

TW&

-<

Figure 3.1: Fibre in the exit layer turning to enter into the slot.
3.2 Analysis

3.2.1 Factors Affecting Fibre Passage Through the Slot

To begin with, probability screening discussed earlier on the passage of a fibre of
length, L, diameter, d, through an aperture of size, W, where d < W < L will be

described. The relevant dimensions are shown in Figure 3.1.

Gooding and Kerekes (G4) found that fibre passage into a slot was determined
by two factors: a “wall effect” and a “turning effect”. The former is due to the fact
that there is a diminished concentration of fibres near the upstream wall in'a zone,
¥, less than a fibre length, L, s.e. y < L. This is probably due to the migration of
fibres away from the wall as a result of fibre rotation, and is therefore dependent
on fibre stiffness as well as fibre length. A key result of this wall layer is that it
alone leads to a screening effect when this part of the feed flow, having less fibres,

or fibres of differing size, is diverted into the aperture.
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Gooding and Kerekes also observed a “turning effect” in which fibres from
within this layer rotated or bent on passage over the slot. As shown earlier in
Table 2.1, this often resulted in fibre interaction with the downstream edge of
the slot, which itself appeared to affect fibre passage. In many cases, however,
there was no contact with the downstream wall, but this condition was largely
confined to fibres which did not pass into the slot (see Table 2.1). This prob—ably
occured because fibres were not sufficiently influenced by the aperture flow to cause
penetration owing to fibre orientation perpendicular to the wall or fibre distance

from it.

From the above observations, it would appear that the problem of fibre passage
can be considered in three aspects — (a) penetration of fibre into the aperture; (b)

rotation upon entry; (c) the effect of bending on these two factors.

3.2.2 Penetration

A key factor in passage is the degree to which the leading tip of a fibre can be drawn
into the slot. As described in the previous section, Gooding and Kerekes showed
that fibres which passed into the slot under conditions found in typical pulp screens
came from a layer very near the wall. The distance y (see Figure 3.1) was much
less than a fibre length. Because d < y < L, most fibres must therefore be oriented
parallel to the wall. The fibres would also tend to have preferred orientations in
the flow direction. Thus, once the leading tip of the fibre reaches the slot, the fibre

may turn if it is stiff, or turn and bend if it is flexible.

Fibre turning is illustrated in Figure 3.1. Here, V, is the upstream bulk velocity
parallel to the feed side of screen plate and is typically about 6 m/s. (Note: This
is a bulk velocity which ignores the boundary layer at the walls. It will be used in

this analysis as a characteristic velocity on the feed side of the screen.) V; is the
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bulk slot velocity which is typically about 1-1.5 m/s (see Section 2.7). If the forces
and time over the slot are sufficient, the fibre will penetrate a distance Y into the
slot. For the condition of y << L and L > W, where W is the slot width, we can
estimate Y approximately from the time spent by the fibre over thé slot, W/V,.
Assuming that the fibre vertical velocity (y direction) is proportional to V;, we can

postulate a simple approximate relationship as

Y:kl-g-Vs (3.1)

where k; is a constant. We should note that the above assumption is most likely
to be true when y 1s small and L is small. If not, a more detailed analysis is re-
quired, for example taking into account that the y direction flow above the aperture

diminishes from V; with y.

e When Y >> L, it is appparent that passage is very easy, yielding a passage

ratio, P = 1. (Passage ratio is defined in Section 4.2.2).
e When Y << L, passage is not likely to occur at all, thus P = 0.

e When Y ~ O(L), passage may or may not occur. In this case, if we assume

a specific linear relationship between Y and L, z.e.

Y =k, L (3.2)

where k, is a constant, Equation (3.1) then becomes

WV,
kyL = 1Vu (3.3)
by WV,

B2_2Y. Y 4
g L V, (34)
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The ratio kq/k; reflects the degree of penetration relative to fibre length. Since
we do not know values for k; and k; in Equation (3.4), we at this point may simply
consider —L“%/:- to be a useful dimensionless parameter in describing passage from
kinematic considerations. For convenience, we call it the Penetration Parameter,

P,. Thus

_wv,
-

P, (3.5)

The penetration parmeter can be derived in another manner using a simple
mass balance of fluid entering the slot. If the flow rate through the slot (V,W) is
related to the fraction of the upstream layer drawn into the slot, expressed as size
k3L, we obtain the material balance V,W = k3V, L. Rearrangement of the terms

in this equation also yields P, = k3, where k3 is defined above.

In summary, the penetration parameter can be viewed as an approximate phys-
ical representation of the degree of fibre penetration into a slot or the size of the
main flow relative to fibre length drawn into the slot. This analysis does not take
into account the fact that a gradient of fibre concentration exists near the upstream
waH, and that fibres have differing orientations in the plane of the wall as well as
perpendicular to it. Thus, the penetration parameter at this state of knowledge is
only linked in a general way to fibre passage. Nevertheless, it is clear that it is a

potentially important grouping of variables with physical meaning.

3.2.3 Rotation

Although the above analysis is based purely on kinematic considerations, fibre
behaviour is created by forces. As the leading tip of a fibre enters the entry zone of
an aperture, the forces created by V; cause turning. This turning is a combination

of displacement, rotation, and bending towards the aperture entry. The strength of
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these forces depend on y, V, and W. As in the analysis of penetration, it is beyond
the scope of this work to analyze rotation in detail: However, it is reasonable to
assume that the penetration parameter on its own reflects the level of fibre rotation
into the aperture for stiff fibres, that is, where displacement is small (as assumed

by y << L) and where bending is insignificant.

Once the leading tip of a fibre penetrates into an aperture, the leading tip is
likely to come into contact with the downstream wall of the aperture because the
fibre continues moving over the entry at an upstream velocity determined by V,,.
On contact with the downstream edge of the slot, V; and V,, impose moments on the
fibre with the downstream edge of the aperture as a fulcrum. As stated earlier, this
behavior occurs when ¥ ~ 0(L). In this case, we may assume that the penetration
distance, Y, can be expressed as a fraction of the fibre length that penetrates the

slot. Under these conditions, there may be two distinct types of behaviour.

(a) Y <W
In this case, the moment on the fibre is entirely due to the hydrodynamic
forces. Increases in V,, or V, can be expected to promote rotation of the

fibre into the main flow or into the slot respectively.

b)) Y>W
In this case, rotation of the fibre out of the aperture causes the leading
tip to come into contact with the upstream wall. This introduces a

wall force, F,,. This force becomes part of the moment balance. Its

consequences will be discussed later.

Case (a): Y < W (Figure 3.2)
If we take as an average value ky = 0.5 (see Equation (3.2) for the definition of
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k), the above case occurs at

0.5L ~W

L/W <2 (3.6)

To determine the approximate degree of rotation, we can calculate the moments

acting on the fibre by the forces which are due to V,, and V,. Then

Moment = Force x distance (3.7

Since fibre may momentarily cease translational motion on impact with the
downstream edge of the slot, the relative velocity between the fibre and fluid may
be as high as V, or V,. For typical values of V,, V,, and fibre diameter, the
Reynolds number based on the fibre diameter is in the range of 40-300. This falls
in the transition range between shear drag and form drag. Assuming the latter to
be the case, and taking an average drag coeflicient to be Cp = 1.0, the relative
drag force is given by velocity squared. Assuming further that the angles 6; and 6,
between the fibre and plate surfaces are equal, a simple relative moment balance

yields

YV =(L-Y)V?

on rearranging terms, we obtain

Vv, =V, (é - 1) (3.8)

substituting ¥ = E%K from Equation (3.1) into (3.8) yields
L
Vi=Vulrr—s75< -1
[(kl WV, /V.) ]

' 1
v, =V, [ﬁ - 1] (3.9)
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Dividing the L.H.S. of Equation (3.9) by the R.H.S. yields a measure of the

relative moment causing fibre to enter the slot to that causing it to rotate out of

the slot. We can call this the Rotation Parameter, R,, where

Vs [ kP
R, = (1 - klPe) (3.10)

The dependence of R, on P, and V,/V, shown in Equation (3.10) would differ
only slightly if Stokesian drag were assumed in place of form drag and angles
0, and 6, were not assumed equal. Thus, the key observation is that the kinetic
‘parameter R, contains the penetration parameter and V,/V,. Thus, the Penetration
Parameter has two effects. First it plays a role in determining the penetration of
a fibre into a slot. Second, it plays a role in the moment balance on a ﬁbre coming
into contact with the downstream edge of a slot, thus determining for a given level
of penetration whether a fibre will rotate in or out of a slot. Given this strong
influence, and the fact that P, already contains V,/V,, it is reasonable to expect
that the Penetration Parameter alone may suffice in many cases to characterize

rotation as well as penetration.
Case (b): Y > W (Figure 3.2)

The important difference here is that, upon rotation, the fibre contacts the
upstream slot wall. This exerts a force F,, which contributes to the moment balance
as shown in Figure 3.2. F,, can become very large. The principal impact of this
added force is that an increase in V, does not rotate the fibre out of the slot,
nor does an increase in V, necessarily rotate fibre into the slot. Rather, in.the
latter case, an increase in V, may merely diminish F,,. Only when F,, = 0, can
V, cause rotation into the slot. More precisely, rotation into the slot occurs when

counterclockwise moment (due to V;) exceeds clockwise moment (due to V,). Thus
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Case (a): Y <W - Case (b): YV > W

Figure 3.2: Fibre immobilized at the downstream wall of the slot. ¥ > W.

as V; increases, no increase in passage ratio is expected until some threshold level

is reached. The approximate condition at which case (b) can be expected to occur

is when Y > W.
If ky ~ 0.5, this occurs when L/W > 2.

These considerations suggest that for stiff fibres at L/W > 2, the Penetration
Parameter is insufficient to describe fibre passage and, moreover, a threshold level
of V,/V, may be required to cause fibre passage. It may further be noted that
a large L/W and a small V,/V, tend to create a small value of the Penetration

Parameter at which this condition will occur.

3.2.4 Bending

Up to now, the stiff fibres were considered, that is, ones that do not bend signifi-
cantly over the aperture. Increasing flexibility of fibres introduces new factors into

this analysis.

First, the leading tip of a fibre will bend on passing over the aperture. Su-

39



perimposed on rotation and translation, this will tend to increase penetration and

therefore increase the likelihood of passage.

Second, on coming into contact with the downstream wall, the fibre will tend to
bend as well as rotate about the downstream edge. Bending will tend to diminish
the effect of rotation in causing the fibre to pass into or out of the aperture. First,
- when the fibre bends, the moment created by hydrodynamic forces is diminished.
Second, the bending of fibres around the edge of the apertures increases normal
forces between fibres and the wall in the feed flow or slot flow directions restraining
fibre movement in the direction of the two principal flows. Hence there will be
increased resistance to transla;cional movement in the direction of the feed flow or

the aperture flow which must occur if the fibre is to move one way or the other.

An attempt was made to derive a bending parameter to account for the above
effects, but the complexity of the analysis proved to be beyond what was justifiable
in this work. We can, however, derive a parameter to reflect the relative degree of
bending, B., expressed as deflection, §, divided by the fibre length, L. A relation-
ship between this ratio and the hydrodynamic force causing bending (pdLV?) of
a fibre of stiffness EI can be obtained from a typical expression for elastic bending

of beams. Thus, B, behaves as follows:

pL3V3d

ioT; (3.11)

Bez%oc

The parameter B, illustrates how various factors affect bending. For example, it
shows, in an approximate way, that the angle of bending (6/L) over the downstream
edge of an aperture depends strongly on fibre length, L, fibre diameter, d, fluid
velocity, V, and fibre stiffness, EI. Thus fibre length and flow velocity affect all

three parameters considered here: penetration, rotation and bending.
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3.3 Summary

1. A simplified, approximate kinematic analysis of fibre behaviour near an aper-
ture has yielded a Penetration Parameter that reflects the effect of key vari-

ables on fibre penetration into aperture.

2. A simple kinetic analysis of moments about downstream edge of the aperture
imposed by hydrodynamic forces indicates that the Penetration Parameter
modified by a velocity ratio reflects the effect of fibre rotation, and that

threshold levels of V,/V, may be important.

3. Fibre bending appears to increase passage because of increased penetration
and to decrease passage because of stapling on the downstream edge of the
slot. The effect of bending depends on fibre stiffness, flow velocity, and fibre

length.

4. Fibre rotation and bending involve fibre interaction with the downstream
wall. It is reasonable to conclude that the parameters discussed here will also
play a role in determining how fibres staple and therefore obstruct passage

through a slot.
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Chapter 4

Experimental Program

4.1 Fibre Properties

Wood fibres are elongated, tubular objects having irregular geometry and surface
features due to differences in morphological characteristics and the pulping process
used to liberate the fibres from the wood. There are differences due to wood
variability that exists naturally from tree to tree, species to species and within a
tree. For this reason, model nylon and rayon fibres were used in the experimental
work of this thesis. These fibres were available in the Department of Chemical
Engineering at UBC, and were originally obtained from E.I. du Pont de Nemours
& Co. and cut into lengths by Fibertex Ltd. The fibres from this source had been
used in previous investigations by Horie (H8), Gooding (G1), Soszynski (S6) and
Bennington (B10).

A comparison of the properties of pulp fibres with nylon and rayon fibres is given
in Appendix A. The important physical properties are summarized in Table 4.1.
The nylon and rayon fibres selected for this study represent the typical length range
of pulp fibres (1-3 mm). Nylon fibres are thicker than pulp fibres and the rayon
fibres have a thickness close to hardwood pulp fibres. The nylon fibres are much

stiffer than pulp fibres while the stiffiness of rayon fibres is similar to that of pulp
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fibres. The apparent density of nylon and rayon fibres is quite close to that of pulp

fibres (see Table A.7). Thus, from a hydrodynamic point of view, synthetic fibres

are reasonable approximations of pulp fibres.

4.2 Flow Loop With a Single Slot Channel

4.2.1 Description of the Experimental Set Up -

The schematic of the flow loop showing the principal components of this apparatus
is given in Figure 4.1. A is the reservoir in which fibre suspensions were prepared
for the trial runs. The operating volume in the reservoir was about 180 litres in
most of the tests. The reservoir also served as a supply tank for the pump during
a trial run. Fibres were stored in water in the reservoir 24 hours in advance of
any trial to ensure that no change in physical pfoperties occured during the trial
because of water absorption. Storing fibres in water for 24 hours also ensured that
the suspension was at about 18-20°C in most cases. A variable speed mixer, B,
was used to mix the fibre suspension uniformly and to avoid fibre settling in the

tank when higher concentrations were used.

A céntrifugal pump, C, driven by a 15 hp motor was connected to a variable
speed drive to allow a desired flow fate to be pumped through the flow loop. D is
the by-pass line which was shut off most of the time. A magnetic flow meter, E,
was used to measure the flow rate. Most of the piping in the flow loop was 38 mm

PVC.

The key element in this flow loop is the plexiglas test section, G, which is
shown in Figure 4.2. The detailed dimensions are given in Figure 4.3. It contains a
350 mm long channel of 20 mm x 20 mm square cross section. The channel height

of 20 mm corresponds to the radial distance between the rotor drum and screen
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Table 4.1: Properties of the Fibres Used in the Present Study.

Fibre Fibre length (mm) Fibre Stiffness

Identification diameter | (N -m? x 10'?)
L, |[SDev.| L, |dry (mm)

Nylon 1 mm

15 Denier 0.993 | 0.017 | 1.046 | 0.043° 329

Nylon 1.5 mm

15 Denier 1.46 0.02 1.55 0.043* 329

Nylon 3 mm

15 Denier 3.17 | 0.035 | 3.44 0.043¢ 329

Rayon 1 mm | 1.018 | 0.005 | 1.113 0.02¢ 3.2

4.5 Denier (dry)

W R Cedar

kraft (R12) 3.17 | 0.08 | 3.62 0.03° 3.5¢

Denier is the weight in g of 9000 m long filaments

— Arithmetic average fibre length
— Weighted average fibre length by length
— Calculated from denier and fibre density

— Average fibre width = 0.035 mm (I1), 15% reduction during pulping
— Average value taken for softwoods.
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Figure 4.1: Schematic of flow loop having single slot channel.
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plate of an industrial screen with a lobed shape rotor. There isa single slot in the
bottom wall of the channel perpendicular to the channel axis. This slot simulates
an aperture of a pressure screen. The slot dimensions are given in Figure 4.4. Slot
widths of 0.25, 0.5, 1 and 1.5 mm were used to study the effect of the ratio of fibre
length to slot width (L/W) on passage ratio. In all other runs, a 0.5 mm wide
slot was used. The slot was flared to a larger dimension on the discharge side_ias 1S
normal with the commercial screen plates to reduce pressure losses. The velocity
in this plexiglas test section could be varied from 1 m/s to 12 m/s and is similar to
the velocity parallel to the screen plate of an industrial screen. It is called here the
upstream ‘velocity, V., which was kept constant at 6.5 m/s in most tests, except in

those tests where effect of upstream velocity as a parameter was considered.

The entry to the channel was an abrupt contraction from a circular pipe of
38 mm diameter. The developing flow downstream created a flow ﬁeld"which,
though not measured, could be estimated from similar flows reported in the liter-
ature. Lissenburg et al. (L6) investigated the effect of a constriction on turbulent
pipe flow and measured the turbulence intensity. They found that the ratio of the
turbulence velocity component to the local mean velocity in a pipe 10 diameters
beyond a constriction was about 0.09 at the centre of the pipe and 0.30 very close
to the wall. In our channel, the slot was located at 9.6 equivalent diameter from
the channel entry. The Reynolds number in the channel based on the equivalent

diameter of the channel was about 130,000 in most tests.

The flow through the slot passes into a small chamber, H, and then flows to
a container, J, through a 8 mm i.d. Tygon R-3603 flexible tubing, I. The flexible
tubing was squeezed to purge air from the test section before a trial or to clear the

slot of any fibre accumulation during the trial.

The flow through the slot, and thus the pressure drop across the slot, was

t
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(b) Pieces a and b are to be changed to change the slot dimensions or geom-
etry.

Figure 4.2: Single slot plexiglas channel showing details of interchangeable section.
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Figure 4.3: Details of single slot test channel.
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Figure 4.4: Slot geometry and dimensions of smooth and contoured slots.
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controlled by using tapered plastic inserts of different sizes in the tubing outlet.
The velocity through the slot referred to throughput in these tests is the bulk
velocity obtained by dividing flow rate by the slot area. For convenience, it is
simply referred to as V;, the “slot velocity”. It could be varied from 0-10 m/s

through a 0.5 mm wide slot.

When the desired experimental conditions were established, the samples were
taken for flow rate and concentration measurements simply by moving the flexible
tubing to a sample receptacle, J1. One trial run took about 15 minutes during
which the accept sample was collected for less than 1 minute. The accept flow
through the flexible tube was very small compared to the suspension operating
volume in the reservoir which was about 180 litres. Due to this reason, the accept
flow was not sent directly to the reservoir. However, container J was emptied into

the reservoir as soon as about 3—4 litres of accept flow were collected.

Most of the flow from the plexiglas test section returns to the reservoir through
reject line, K. A three-way valve in the reject line was used to sample the reject
flow into the reject sample receptacle, M. Since this volume was large, sub-samples

were taken for fibre concentration measurements.

4.2.2 Procedure For Single Slot Tests

To start with, tests were carried out at very dilute concentrations which were chosen
on the basis of: (1) no fibre-fibre interaction and (2) keeping the slot unobstructed.
It was found that the concentration needed for an unobstructed slot was much
smaller than the upper limit of dilute concentration which can be estimated by
the crowding factor, N. Such low concentrations were expressed as number of
fibres/l. The relationships between the different fibre concentrations, e.g. number

of fibres/l, volumetric concentration, mass concentration and the crowding factor,
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Figure 4.5: Flow adjacent to a screen plate in a pressure screen. Passage ratio (P)

was defined by Gooding and Kerekes (G2).

are given in Appendix B.

The effect of key variables such as fibre length, slot width, slot velocity, up-
stream velocity and fibre flexibility was established by measuring passage ratios
through a single slot. “Passage Ratio” is defined as the concentration of parti-
cles in the flow through an aperture divided by the corresponding concentration
of particles upstream of the aperture (G2) as shown in Figure 4.5. The ratio of
the former concentration to the latter describes the likelihood of a particle passing

through an aperture.

The accept and feed samples were collected and the concentrations were mea-
sur;ad either by counting the fibres manually or by using a Kajaani FS-100 Fibre
Length Analyzer depending on the level of concentration. The techniques used for
measuring fibre concentration are discussed in Appendix C. The experimental data

for single slot tests at dilute concentrations are given in Appendix D.

The studies at dilute concentrations were then extended to higher concentra-

51



Figure 4.6: Fibre build-up at the slot entry at higher concentrations.

tions. For these tests, V, was kept constant at 6.5 m/s and the pressure on the feed
side of the slot, P;, was maintained equal to that used at dilute concentrations (see
Figure 4.6). The pressure on the accept side, P, therefore depended on the flow
rate through the slot v;/hich was set by using a given plastic insert in the outlet of
the flexible tubing. In other words the pressure drop across the slot (P—FP;) was

set to achieve the required flow rate, @, for an unobstructed slot.

With an increase in feed concentration, fibres start accumulating in the slot.
This fibre accumulation results in increased flow resistance and thus reduces the
flow through the slot. Since the flow through the slot was less than 5% of the
main flow, this additional resistance did not affect P, and, hence, the feed flow
acted as an “infinite reservoir”. With increased feed concentration, accept flow
through the slot was measured while upstream conditions, :.e V,, and P;, were kept
constant. Passage ratios were measured by weighing the accept and feed samples
instead of counting the fibres. As this flow loop with a single slot has no means for
purging the slot, the latter eventually gets blugged at higher concentrations. The

concentration at which the slot gets completely plugged was experimentally found
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as well as the factors which affected this concentration. The experimental data for

single slot tests at higher concentrations are given in Appendix D.

In the above studies, the plane of entry to the slot was in the same plane as the
. supporting plate and both were parallel to the upstream flow. For convenience, this
is called “a smooth slot” and is shown in Figure 4.4. In the recent past, contoured
screen plates have been used in the industry. These can be of two generic types:
one in which the plane of the slot is flush with the wall but the plate is a series
of ridges; another in which the plate is parallel to the flow but the entry plane
to the slot is recessed from this plane with an opening of larger size between the
slot entry plane and the plate surface (see Figure 2.5). The robustness of the
findings for a smooth slot were tested on 2 slots of the latter type (also shown in
Figure 4.4) at dilute concentrations, i.e in an unobstructed slot as well as at higher
concentrations. Passage ratios of contoured slots were compared with those of a
smooth slot to see whether the findings for the smooth slot hold with this change

in entry geometry.

4.2.3 Photography

To characterize fibre stapling qualitatively, fibre accumulation at the slot entry was
photographed using an Olympus OM-2, 35 mm camera, with back illumination
from 300 watt quartz bulbs shining through a light diffuser. KODAK black &
white film of ASA 400, TMAX type was used.

The movement of fibre flocs was observed by high speed photography using a
Kodak Ektapro 1000 Motion Analyzer high speed video camera manufactured by
the Eastman Kodak company. It records at 30, 60, 125, 500 and 1000 frames per
second, and 1 to 6 pictures per frame. The system can record up to 30 seconds

at 1000 frames per second. The system can play back tape in slow motion or one
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frame at a time. All images can be viewed live or replayed on the system’s monitor.
The diffused light from back illumination by a 12 V halogen bulb, gooseneck 700

series, was used.

4.3 Flow Loop With a Sectional Screen

4.3.1 Description of the Experimental Set Up

Tests were also carried out in an apparatus more closely simulating a commercial
pressure screen, which for convenience is called the “Sectional Screen” (SS). Fig-
ure 4.7 shows a photograph of the sectional screen and its flow loop. The fibre
suspension for the tests was prepared in a reservoir, A, having a capacity of 130
litres. A variable speed mixer, B, was used to mix the fibre suspension properly
and avoid fibre settling in the tank when higher concentrations were used. C is
an open-impeller centrifugal pump used to pump the fibre suspension through feed
piping, F, to the sectional screen. The by-pass line, D, was shut off most of the

time. The feed flow rate was measured by a magnetic lowmeter, E.

The sectional screen itself, G, is in essence a plexiglas cross-section of a com-
mercial screen with inside diameter of 381 mm and axial length of 46 mm. Its
screen plate, H, is also of plexiglas and has an outside diameter of 305 mm and a
thickness of 6 mm. The screen plate has ten slots of 0.5 mm width. Its rotor, I,
has two blades with foil type tips similar to the one used in a commercial pressure
screen. The rotor is driven by a 2 hp D.C. motor, J, having the provision for speed
control, K. A variety of rotors and screen plates can be accomodated in the SS.
The photographs in Figure 4.8 give a closer view of the SS showing the rotor and
slots of the screen plate. The detailed dimensions are given in Figure 4.9. The flow
field inside the SS is mainly determined by the tangential velocity created by the

rotor as it is the case in commercial screens. For this reason, feed inlet and reject
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Figure 4.8: Sectional screen with the top cover removed. Rotor tip and the slots
are clearly shown.
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Figure 4.9: Details of rotor tip and slots in the screen plate.

outlet ports were so located as not to have any influence on the flow that reached

the slots. The operating rotor tip speed was 3—15 m/s.

The accept flow through the slots passes into a small chamber and then flows
to the reservoir via accept line, L. The accept flow was controlled by a diaphragm
valve in the accept line. The nominal velocity through the slots could be varied in
the range of 0-3.5 m/s. A three-way valve in the accept line was used to collect
the accept sample for flow and concentration measurements. The reject flow from
the screen passes to the reservoir through reject line, N. The reject sample was
collected by opening the valve in the reject sampling line, O, while fully closing

the valve in the reject line.
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4.3.2 Procedure

The objective was to test the robustness of the findings for a single slot channel
under conditions more representative of real pulp screens. To accomplish this,
passage ratios were also measured through a 0.5 mm wide singl‘e slot in the screen
plate of the SS at dilute concentrations. The accept flow piping of Figure 4.7 was
modified to accomodate the 8 mm flexible tubing in the accept port attached to
the chamber which receives the accept flow through the slot. To control the accept
velocity through the slot, plastic inserts of varying sizes were used in the tubing
outlet in the same way as was done in case of the single slot channel tests. The
bulk velocity through the slot could be varied in the range of 04 m/s. A rotor
speed giving a tip speed of about 6.5 m/s, equal to V,, in case of single slot channel,

was used for comparing results.

Passage ratios were also measured through multiple slots in the sectional screen
at dilute concentrations. A screen plate having ten slots in series was used. The
width of the slots was 0.5 mm and the distance between the centres of two adjacent
slots (slot spacing) was 3 mm. Passage ratios were then compared with the results
obtained in the single slot channel and in the SS with a single slot. The effects of
slot velocity, rotor tip speed and fibre type on passage ratio were examined next.
Passage ratios were measured at higher suspension concentrations. The plugging
concentrations for nylon and rayon fibres were determined, and also the effect of
higher rotor tip speeds in keeping the slots purged at a higher concentration. The

experimental data for the SS tests are given in Appendix E.
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Chapter 5

Results and Discussion

5.1 Studies in a Single Slot Channel at Dilute
Concentrations

5.1.1 Effect of Fibre Properties and Flow Variables

The influence of fibre length, fibre flexibility, slot width, slot velocity and upstream
velocity was investigated in a flow loop having a single slot plexiglas test section,
which has been described in Section 4.2. Passage ratios through an unobstructed
slot were determined by measuring the accept and feed concentrations using ei-
ther a Kajaani FS-100 fibre length analyser or counting the fibres manually (see

Appendix C) depending upon the feed concentration used.

Effect of Slot Velocity and Fibre Length

Figure 5.1 shows the effect of slot velocity, V,, on the passage ratio at an upstream
velocity (V,,) of 6.5 m/s with fibre length as a parameter. The range of slot velocities
was extended far beyond that expected in an industrial pressure screen (1-1.5 m/s).
This was done in order to exaggerate and clarify the effect of increased slot velocity
on the passage ratio. It can be seen that the passage ratio generally increased with

increase in slot velocity.
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Figure 5.1: Effect of slot velocity and fibre length on passage ratio of nylon fibres.
The error bars are shown in Figure C.1 (see section C.2 of Appendix C).
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Nature of Passage Ratio Curves for Short and Long Fibres

Figure 5.1 also shows a significant difference in the relationship between the passage
ratio and the slot velocity for short 1 mm nylon fibres and long 3 mm nylon fibres
for a 0.5 mm wide slot. At a given slot velocity, the longer fibres have lower
passage ratios. More importantly, there is a distinct difference in the shape of
the passage ratio curves for short and long stiff fibres. For short fibres, the shape
appears to be an exponential relationship between the passage ratio and the slot
velocity. For convenience, we shall call this shape “A”. In contrast, for longer
fibres, an S-shaped curve, similar to a cumulative probability distribution curve is
obtained. For convenience, we shall call this curve shape “B”. The existence of
these two distinct shapes of curve was suggested by the data of Gooding (G1), but

the present data show these trends conclusively.

The above findings of an “A” curve and a “B” curve are of considerable in-
dustrial importance because the separation of two sizes of fibres is often the key
objective in screening. Therefore conditions which lead to the maximum difference
in passaLge ratio between two types of fibres is a key design_target in probability
screens. It is obvious that having accept material follow curve “A” and reject ma-
terial curve “B” is likely to lead to larger separation efficiencies than if both accept

and reject material follow the same shape of curve.

Postulated Explanation for the Differences in the Nature of Curve A

and Curve B Based on Theoretical Analysis

The difference in the two curves of Figure 5.1 may have several explaﬁations. The
longer fibre may have fewer fibres near the wall. A threshold V; may be therefore

required to get any significant penetration. Once penetration occurs, there may
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also be substantial differences in fibre behaviour with regard to fibre immobilization
on the downstream edge of the slot. As postulated in Section 3.2.2, fibre contact
with the slot and its subsequent rotation on the downstream wall of the slot is
also an important factor in determining passage and in stapling. As described in
Appendix F, V,/V, is a key factor in deciding the mode of stapling. In the ranges
of V,/V, studied here, fibres were observed as vertical staples on the downstI_“eam
edge of the slot even though fibres continued to pass through the aperture. At
V. = 6.5 m/s and V; in the range of 0.5-6 m/s, fibres contact the downstream edge
of the slot as a fulcrum as shown in photographs of Figure 5.2 which also show the

difference in the way 1 and 3 mm nylon fibres contact the slot.

For case (a), L =1 mm giving L/W = 2 since W = 0.5. Thus, as described in
Section 3.2.2, fibres do not physically contact the upstream wall of the slot when
rotating over the downstream edge. Although the trajectories of fibres were not
filmed, this behaviour is illustrated by the nature of stapling in Figure 5.2(a). For
this case, it was postulated that passage ratio will be strongly affected by V,/V,,.
Indeed, this i1s shown from the shape of curve “A” for which the passage ratio

increases with V, from zero in the form of a power law relationship.

For case (b), L = 3 mm giving L/W = 6 since W = 0.5 mm. Also, because
Y > W, fibres in this case can physically contact the upstream slot wall when
rotating over the downstream edge. This is indicated by the nature of stapling
shown in Figure 5.2(b). For such conditions, a threshold V,/V, would be required
to induce increased passage. The existence of such a threshold is evident from the
shape of curve B in Figure 5.1. There is no appreciable increase in passage ratio
until V,/V,, attains a value of about 0.45. Thereafter, the passage ratio increases
with increased V,/V, at a much faster rate, and at V,/V,, > 1, the passage ratios

of the 1 and 3 mm nylon fibres are almost the same. This difference is also evident
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(b) 3 mm nylon fibres.

(c) 1 mm rayon fibres. (d) Kraft (R12) W R Cedar.

Figure 5.2: Vertical staples on the downstream edge of a 0.5 mm wide slot. V;/V, ~
0.4.
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Figure 5.3: 3 mm nylon fibres on the downstream edge of a 0.5 mm smooth slot.
Vi Ve = 038.

by comparing the photographs of Figure 5.2(b) with that of Figure 5.3. In the
latter case, fibres now do not physically contact the upstream edge of the slot due

to higher V, and thus F,, = 0.

The above postulated explanation of curves A and B based on the “slot wall
effect” does not constitute a proof that this is the factor responsible for the differ-
ence in the natures of curve A and curve B. The complex effect of upstream factors
that affect penetration must also be considered. However, the logic of the analysis,
the nature of the passage ratio data, and observations of stapled fibres strongly
suggest that the “slot wall effect” is an important factor in determining curve A

or curve B behaviour.
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Figure 5.4: Passage ratio of nylon fibres against V;/V, showing the effect of L/W
on the shape of passage ratio curves.

Ratio of Fibre Length to Slot Width (L/W)

The dependence on L/W of curve A and B behaviour was further examined by
using slot sizes of 0.25, 0.5 and 1 mm for 1 mm nylon fibres, and 0.5, 1 and 1.5 mm
for 3 mm nylon fibres. The results are shown in Figure 5.4. Passage ratios are

plotted as a function of L/W against V,/V,, although V, was 6.5 m/s in all the

cases.

It is evident from Figure 5.4 that for a given fibre length, passage ratio at a
given V,/V, decreased as the slot size decreased. Also, at a given V,/V,, passage
ratio increased with decreasing L/W. Most important, the shape of passage ratio

curve changed from a “B” type to “A” type over this range of L/W, specifically
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around L/W = 2-3. This was the range suggested earlier at which the “slot wall
effect” was expected to become important. This value of L/W therefore appears
to be the useful criterion to determine whether a stiff fibre follows curve A or curve
B behaviour, i.e. curve A at L/W < 2 and curve B at L/W > 2. The data
of Figure 5.4 also suggest two other important findings: (1) the largest difference
between curves occurs at V;/V, ~ 0.5 and (2) at V,/V, > 0.9, the passage ratio

approaches 1 for both types of curve behaviour.

In examining Figure 5.4, it may be noted that for a 0.25 mm slot, the S shape is
distinctly less pronounced than that for 1 mm slot, despite the fact that the former
has a higher L/W. This is probably due to the growing importance of factors such
as slot entry radius, smoothness of slot edges, and machining factors owing to the

very small dimensions of the slot width.

Role of Upstream Velocity

The effect of varying upstream velocity is shown in Figure 5.5 for 1 mm nylon fibres.
It is appareht that the curves shifted in magnitude but their nature remained of
type A. In general, passage ratios at a given slot velocity were higher for lower V.
There was no significant difference in the change in passage ratios with the change

in slot velocity in the range of upstream velocity considered here.

Earlier in our analysis, it was postulated that P. would be a good dimensionless
number to correlate passage ratios. This is evident from Figure 5.6 which shows
that all the passage ratio data for curve A (L/W < 2) correlate very well with P,.

Indeed, we can obtain the following empirical relationship for the passage ratio:

P=1-133e% R? =0.90 (5.1)

The data do niot correlate better with the rotation parameter, which includes
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Figure 5.5: Passage ratio of 1 mm nylon fibres against V, showing the effect of
upstream velocity (V,). Feed concentration = 12,500 fibres/l. (N = 0.006).
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Figure 5.6: Passage ratio data for type “A” curves versus penetration parameter
WV,
Y

V,/ V., a term resulting from kinetics. Also, the inclusion of a bending parameter
does not improve the correlation. For example, if we consider the effect of B, as
a power law relationship or a linear additive term with P., the following empirical

correlations are obtained:
P =0.175+ 1.42P, + 0.0038B, R?> =0.84 (5.2)

and

P =2.2(P,)*%?(B,)"%"® R?*=0.85 (5.3)

The good R? in Equation (5.1) compared to (5.2) and (5.3) shows that the data

of curve A are well explained by kinematic considerations or simple flow splitting.

68



This suggests that passage in this range is strongly governed by the upstream

conditions.

For 3 mm nylon fibres, the effect of varying V, on passage ratio is shown in
Figure 5.7. Here too, the passage ratio curves shifted in magnitude but the shape of
curves remained essentially of type B. Moreover, in addition to a shift in magnitude,
the S-shape of the curve became a more pronounced, tending more towards a.step
function increase at low upstream velocities. On the other hand, at high upstream
velocity, the same absolute change in slot velocity had a smaller effect in increasing
the passage ratio. There was a spread in data when passage ratios were plotted
against P, as shown in Figure 5.8. The following correlation is obtained when

passage ratio data is fitted to the flow splitting model:

P =1—1.45¢%%F R? = 0.62 (5.4)

A poor R? shows that unlike the case for Equation (5.1), P, alone is not sufficient
to explain the data of curve B. The correlation was not improved by using V,/V, as
~ an additional parameter in the correlation. However, inclusion of B, in the same

form as in Equations (5.2) and (5.3), gave the following empirical correlations:
P = —0.141 + 3.31P, + 0.00346 B, R*=0.94 (5.5)
P = 91.2(P,)*% (B,)** R?=10.90 (5.6)

Comparison of Equations (5.5) and (5.6) with Equations (5.2) and (5.3) shows
that unlike the earlier case, addition of B, term to P, improves the correlation

significantly for the passage ratio data of curve B behaviour.

Effect of Fibre Flexibility

All data described thus far are for nylon fibres having the same stiffness (EI =

329 x 107! Nm?). Thus, B, was changed as a result of changes in fibre length
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Figure 5.7: Passage ratio of 3 mm nylon fibres against V, showing the effect of
upstream velocity (V,). Feed concentration = 3,000 fibres/1 (N = 0.06).
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and velocity only. To explore the effect of stiffness and diameter, rayon and pulp
fibres which are about 100 times more flexible than the nylon fibres, i.e. EI =
3.2 x 10712 Nm? and EI = 3.5 x 107! Nm? respectively (see Table A.6) were

tested.

Figure 5.9 shows that the short flexible rayon fibres having L/W < 2 also gave
a type A curve, with a slightly higher passage ratio than the stiffer nylon fibres.
Thus, even for flexible fibres, L/W ~ 2 yields type “A” behaviour. The similarity -
to the nylon fibres suggests that the penetration parameter and the correlation of

Equation (5.1) would hold in this case as well.

The only long (L/W > 2) flexible fibres tested were the pulp fibres having
a weighted average length of 3.6 mm. These fibres yielded a significantly higher
passage ratios than the stiffer 3.2 mm long nylon fibres. Moreover, it showed a
distinct shift towards type “A” behaviour, with only a slight trace of “B” behaviour
as shown in Figure 5.9. From this very limited data, it would appear that stiffness
as well as L/W determines the existence of type “A” or type “B” behaviour. The
bending parameter may be used to ascertain if this is the case. Table 5.1 gives
the values of the bending parameter calculated by using a representative value of
velocity as 6 m/s. For long flexible fibres, B, = 1.2 x 10%, whereas it is 3.2 x 10?
for 1 mm rayon fibres. In contrast, the corresponding value of B, for 1 mm and
3 mm nylon fibres is 5.4 and 2 x 10? respectively. These data indicate that the
“B” type behaviour occurs when both L/W > 2 and B, is less than some critical
level. All that can be said here is that when B, < 2 x 102, “B” behaviour occurs
and that, when B, > 1.2 x 10%, it appears not to occur. Thus, the correlations of
Equation (5.5) and (5.6) for stiff fibres are valid only over a low range of B., which

at a minimum is B, < 2 x 102

Physical explanations for the effect of flexibility may be postulated. Bending
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Table 5.1: Bending Parameter (B.) at a Velocity of 6 m/s.

Fibre Type B,

1 mm nylon 5.4

3.2 mm nylon 2 x 10? ’
1 mm rayon 3.2 x 102

3.6 mm kraft 1.2 x 10*

pulp fibres (R12)

affects the passage ratio in several ways. The photogréphs of Figure 5.2(a) and (c)
show that 1 mm flexible rayon fibres bend more than 1 mm stiff nylon fibres under
identical velocity conditions. Due to more bending, 1 mm rayon fibres probably
follow the fluid streamlines and penetrate the aperture with greater ease and result
in higher passage ratio. Stapling causing slot plugging is not of any importance

here as a very dilute fibre concentration (N = 0.02) was used.

The passage ratio of 3.6 mm flexible kraft fibres increased with V,/V, from 0
while 3.2 mm nylon fibres required a threshold V,/ V.. before an appreciable increase
in passage ratio was achieved. A possible explanation for a threshold V,/V, for
3.2 mm stiff nylon fibres was given in Section 5.1.1. As suggested in our analysis,
more bending will cause the 3.6 mm flexible kraft fibres to penetrate more into
a slot. Because of bending, fibres do not contact the upstream wall of the slot.
This is evident from the photograph of Figure 5.2(d). This means that no force is
exerted by the wall on long flexible fibres. The passage ratio thus increases with

an increase in V,/V, with no threshold conditions due to more bending of flexible
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Figure 5.9: Passage ratio versus V,/V, showing the effect of fibre flexibility for stiff
(nylon) and flexible (rayon and kraft pulp) fibres of similar average fibre lengths.
V. =6.5m/sand W = 0.5 mm.

fibres which follow the fluid streamlines. Here too, stapling may not affect the

passage of fibres as a dilute fibre concentration (N = 0.08) was used.

5.1.2 Comparison With Other Studies

The only known data to which these results may be directly compared are those
of Gooding (G1). These data are compared in Figure 5.10. As is evident, the
agreement is good. The trend of these results is also consistent with other labora-
tory studies and industrial pulp screening data (F4,52,Y1) in which, for fibres of
equal length, more flexible fibres yield a higher passage ratio. For fibres of equal

flexibility, shorter fibres yield higher passage ratios.
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Figure 5.10: Comparison of the present study with Gooding’s (G1) data. The lines
are drawn through the data obtained in the present study. Gooding’s data are
shown by symbol (+) for 1 mm nylon and by symbol (x) for 3 mm nylon fibres.
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In spite of the significant differences (described in Section 2.6.3) between this
study and the work of Nasr-El-Din et al. (N5) for particle segregation in slurry
flow through tees, the general observations of the effect of experimental variables on
passage ratio are similar. They observed that the separation ratio increased with
increase in velocity ratio V,/V, and decreased with decrease in branch size at a
given velocity ratio. Also, at a given velocity ratio, the separation ratio decreased
with increase in particle size. As expected, their separation curves had shapes
similar to our A type curve. However, the results cannot be compared in absolute

terms.

5.1.3 Summary

1. For stiff fibres, two distinct types of passage ratio curves were observed de-
pending primarily on the ratio of fibre length to slot width (L/W). For
L/W < 2, the passage ratio curve A is given by a power law relationship
between passage ratio and slot velocity. For L/W > 2, the shape of curve
B is akin to a cumulative probability distribution curve. This finding is of
considerable industrial importance in the separation of long fibres from short
fibres for it suggests conditions at which a large difference in passage ratios

can be obtained.

2. A plausible explanation for the differing shapes of curve A and B is that
penetration of the longer fibre may lead to a force from the upstream aperture
wall acting on the fibre to cauée rotation into the slot for the conditions at
which curve B was found. On the other hand, data of curve A appear to
be well explained by simple flow splitting and is thus mainly governed by

upstream conditions.

3. In general, experimental results are consistent with other laboratory studies
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and, in particular, are in good agreement with results of Gooding (G1).

5.2 Elevated Concentrations — Single Slot

Industrial screening is carried out at high«‘ concentrations (1-3%) using screen plates
with multiple apertures and a rotor to keep the fibre suspension in tangential
motion and prevent the screen plate apertures from plugging. In this section, the
aim was to report the findings of the effect of feed concentration on the passage
of fibres through the slot and to show the degree to which the findings of previous

section are applicable at higher feed concentrations with no pulsed purging.

5.2.1 Effect of Feed Concentration on Passage Ratio

To study the effect of feed concentration on passage ratio, the upstream conditions:
upstream velocity, V,,, and pressure on the feed side of the slot, Py, (see Figure 5.11)
were maintained equal to that of the no stapling condition. In the beginning of a
trial, conditions were established to achieve a given accept flow rate through the
slot. This means that P, was also set corresponding to the given é,ccept flow rate
for the no stapling condition. After this, feed concentration was increased while
all other conditions were left constant. Since the area of the slot was partially
obstructed in these tests, the true V; is unknown. Therefore, in subsequent tests,

the measured accept flow rate through the slot, Q;, is reported.

With increase in feed concentration, fibres start accumulating in the slot, thereby
decreasing ();. The effect of increasing feed concentration on @), is shown in Fig-
ure 5.12. As is evident, @), decreased with increased feed concentratioﬁ. Passage
ratios against feed concentration are plotted in Figure 5.13. The passage ratio
data followed a trend similar to those of the accept flow versus feed concentration

of Figure 5.12. With increase in feed concentration, the number of fibres accumu-
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Figure 5.11: Fibre build-up at the slot entry in a single slot channel.

“lating at the slot entry increases. The obvious effect of this fibre build-up over the
slot is the reduced slot size (W, < W as shown in Figure 5.11) and the reduced
flow through the slot. The combined effect of these two factors is the decrease in

passage ratio with increased feed concentration.

Figure 5.13 shows an important difference in the passage ratio behaviour be-
tween 1 and 3 mm nylon fibres at an increased feed concentration. For L/W < 2,
1 mm nylon fibres, which follow curve A, resulted in an equilibrium passage ra-
tio at feed concentration up to 13.5 g/l (N = 4.4). The slot was only partially
plugged. On the other hand, 3 mm nylon fibres (L/W = 6), which follow B type
curve at dilute concentrations, plugged the slot completely at a feed concentration
of 0.33 g/1 (N = 1.2). This plugging behaviour can be attributed to the differences
in the way these fibres behave on contact with the downstream edge of the slot as

postulated in our analysis (see Section 3.2.2).

As described in Appendix F, V,/V, affects the mode of stapling, and the effect
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Figure 5.12: Effect of feed concentration on flow through the slot (Q;) for 1 and
3 mm nylon fibres.
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Figure 5.13: Effect of feed concentration on the passage ratios of 1 and 3 mm nylon

fibres.
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of the modes of stapling depends on consistency. The mode of stapling and the
consistency then determine the passage ratio. 1 mm nylon fibres at L/W = 2 were
found not to contact the upstream edge of the slot. This was shown earlier in
Figure 5.2(a). At dilute concentrations (N << 1), only a few fibres were observed
because, due to rotation, fibres at the downstream edge of the slot either go into the
main flow or pass into the slot, and other fibres take their place. With an incé‘ease
in feed concentration, enough fibres were present to crowd the downstream edge
of the slot. With a further increase in feed concentration, those newly arriving
fibres which contact the slot, can not find a fulcrum because the downstream edge
is already occupied by the fibres. Thus, these fibres tend to stay with those fibres
which are already present in the slot, and may also contact the upstream wall of
the slot as shown in Figure 5.14 (a). However, this situation is unstable. As soon as
the staples grow to a certain level, they quickly go either into the main flow or pass
into the slot. The accumulation of fibres on the downstream edge of the slot results
in a smaller effective slot size (We < W) and thus yields the passage ratio which
does not change with the increase in feed concentration. At low accept flow rates,
1 mm nylon fibres resulted in a constant passage ratio above a feed concentration
of about 3 g/l (N = 1). At higher accept flow rates, the passage ratio decreased

moderately in the whole range of feed concentration (0-13.5 g/1).

As predicted, 3 mm nylon fibres at L/W = 6 contact the upstream wall of
the slot. At dilute concentrations, the downstream edge of the slot was not fully
covered as shown earlier in Figure 5.2(b). Therefore, fibres could pass through the
slot. Also, the immobilized fibres rotated to enter into the slot above a certain
slot velocity. The force exerted on the fibre by the upstream wall of the slot was
overcome. With an increase in feed concentration, more fibres contacted the slot

and at some concentration, the downstream edge of the slot was fully covered as
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(a) Nylon 1 mm

(b) Nylon 3 mm fibres, down-
stream edge of the slot is fully cov-
ered.

Figure 5.14: Fibre accumulation of 1 and 3 mm nylon fibres at the slot entry.

W = 0.5 mm.

(¢) Nylon 3 mm fibres, slot is
completely plugged.




shown in Figure 5.14(b). Further increase in feed concentration plugged the slot
completely (P = 0) as the staples became strong and the force exerted by the
wall was not overcome by the slot velocity when the upstream velocity was kept

constant at 6.5 m/s.

5.2.2 Effect of Feed Concentration on the shape of Passage
Ratio Curves

At higher feed concentrations, staples form and build-up over the slot entry. A
hydrodynamic force strong enough to remove them is needed to rupture the staples
and prevent them from building up. For 1 mm nylon fibres, this was achieved by
increasing the feed pressure P; while maintaining the upstream velocity at 6.5 m/s.
In Figure 5.15, the passage ratios of 1 mm long nylon fibres obtained at this higher
feed pressure are plotted against the velocity ratio with feed concentration as a
parameter. It can be seen that for L/W = 2, the shape of the passage ratio
~curves at higher feed concentrations is similar to that of curve A obtained at dilute
concentration and the passage ratio values are very similar. At feed concentrations
that exceed the critical concentration up to 9.5 g/l (N = 3.1), passage ratios were
rna.inta’ined by merely increasing the pressure on the feed side of the slot so that
an accept flow rate approximately equal to the flow rate at zero feed concentration

was obtained.

The photographs of Figure 5.16 show the difference between a partially plugged
and a fully purged slot. In Figure 5.16(a), there is a significant fibre build-up over
the slot at a feed concentration of 2.24 g/l (N = 0.74) and the the slot looks
completely plugged. However, this is not the case as a passage ratio of 0.22 was
obtained. A few fibres keep breaking away from the accumulated mass and they

either pass through the slot or go into the mainstream flow. Fibre build-up reduces
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Figure 5.15: Passage ratios of 1 mm nylon fibres against V;/V,, with feed concen-

tration as a parameter.
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Figure 5.16: Differences in slot plugging due to differences in the pressure drop
across the slot. Nylon 1 mm fibres. W = 0.5 mm.

the slot size (We < W) and flow through the slot. When P, was increased to obtain
an equal flow rate, the fibres which were stapling on the downstream edge of the
slot at a lower slot velocity, were now forced to rotate and pass through the slot
at the higher slot velocity. The staples were observed to shed continuously and
to pass through the slot as shown in Figure 5.16(b). This dynamic situation was
detected by visual observation and by filming the movement of staples at the slot

using a high speed video camera.

For 3 mm long nylon fibres with L/W = 6, curve B was not obtained above a
feed concentration of 0.33 g/1 (N = 1.2) as the slot was completely plugged. Efforts

to remove the staples from the slot by applying a higher pressure drop across the
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slot while maintaining a V, of 6.5 m/s failed to purge the slot. In short, it appears
that for stiff fibres that follow curve “B” behaviour, stapling at conditions just
above the very dilute range (N = 1.2) can not be overcome by only increasing the
pressure on the feed side. The increase in Pi is insufficient to overcome stapling if

a V, of 6.5 m/s is to be maintained. Other means must be employed.

5.2.3 Effect of Fibre Flexibility on Plugging Concentration

The effect of fibre flexibility is shown in Figures 5.17 and 5.18 where the passage
ratios for 1 mm nylon and 1 mm rayon fibres are plotted against feed concentration.
It is apparent that 1 mm nylon fibres which follow the A type behaviour resulted
in an equilibrium passage ratio up to a feed concentration of 13.5 g/l (N = 4.4)
used here. On the other hand, 1 mm flexible rayon fibres which also follow the A

type curve, plugged the slot completely at a feed concentration of about 6-8 g/1.

The difference in the behaviour of short nylon and rayon fibres is due to the
extent of bending theée fibres undergo when subjected to the hydrodynamic force.
Rayon fibres being more flexible than nylon fibres bend more as shown earlier in
Figure 5.2 and have a greater tendency to staple on the downstream edge of the
slot. As described earlier in Section 5.1.1, stapling at dilute concentrations was not
significant enough to affect the passage of fibres through the slot. However, with
increase in feed concentration, staples grow and become strong enough to resist the
rotation in either way. Moreover, flexible rayon fibres form string like flocs (longer
than their fibre length) and were draping into the slot as shown in Figure 5.19
while nylon fibres were present mainly at the slot entry and were very susceptible

to rotation over the slot.
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Figure 5.19: 1 mm rayon fibres stapling over a 0.5 mm wide slot. The long string-
like flocs are evident.

5.2.4 Summary

1. In general, the passage ratio decreased with increased feed concentration.
1 mm nylon fibres (L/W = 2) which follow the “A” curve at dilute concen-
trations, yielded an equilibrium passage ratio with increase in feed concen-
tration up to 13.5 g/l (N = 4.4). On the other hand, 3 mm nylon fibres
(L/W = 6) which follow the “B” curve at dilute concentrations, plugged the
slot completely at a feed concentration of 0.33 g/l (N = 1.2) when an up-
stream velocity of 6.5 m/s was maintained. Extra purging will be needed to

purge the slot beyond this concentration.

2. For 1 mm nylon fibres at L/W = 2, curve “A” was reproducible up to a
feed concentration of about 9.5 g/1 (N = 3.1) by simply maintaining the flow
rate through the slot at the level when no stapling takes place and thus the

passage ratios were maintained. For 3 mm nylon fibres, the curve “B” could
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not be obtained beyond a feed concentration of 0.33 g/l (N = 1.2).

3. As expected, the short and flexible rayon fibres bend and staple more. At
dilute concentrations, these fibres at L/W = 2 also follow the A type curve
like 1 mm nylon fibres, but plug the slot completely (P = 0) at a feed

concentration of 6-8 g/l.

5.3 Effect of Entry Geometry

In industrial pulp screening, many different contoured screen plate configurations
are in use. Our aim here was to test the robustness of the previous findings of
Section 5.1 in relation to a general contoured configuration shown in Figure 4.4

(Smooth vs. Contoured slots C1 and C2).

5.3.1 Passage Ratio Comparison at Dilute Concentrations
(N <<1)

Passage ratios of 1 mm nylon fibres for L/W = 2 are plotted against V,/V,, for
smooth and contoured slots C1 and C2 in Figure 5.20. It is evident that the passage
ratio curves shifted in magnitude but their shape remained essentially of type A.
The similar trend was observed with 1 mm flexible rayon fibres for L/W = 2 as

shown in Figure 5.21.

The passage ratios of 3 mm nylon fibres for L/W = 6 are plotted in Figure 5.22.
For contoured slot C1, the Vpassage fatio curve shifted in magnitude and the shape
of the curve was less pronounced than the S shape of curve B. In the case of the
C2 slot, the passage ratio curve shifted in magnitude and the shape of the passage
ratio curve, though still detectable, was less distinct than for the smooth or C1

slot.
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Figure 5.20: Effect of slot geometry on the passage ratio of 1 mm nylon fibres.
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Figure 5.22: Effect of slot geometry on the passage ratio of 3 mm nylon fibres.
W = 0.5 mm.
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A comparison of the passage ratios for a smooth slot with contoured slots in
Figures 5.20, 5.21 and 5.22 shows that the C1 slot yielded passage ratios which
were either higher or lower than the smooth slot. The difference was greater at
lower V;/V, values (< 0.3) and decreased at higher V;/V, (> 0.4). Passage ratios
for the C2 slot were mainly lower than those of the C1 slot. Though the difference
in passage ratios between C1 and C2 slots increased with increasing V,/V,, for both
nylon and rayon fibres, the difference was large for 3 mm nylon fibres, particularly
at higher V,/V,,. The C1 slot was shallow with a groove depth of 0.5 mm compared
to the C2 slot with groove depth of 1.2 mm. It is interesting to note that increasing
the contour depth from 0.5 mm to 1.2 mm lowered the passage ratios significantly.
This finding is significant for industry as a deep contoured slot like C2 will give
higher removal efficiency when the aim is to remove long and stiff fibres (shives in
screening or long fibres in fractionation). This suggests the dimensions of contour
as an important design parameter to achieve the desired screening performance.
However, it is beyond the scope of the present work to extend the analysis to

include the effect of éontour dimensions.

5.3.2 Explanation for the differences in passage ratios be-
tween smooth and contoured slots

The difference in the passage ratios of smooth and contoured slots shown in Fig-
ures 5.20 to 5.22 can be explained on the basis of fibre interaction with the slot.
The photographs of Figure 5.23 show the difference in the ways 1 mm nylon fibres
were observed contacting the slots. The présence of fibres as vertical staples on the
downstream edge of a smooth slot has been discussed in earlier sections. In the
case of the contoured slots used here, the entry to the aperture is not in the same
plane as the wall but is at a plane recessed by a distance Z below the feed flow.

In case of shallow C1 slot (Z = 0.5 mm), 1 mm nylon fibres were observed as both
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vertical and horizontal staples as shown in Figure 5.23(b). At dilute concentrations
(N << 1), fibres did not stay in the slot and thus the whole area of the slot was
utilized for fibre passage. Also, the vertical staples on the downstream edge of the
C1 slot have a greater tendency to rotate to enter into the slot as V,, within the
recessed contour of the C1 slot will be lower than V, in the case of the smooth slot.

Thus a greater effective V;/V, promotes a higher passage ratio which is evident in

Figure 5.20.

On the other hand, a fibre has to travel a greater distance to penetrate in order
to pass through the deeper C2 slot (Z = 1.2 mm). During experimentation, 1 mm
nylon fibres were not observed to staple in the C2 slot. They were occasionally seen
in the corner of the downstream edge of the contour as shown in Figure 5.23(c)
but this did not affect the passage of other fibres through the slot. In this case, the
passage ratio is governed by the penetration parameter only. Since the fibres were
not immobilized on the downstream edge of the slot, the rotation parameter which
increases the passage ratio at higher V,/V, in the case of the smooth and C1 slots
did not play any role in the case of the C2 slot. Indeed, this is the case as can be
seen in Figure 5.20 in which the passage ratio for the C2 slot did not increase with

increase in V,/V,, at the same rate as for the smooth and the C1 slot.

The interaction of 3 mm nylon fibres with the slot is illustrated in Figure 5.24.
In the case of smooth and C1 slots, fibres contact the upstream wall of the slot
which exerts a force, F,, on the fibre as is evident in Figures 5.24(a) and (b).
Increasing V,/V, reduces F,, and after a threshold V;/V, is reached, the passage
ratio starts increasing. This threshold V,/V, was sbmewhat lower for the C1 slot
than the smooth slot (Figure 5.22) but the passage ratio behaviour was similar. At
the same fibre concentration, 3 mm nylon fibres were not observed in the C2 slot.

Occasionally, a few fibres were seen in the corner of the downstream edge of the
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(a) Smooth slot.

(b) C1 slot. (c) C2 slot.

Figure 5.23: Stapling of 1 mm nylon fibres at the slot entry of smooth and contoured
slots.




(a) Smooth slot.

(b) C1 slot. (c¢) C2 slot.

Figure 5.24: Stapling of 3 mm nylon fibres at the slot entry of smooth and contoured
slots.
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contour as is evident in Figure 5.24(c) but the 3 mm nylon fibres did not contact
the upstream wall of the slot in the same manner as they did in smooth and C1
slots, and thus F,, = 0. The passage ratio then depends on the fibres which pass
through the slot mainly governed by penetration; the rotation parameter does not
play any role in increasing the passage ratio. Since penetration into the deeper
C2 slot is more difficult than into a smooth or C1 slot, lower passage ratios result.
Also, passage ratio does not increase at the same rate as for the smooth or C1 slots

with increase in V,/V, (see Figure 5.22).

5.3.3 Passage Ratio Comparison at Higher Concentrations

In Figure 5.25, the paséage ratios of 1 mm nylon fibres are plotted against feed
concentration for V,/V, = 0.43-0.49 (no stapling condition). It can be seen that for
the smooth and C2 slots, the passage ratios decreased moderately in the beginning
and then levelled off up to a feed concentration of 13.5 g/l (N = 4.4). The passage
ratios for the C1 slot were higher than for both smooth and C2 slots up to a feed
concentration of about 2.5 g/l (N = 0.8) but, beyond this concentration, they
decreased sharply. The slot was plugged (P = 0) at a feed concentration of about
3.4 g/l (N = 1.1). The reason appears to be the presence of horizontal staples
which are evident in Figure 5.26(a). In a smooth slot, the preseﬁce of vertical
staples resulting in an equilibrium slot size led to an equilibrium passage ratio. In
the C2 slot, fibres were not present in the slot up to a feed concentration of 13.5 g/1

(N = 4.4).

Figure 5.27 shows the variation of the passage ratios with feed concentration
at V;/V, = 1 (no stapling condition). As is evident, the passage ratios decreased

only moderately for all the three slots. The horizontal staples which plugged the
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Figure 5.25: Passage ratio of 1 mm nylon fibres with increasing feed concentration

showing the difference in passage ratio of smooth and contoured slots. V,/V, (at
Cvr = 0) = 0.43- 0.49.
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(a) Completely plugged C1 slot. (b) C1 slot is purged by increas-

Feed concentration = 3.4 g/1. ing the pressure on the feed side
of the slot (P;). Feed concen-
tration = 9.5 g/1.

Figure 5.26: 1 mm nylon fibres as vertical and horizontal staples in contoured slot
C1 at higher feed concentration.
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Cor = O) = 1.
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Figure 5.28: Passage ratios of 3 mm nylon fibres against feed concentration show-
ing the difference in the passage ratio and plugging concentration of smooth and
contoured slots. V,/V, (no stapling condition) ~ 1
mainly on the downstream edge of the contour. However, at a feed concentration

of 0.85 g/l (N = 3), the C2 slot was also plugged (see Figure 5.28) because the
number of fibres trying to pass through the slot increased substantially thereby

reducing the effective slot size initially and eventually plugging the slot completely

5.3.4 Effect of feed concentration on the shape of passage
ratio curves

Passage ratios of 1 mm nylon fibres at a feed concentration of 9.5 g/1 (N =3 1) are

plotted against V;/V,, in Figure 5.30 for smooth, C1 and C2 slots. The shape of the
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(a) Smooth slot.

(b) C1 slot. (c) C2 slot.

Figure 5.29: Photographs showing the completely plugged smooth and contoured
slots.

103



1

0.9 -
0.8
0.7 -
0.6
0.5 4

04 +

PASSAGE RATIO

0.3 4
0.2 11
0.1 4,

O i ] i ¥ 1 1
0 : 0.2 0.4 0.6 0.8 1 1.2

Vs / Vu

Figure 5.30: Passage ratio of 1 mm nylon fibres against V/V,, at a feed concentra-
tion of 9.5 g/1 (N = 3.1) for smooth and contoured slots.

passage ratio curves is similar to that of curve A. As in case of the smooth slot with
1 mm nylon fibres (L/W = 2), contoured slots C1 and C2 were purged at higher
feed concentrations by simply maintaining the flow rate through the slots equal to
that of the no stapling conditions. A purged C1 slot at a feed concentration of
9.5 g/1is shown in Figure 5.26(b). The trend and differences in the passage ratios
between smooth and contoured slots at 9.5 g/l are similar to those observed at
dilute feed concentrations (compare Figure 5.30 with Figure 5.20). For the longer
3 mm fibres (L/W = 6), Curve B behaviour could not be obtained beyond a feed
concentration of 0.33 g/l for smooth and C1 slots, and above 0.85 g/l for the C2

slot.
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5.3.5 Summary

1. At dilute feed concentrations (N << 1) and with short fibres (L/W = 2),
the shape of the passage ratio curves for contoured slots C1 and C2 remained
of type “A”. For 3 mm nylon fibres (L/W = 6), the shape of the passage
ratio curve for the shallow C1 slot was less pronounced than the S-shaped
nature of curve “B”. For deep contoured slot C2, the shape of the? passage
ratio curve, though still detectable, was less distinct than for smooth and C1

slots.

2. At higher feed concentrations, curve “A” for short nylon fibres (L/W = 2)
was reproducible up to a feed concentration of about 9.5 g/1 (N = 3.1) for
both C1 and C2 slots by simply maintaining the flow through the slot equal
to that of the no stapling condition. For 3 mm nylon fibres (L/W = 6), curve
B could not be obtained beyond a feed concentration of 0.33 g/l (N = 1.2)
for the C1 slot and 0.85 g/l (N = 3) for the C2 slot.

5.4 Studies in the Sectional Screen

This last portion of the study examined the robustness of the earlier findings under
conditions approaching those of a pulp screen — at elevated concentrations with
rotor induced pulsations and turbulence. The tests were carried out in the sectional

screen (SS) described earlier in Section 4.3.

5.4.1 Dilute Concentrations (N << 1)
Passage Ratio vs Slot Velocity

To compare the results of the sectional screen with those from the single slot

channel, studies were carried out in the SS using a 0.5 mm wide single slot. A
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Figure 5.31: Passage ratio of nylon fibres against slot velocity for a 0.5 mm wide
single slot in SS at V; = 6.5 m/s.

rotor speed of 430 rpm giving a tip speed of 6.5 m/s (equal to V, in single slot
channel) was used. The bulk slot velocity was varied in the range of 0-3.8 m/s.
The passage ratios for 1 and 3 mm nylon fibres are plotted against slot velocity in
Figure 5.31. As is evident, the shape of the passage ratio curves for 1 and 3 mm
nylon fibres remained same as those of curves “A” and “B” (see Figure 5.1) for a

single slot channel.

The screen plate in an industrial pressure screen has multiple apertures. To
study the effect of multiple apertures, passage ratio measurements were made in
the SS with a screen plate having ten slots in series. The width of the slots was

0.5 mm and the distance between the centres of two adjacent slots (slot spacing)
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Figure 5.32: Passage ratio of nylon fibres against slot velocity for multiple slots in
SS at V; = 6.5 m/s.

was 3 mm. A rotor tip speed of 6.5 m/s was maintained and the slot velocity was
varied from 0-2.7 m/s. The passage ratios for 1 and 3 mm nylon fibres are plotted
against slot velocity in Figure 5.32. Here too, it is evident that the shape of the
passage ratio curves for short and long stiff fibres were similar to those of curves
“A” and “B” for a single slot channel. For a given slot velocity, the passage ratios

in the SS for multiple slots were larger than the passage ratios for a single slot in

the SS.

Although the shape of passage ratio curves was the same for both single slot
channel and sectional screen with single and multiple slots, the magnitude of pas-

sage ratio values differed. This is probably due to the fact that the passage ratio
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Table 5.2: Slot Velocity at which P = 1 for 1 mm Nylon Fibres and P = 0.9 for
3 mm Nylon Fibres. Values Obtained from Figures 5.1, 5.31 and 5.32.

Nylon 1 mm | Nylon 3 mm
System V,at P=1 |V, at P =0.9
(m/s) (m/s)
Channel 6.95 7.05 -
SS (Single Slot) 4 3.23
SS (Multiple Slot 1.8 203

comparisons can not be made at exactly comparable conditions because the aper-
ture velocities in the sectional screen vary greatly because of pulsations. Also,
the velocity parallel to the screen plate surface in the SS is not known with the

certainty of the channel tests.

As an alternative comparison, the passagé ratio curves for the single slot c/ha,nneI
and the SS were compared on the basis of the slot velocity that gave passage ratio
of 1.0 for 1 mm nylon fibres and about 0.9 for 3 mm nylon fibres. This slot velocity
is referred to as Vi(mao) (see Table 5.2). This is a somewhat arbitrary basis for
comparison, but one which facilitates direct comparison of the curves as shown in
Figure 5.33. It can be seen that compared on this basis, the shapes of the passage
ratio curves for all the three cases are similar. This comparison shows that the
behaviour of fibre passage in SS through multiple slots is qualitatively similar to
the fibre passage through a single slot. The following study involving the sectional
screen was then carried out with the screen plate having ten slots which were

0.5 mm wide.
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Figure 5.33: Passage ratio of nylon fibres against adjusted normalized slot velocity
comparing the single slot channel results with those of the sectional screen (single
as well as multiple slots). The purpose is to show directly the similarity of the
shapes of the curves.

109



Effect of the Tip Speed of the Rotor (V;)

Passage ratios of 1 mm nylon fibres were determined when varying the rotor tip
speed from 3.5 m/s to 10.8 m/s. Passage ratios are plotted against slot velocity as a
function of V; in Figure 5.34. It is apparent that the curves shifted in magnitude but
remained type “A” in shape. In general, the passage ratios at a given slot velocity
decreased with increased rotor tip speed in slot velocity range of 0.4-2 m/s.” The
slot velocity at which the passage ratio equals 1 is lower for the lower V; and at
slot velocities greater than 2.5 m/s, passage ratios approach 1.0 irrespective of the
rotor tip speed. Also, there is no significant difference in the change in passage
ratios with the change in slot velocity in the range of V; considered here. This
effect of increasing rotor tip speed is similar to the effect of increasing V,, in case

of single slot channel (see Figure 5.5).

5.4.2 Higher Concentrations

Observations from the study of stapling regimes in a single slot channel (Ap-
pendix F) suggest V,/V, as a key variable which affect the modes of stapling.
The modes of stapling and the consistency then determine the passage ratio and
the plugging concentration. In the case of the sectional screen, the rotor induces
pulsations which may influence the modes of stapling. However, slot velocity and
rotor tip speed in the case of the SS are expected to influence the passage ratio at
higher concentrations as well. Thus, passage ratio measurements were made in the
SS with increasing feed concentraéion by varying the accept flow rate and the rotor
tip speed. The effect of fibre flexibility on passage ratio and plugging concentration
was also studied by using rayon fibres. In view of the differences in the velocities
and factors such as pulse frequency and strength, only qualitative comparisons are

made.
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Figure 5.34: Effect of rotor tip speed on the passage ratio of 1 mm nylon fibres.
C.r = 35,000 fibres/l. (N = 0.002).
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Figure 5.35: Effect of feed concentration on passage ratio of 1 mm nylon fibres as
a function of V; at Cpp = 0. V; =8 m/s.

Effect of Accept Flow Rate

The effect of increasing feed concentration on the passage ratio of 1 mm nylon fibres
is shown in Figure 5.35. In these tests, the rotor tip speed was set at 8 m/s and the
slot velocity at zero feed concentration (V; at Cpp = 0) was set at 4 levels, z.e. 0.42,
1.06, 1.54 and 2.53 m/s. Initially, the passage ratios decreased with increasing feed
concentration and then levelled off. The concentration at which the passage ratios
levelled off was higher for a higher slot velocity. At feed concentrations greater

than 14 g/l (N = 4.6), the passage ratios were independent of the accept flow rate.

This effect of increasing feed concentration in the SS is similar to the effect of

feed concentration on the passage ratio in a single slot channel (see Figure 5.13).
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In both cases, an equilibrium passage ratio for 1 mm nylon fibres resulted from

increased feed concentration.

Effect of the Rotor Tip Speed

The combined effect of feed concentration and the rotor tip speed is shown in Fig-
ure 5.36. At dilute concentrations, passage ra,ti§ always decreased with increased
rotor tip speed as shown earlier in Figure 5.34. However, with increased feed con-
centration, the passage ratios at a low rotor tip speed of 3.5 m/s were lower than
those for higher tip speeds. The rotor tip speed in the SS is similar to the up-
stream velocity in the channel with an added effect of pulsation (pulse strength
and frequency). At low feed concentrations, lower rotor tip speeds are sufficient to
keep the slots purged and thus maintain a given passage ratio. However, at higher
feed concentrations, higher rotor tip speeds are needed to accomplish this. This
suggests that at higher feed concentrations, a stronger pressure pulse of higher fre-
quency is needed to keep the slots clear for fibre passage. Though the strength of
the pulse was not measured, it is obvious that the magnitude and frequency of the

pulse generated by the rotor will increase with increased rotor tip speed.

Effect of Fibre Flexibility

The effect of fibre flexibility on the passage ratio and plugging concentration was
also studied. The passage ratios of 1 mm rayon fibres were measured with increasing
feed concentration at different rotor tip speeds and accept flow rates. The passage
ratios of 1 mm rayon fibres are compared with those of 1 mm nylon fibres in
Figure 5.37 at a rotor tip speed of 8 m/s and for V; at Cor = 0 of 1.06 m/s
and 2.53 m/s. At the lower slot velocity, the passage ratios of rayon fibres were

higher than those of nylon fibres up to a feed concentration of about 7 g/1. At feed
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Figure 5.36: Effect of feed concentration on the passage ratios of 1 mm nylon fibres
as a function of rotor tip speed. V, (at Cyr = 0) = 1.54 m/s.
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Figure 5.37: Passage ratio against feed concentration showing the effect of fibre
flexibility at two levels of slot velocity. V; = 8 m/s.

concentrations greater than 7 g/l, the passage ratios of rayon fibres became lower
and the slots were completely plugged (P = 0) at a feed concentration of about
12 g/1. At the higher slot velocity, the passage ratios of rayon fibres were always
lower than those of nylon fibres and the slots were plugged at 12 g/1. On the other
hand, 1 mm nylon fibres resulted in an equilibrium passage ratio of about 0.1 and
the slots were not plugged completely up to a feed concentration of 40 g/l (N = 13).
It can be concluded that flexible rayon fibres yield higher passage ratios at dilute
feed concentrations but plug the slot completely at lower feed concentrations than
do stiff fibres. The same behaviour was observed in a single slot channel as shown

earlier in Figures 5.17 and 5.18.
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Passage ratios for 1 mm nylon and rayon fibres at a higher rotor tip speed
of 15.2 m/s are plotted in Figure 5.38. By increasing the rotor tip speed from
8 m/s to 15.2 m/s, the plugging concentration for rayon fibres increased from
12 g/1 to about 20 g/l. Also, the passage ratios of 1 mm nylon fibres at the higher
slot velocity increased substantially. This is due to the effect of increased pulse
frequency and perhaps the increased pulse strength. It means that the passage
ratio and the plugging concentration are dependent on fibre flexibility and the pulse
strength. At higher concentrations, the slot can be purged by increasing the rotor
tip speed. Thus, a given passage ratio can be maintained or a given throughput
can be achieved. For flexible fibres and higher concentrations, a stronger pulse
is required to keep the slots purged in order to obtain a given passage ratio and

capacity.
5.4.3 Summary

1. In the case of the sectional screen with a single or multiple slots, the shape
of the passage ratio curves at dilute concentrations remained similar to those
of curve “A” and curve “B” obtained for a single slot channel. In the SS, at
a given slot velocity and the rotor tip speed, the passage ratios for multiple
slots in the SS were higher than those of a single slot. The effect éf varying
rotor tip speed in the case of the SS was also similar to that found with
increasing upstream velocity in the channel tests. For example, the passage

ratios decreased with increasing rotor tip speed at dilute concentrations.

2. In general, the effect of increasing feed concentration in the SS was also
similar to that found for the channel. Passage ratios at a given rotor tip
speed decreased with increasing feed concentration. The short and stiff 1 mm

nylon fibres eventually reached an equilibrium passage ratio, while short and
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Figure 5.38: Passage ratio against feed concentration showing the effect of fibre

flexibility at two levels of slot velocity. V; = 15.2 m/s.
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flexible 1 mm rayon fibres plugged the slot completely (P = 0).

. In addition to producing a fluid speed V,, the rotor also provides pulsations
which can be controlled by varying the rotor design. This factor is of utmost
importance in the SS and was absent in the éingle slot channel. Though the
size and duration of pressure pulse was not measured, the observations at
higher rotor tip speeds suggest that a stronger pulse of higher magnitude
and frequency is required for flexible fibres. The same holds true at higher
feed concentrations. In other words, a specific type of rotor compatible with
the screen plate should be designed for a given type of fibre and operating

consistency in order to achieve the desired passage ratio and capacity.
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Chapter 6

Summary

The findings of this study are summarized below.

1. The dependence of passage ratio of stiff fibres on the ratio of slot velocity to
upstream velocity followed an exponential curve (“A” behaviour) when the
fibre length to slot width ratio (L/W) was < 2, and a cumulative distribution
curve (“B” behaviour) when L/W was > 2. Increasing flexibility of fibres

tended to shift the behaviour from “B” type to “A” type when L/W > 2.

2. “A” curve behaviour was postulated to occur from flow splitting from the
main flow, and hence was dependent on upstream conditions. The data for
this behaviour correlated very well to a dimensionless penetration parameter

that reflected the fractional amount of feed flow drawn into the slot.

3. “B” curve behaviour was postulated to occur from fibre contact with the
upstream wall during rotation and bending of the fibre over the downstream
edge of the slot. The data for this type of curve could not be correlated to
the penetration parameter. A bending parameter reflecting the stiffness and
bending forces acting on the fibres and the penetration parameter correlated

the data well.
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4, Increa,sed concentration of the feed flow beyond the dilute range up to N = 4,
caused staplirng. The latter lowered the passage ratio values for “A” curve
behaviour to a finite equilibrium value. The original value could be restored
if the slot flow was increased to its original value for an unobstructed slot.
On the other hand, fibres which followed “B” curve behaviour at dilute con-

centrations plugged the slot completely at N = 1.

5. The above findings for a single slot at dilute concentrations were found to hold
qualitatively for slots having contoured entries, elevated fibre concentrations,
multiple slots, and pulses induced by a rotor of the type used in commercial

pulp screens.
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Chapter 7

Conclusions

1. Fibre passage through narrow apertures can be usefully described in terms

of three conceptual components — pénetration, rotation and bending.

2. Dimensionless numbers can be derived for each of these components from

simple material and moment balances.

3. The penetration parameter is a key factor in determining the passage of stiff

fibres having a fibre length to slot width ratio less than 2 i.e. L/W < 2.

4. When L/W > 2, the experimental findings of this study strongly support, but
do not prove, that fibre contact with the upstream wall of the slot significantly
changes the relationship between passage ratio and slot velocity from the
shape of an exponential curve to that of a cumulative probability distribution

curve.

5. The finding of two differing characteristic curves appears to hold at higher
concentrations, contoured entry geometries, multiple slots, and in the pres-
ence of pulses induced by a rotor. The findings are therefore likely to apply

to commercial pulp screens.

6. Since large differences in passage ratio lead to good separation, long stiff

fibres appear to be best fractionated from short stiff fibres by a slot having
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a width which yields L/W < 2 for the desired short fibres and L/W > 2 for

the longer fibre fraction.

. When L/W < 2, flexible fibres behave like stiff fibres. When L/W ~ 6,
flexible fibres tend to exhibit behaviour between that of stiff short (L/W = 2)

and long (L/W = 6) fibres.
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Chapter 8

Recommendations for Future Work

1. The role of fibre stapling in screening has been shown to be important even
at low concentrations. Accordingly, this aspect of screening should be the

subject for further detailed study. Two studies are recommended here:

(a) The relative importance of turbulence at the aperture entry and pul-
satile flow within the aperture on removing stapled fibres should be ex-
amined. This may be accomplished by exploring experimental methods

of inducing these effects separately.

(b) The dynamic nature of fibre stapling should be examined, that is, the
degree to which fibres continually form and shed with time. Measure-
ment of time-dependent pressure drop across the slots could yield this

information from the time-dependent flow resistance.

2. This study did not examine the trajectories of individual fibres. However,
some of the postulates put forward, for example, fibre penetration, could
benefit from such a study. Given the difficulties found in earlier work of
filming fibres as small as pulp fibres, the possibility of carrying out future
experiments on scaled-up apertures and scaled-up fibres should be explored.

By establishing geometric and dynamic similitude, it may be possible to
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conduct meaningful tests to elucidate the fibre behaviour in passage and

stapling of apertures.

. Lastly, the existence of “A” and “B” curves and the usefulness of the di-
mensionless numbers relating passage ratio to slot velocity should be tested
on commercial pulp screens at conditions of industrial interest in order to

determine their usefulness in pulp and paper applications.
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Nomenclature

Symbol Definition Units

A, area of the slot m?

B. bending parameter in Equation (3.12) dimensionless
Cp drag coefficient dimensionless
Chn mass concentration fraction

C, volumetric concentration fraction
Cuer critical volumetric concentration fraction
Cunr feed concentration fibres/1
Cyr feed concentration g/l

d fibre diameter m

E modulus of elasticity N/m?

Er reject efficiency fraction

F fibre flexibility N-1. m—2

g acceleration due to gravity m /s?

I area moment of inertia m?

ky constant in Equation (3.1) as appropriate
ko constant in Equation (3.2) as appropriate
k3 constant as appropriate
L fibre length (general) m

L, number average fibre length m

L, weighted average fibre length m

m mass kg

N crowding factor
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Symbol Definition Units
P passage ratio in general
P, passage ratio of contaminants
in Equations (2.3) and (2.4)
P, passage ratio of pulp fibres in
Equations (2.3) and (2.4)
P, penetration parameter dimensionless
Qs volumetric flow rate through the slots 1/min
Qsw volumetric flow rate through the slot
at CbF =0 1/ min
R reject rate in Equation (2.1) and (2.2) fraction
R? coefficient of multiple determination dimensionless
R, rotation parameter dimensionless
R, particle Reynolds number dimensionless
S fibre stiffness in bending N-m?
v volume m?3
Vs bulk slot velocity m/s
Ve bulk upstream velocity m/s
Vi rotor tip speed m/s
w slot width m
W. effective slot width m
W RRk water retention ratio at knee kg water/
(see sections A.3 and B.1) kg o.d. fibre
Y exit layer thickness m
Y penetration distance m
Z depth of contour (Figure 4.4) m



Symbol

Definition

Units

Greek Letters

B

6, and 6,

Subscripts

f

a screening constant also known as screening
quotient in Equation (2.1)

a screening constant in Equation (2.2)

angles that fibre makes with the plate surfaces
on the downstream edge of the slot

density

fibre deflection in bending

fibre

slot
upstream
water

free water
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Appendix A

Fibre and Suspension Properties

A.1 Fibre Dimensions

Fibre length is fhe most important fibre property that influences the screening
process. The average length of wood fibres is given in a number of publications
(I1,M2,P2,R2,S1). Wood fibres are about 1-3 mm long, 2045 um in diameter and
have a high aspect ratio (i.e. length/diameter) of about 50-100. Nylon and rayon
fibres of 1-3 mm average fibre length were used to represent the typical length
range of wood pulp fibres. The average fibre length and its distribution for the
fibres used in this study was determined by Kajaani FS-100 Fibre Length Analyzer
(P5) which counts fibres as well as measure their lengths. This instrument provides
the population distribution which is described as the number of fibres in a certain
fibre length range as a percentage of the total number of fibres analyzed. It also
gives the length-weighted distribution which is defined as the percentage of fibres
by length in each range as a percentage of the total length of fibres. The two

average fibre lengths are defined as follows:

2 ongl;
Ln — i==] 'Yt . .
E?:l n; (A 1)
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and
n 12
_ 2:’:1 leli

L, =

(A.2)
where

L, = Number average fibre length
Length-weighted average fibre length
number of fibres in each length range
average length in each range

1 = number of ranges = 1, 2, 3, ...24

S
S g
i

]
-,

The length distributions of the fibres used in this study are given in Tables A.1
to A.6. The standard printout from the Kajaani FS-100 gives the upper limit of |
each length range. This is reported in terms of range boundaries. The population

as well as the length-weighted distribution are reported in these tables.

A.2 Fibre Stiffness

Fibre flexibility is an important property affecting the screening process. Flexibility
is defined as the reciprocal of fibre stiffness in bending, S, which is the product of

elastic modulus, E, and the area moment of inertia, I, of the fibre. Thus

1 1
=—=— A3

S EI (A3)
where I = (nd*/64) for a rod with uniform circular cross-section. Various testing
methods, as briefly mentioned in Section 2.2, have been developed to measure fibre

stiffness. The stiffness values for pulp and model fibres taken from the literature

are given in Table A.6.
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Table A.1: Length Distribution of 1 mm Nylon Fibres.

137

|| Fibre Length | Population Weighted Fibre Length | Population Weighted
(mm) Distribution | Distribution (mm) Distribution | Distribution
0.00-0.07 0.49 0.01 1.20-1.27 6.05 7.40
0.07-0.14 0.17 0.02 1.27-1.34 1.65 2.14
0.14-0.21 0.11 0.02 1.34-1.41 1.11 1.51
0.21-0.28 0.21 0.05 1.41-1.48 0.46 0.66
0.28-0.35 0.25 0.08 1.48-1.55 0.36 0.53
0.35-0.42 0.27 0.10 1.55-1.62 0.22 0.35
0.42-0.49 0.18 0.08 1.62-1.69 0.19 0.31
0.49-0.56 0.27 0.14 1.69-1.76 0.14 0.24
0.56-0.63 0.50 0.30 1.76-1.83 0.12 0.21
0.63-0.70 1.59 1.06 1.83-1.90 0.12 0.22
0.70-0.77 3.96 2.91 1.90-1.97 0.14 0.26
0.77-0.84 6.22 5.00 1.97-2.04 0.14 0.28
0.84-0.91 12.33 10.78 2.04-2.11 0.12 0.25
0.91-0.98 17.03 16.07 2.11-2.18 0.09 0.20
0.98-1.05 19.07 19.33 2.18-2.25 0.08 0.17
1.05-1.12 16.41 17.78 2.25-2.32 0.06 0.14
1.12-1.20 9.90 11.41 > 2.32 0.27 0.64
Number of fibres counted = 4742
CHAR Arithmetic Weighted
% (mm) (mm)
10 0.80 0.85
25 0.91 0.94
50 1.01 1.04
75 1.11 1.14
90 1.21 1.25
Avg. 1.01 1.05




Table A.2: Length Distribution of 1.5 mm Nylon Fibres

Fibre Length | Population Weighted Fibre Length | Population Weighted
(mm) Distribution | Distribution (mm) Distribution | Distribution
0.00-0.07 0.41 0.01 1.20-1.27 0.83 0.70
0.07-0.14 0.20 0.01 1.27-1.34 3.06 2.72
0.14-0.21 1.12 0.13 1.34-1.41 5.07 4.75
0.21-0.28 2.60 0.44 1.41-1.48 13.55 13.35
0.28-0.35 2.24 0.48 1.48-1.55 20.02 20.68
0.35-0.42 0.05 0.01 1.55-1.62 20.73 22.40
0.42-0.49 0.12 0.04 1.62-1.69 14.96 16.89
0.49-0.56 0.20 0.07 1.69-1.76 6.60 7.77
0.56-0.63 0.19 0.08 1.76-1.83 4.00 4.90
0.63-0.70 0.14 0.06 1.83-1.90 1.03 1.31
0.70-0.77 0.04 0.02 1.90-1.97 0.65 0.86
0.77-0.84 0.05 0.03 1.97-2.04 0.23 0.31
0.84-0.91 0.04 0.03 2.04-2.11 0.18 0.25
0.91-0.98 0.06 0.04 2.11-2.18 0.15 0.22
0.98-1.05 0.19 0.13 2.18-2.25 0.18 0.27
1.05-1.12 0.30 0.22 2.25-2.32 0.20 0.32
1.12-1.20 0.62 0.49 > 2.32 0.87 1.39
Number of fibres counted = 2016
CHAR Arithmetic Weighted
% (mm) (mm)
10 1.28 1.40
25 1.45 1.49
50 1.55 1.57
75 1.64 1.66
90 1.73 1.75
Avg. 1.47 1.56
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Table A.3: Length Distribution of 3 mm Nylon Fibres.

Fibre Length | Population | Weighted | Fibre Length | Population Weighted
(mm) Distribution | Distribution (mm) Distribution | Distribution
0.00-0.20 4.65 0.09 3.50-3.70 16.98 19.72
0.20-0.41 1.30 0.13 3.70-3.91 6.96 8.55
0.41-0.61 1.10 0.18 3.91-4.11 3.54 4.59
0.61-0.82 0.65 0.18 4.11-4.32 0.12 0.16
0.82-1.02 0.53 0.16 4.32-4.52 0.11 0.15
1.02-1.23 0.75 0.27 4.52-4.73 0.08 0.12
1.23-1.44 0.93 0.40 4.73-4.94 0.07 0.10
1.44-1.64 0.77 0.38 4.94-5.14 0.04 0.07
1.64-1.85 0.42 0.23 5.14-5.35 0.03 0.06
1.85-2.05 0.13 0.08 5.35-5.55 0.07 0.13
2.05-2.26 0.27 0.19 5.55-5.76 0.12 0.23
2.26-2.47 0.47 0.36 5.76-5.97 0.18 0.35
2.47-2.67 1.11 0.92 5.97-6.17 0.19 0.37
2.67-2.88 1.58 1.42 6.17-6.38 0.27 0.56
2.88-3.08 11.42 10.99 6.38-6.58 0.35 0.73
3.08-3.29 20.80 21.40 6.58-6.79 0.42 0.92
3.29-3.50 23.58 25.82 > 6.79 0.45 1.00
Number of fibres counted = 2008
CHAR Arithmetic Weighted
% (mm) (mm)
10 1.47 2.98
25 3.07 3.18
50 3.32 3.39
75 3.56 3.62
90 3.78 3.88
Avg. 3.17 3.45
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Table A.4: Length Distribution of 1 mm Rayon Fibres

Fibre Length | Population Weighted || Fibre Length | Population Weighted
(mm) Distribution | Distribution (mm) Distribution | Distribution
0.00-0.07 0.58 0.01 1.20-1.27 9.75 11.89
0.07-0.14 0.65 0.07 1.27-1.34 2.13 2.75
0.14-0.21 1.93 0.34 1.34-1.41 1.43 1.94
0.21-0.28 2.88 0.70 1.41-1.48 0.67 0.95
0.28-0.35 2.43 0.76 1.48-1.55 0.60 0.90
0.35-0.42 0.91 0.35 1.55-1.62 0.47 0.73
0.42-0.49 0.38 0.17 1.62-1.69 0.40 0.65
0.49-0.56 0.53 0.28 1.69-1.76 0.27 0.46
0.56-0.63 0.60 0.39 1.76-1.83 0.22 0.38
0.63-0.70 1.01 0.67 1.83-1.90 0.17 0.32
0.70-0.77 1.34 0.98 1.90-1.97 0.18 0.35
0.77-0.84 1.80 1.44 1.97-2.04 0.17 0.33
0.84-0.91 5.61 4.88 2.04-2.11 0.14 0.28
0.91-0.98 9.20 8.66 2.11-2.18 0.13 0.28
0.98-1.05 16.40 16.57 2.18-2.25 0.15 0.33
1.05-1.12 19.99 21.60 2.25-2.32 0.17 0.39
1.12-1.20 16.67 19.17 > 2.32 0.71 1.60

Number of fibres counted = 5015
CHAR Arithmetic Weighted
% (mm) (mm)
10 0.53 0.90
25 0.95 1.01
50 1.07 1.10
75 1.17 1.19
90 1.25 1.30

Avg. 1.02 1.11
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Table A.5: Length Distribution of Kraft Pulp (WR Cedar, R12 fraction).

Fibre Length | Population Weighted Fibre Length | Population Weighted
(mm) Distribution | Distribution (mm) Distribution | Distribution
0.00-0.20 3.08 0.07 3.50-3.70 8.24 9.47
0.20-0.41 1.51 0.15 3.70-3.91 8.53 10.36
0.41-0.61 0.86 0.14 3.91-4.11 7.61 9.75
0.61-0.82 0.86 0.20 4.11-4.32 6.03 8.12
0.82-1.02 0.91 0.27 4,32-4.52 5.35 7.56
1.02-1.23 1.13 0.41 4.52-4.73 3.87 5.71
1.23-1.44 1.52 0.65 4.73-4.94 3.05 4.71
1.44-1.64 2.20 1.08 4.94-5.14 1.62 2.61
1.64-1.85 .2.89 1.61 5.14-5.35 1.01 1.69
1.85-2.05 3.54 2.21 5.35-5.55 0.28 0.49
2.05-2.26 4.41 3.04 5.55-5.76 0.16 0.29
2.26-2.47 5.15 3.89 5.76-5.97 0.04 0.08
2.47-2.67 5.01 4.12 5.97-6.17 0.04 0.08
2.67-2.88 4.36 3.87 6.17-6.38 0.05 0.09
2.88-3.08 4.42 4.21 6.38-6.58 0.05 0.10
3.08-3.29 5.12 5.21 6.58-6.79 0.05 0.12
3.29-3.50 7.03 7.62 > 6.79 0.19 0.43
Number of fibres counted = 4641
CHAR Arithmetic Weighted
% (mm) (mm)
10 1.45 2.27
25 2.35 3.04
50 3.38 3.74
75 4.03 4.29
90 4.54 4.75
Avg. 3.17 3.62
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A.3 Apparent Density of Fibres

Wood pulp fibres are hydrophillic and retain the imbibed water in the fibre wall,
lumen and microfibrills. Therefore, pulp ﬁbres) must be dealt with as entities having
an apparent mass and volume. The quantity of imbibed water is a function of
fibre morphology and chemical or physical treatment to which fibre is exposed.
Soszynski (S6) has adequately addressed the apparent density (p,) of wood wpulp

fibres in aqueous suspension. p, can be calculated by using the following equation:

_ Pwater (1 + WRRk)
Pe = Tpmm WRRE

Pwall

(A.4)

W RRk is the water retention ratio at knee which is the best possible estimate
of the ratio of the mass of imbibed water to the mass of dry, solid, fibre mate-
rial. The knee in the water retention curve refers to the point of inflection when
one mechanism of water removal changes to another within a range of centrifugal

acceleration.

The apparent density of the fibres used in this study is given in Table A.7.
The typical values for water retention ratio or the water absorbed by the fibres

was taken from the published information. The density of water was taken as

998 kg/m3 at 20°C.
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Table A.6: Stiffness of Wood Pulp Fibres and Model Fibres.

Fibre Type Fibre Stiffness | Reference
(N-m? x 10'?)

TMP (Primary discharge) 157
TMP (Secondary discharge) 83
Stone groundwood 71 T1
Semibleached kraft 2.7
Sulfite early wood 1.6-2.2
Sulfite late wood spruce 1.6-2.6 56
Sulfate early wood pulps 3.949
Sulfate late wood 3.34.9
Bleached kraft pulp (E. grandis) 5.4 C4
Nylon 15 denier 329 S6
Rayon 70% stretched (dry) 3.2

(wet) 0.13 E2
Shives, mechanical pulp (estimated) 10%-107 G1
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Table A.7: Apparent Density of Pulp and Model Fibres.

Fibre Type Density WRRk Pa
(kg/m?) (kg/kg) (kg/m?)

Wood pulp fibres 1500 2* 1123
(S7) (S6)

Nylon 15 denier 1140 0.074 1130
(B10, H8, S6) (S6)

Rayon 4.5 denier 1510 1= 1202
(C10) (C10)

Kraft (R12 fraction) 1500 2 1123*

| Western Red Cedar

*

* %

typical value for softwoods

water imbibition given as 100%
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Appendix B

B.1 Relationship Between Various Fibre Concen-
trations

In this thesis, the concentrations of dilute fibre suspensions are expressed, for
low concentrations, as number of fibres/volume, and at higher concentration as
mass/volume (g/1). It is sometimes necessary to convert the concentration from
one system of units to the other and vice versa for comparing results. The following

equations can be used for this purpose:

The volumetric concentration is defined as

v
C, = —_t (B.1)
Vf + Vyy + Uy
where:
C, - fractional volumetric concentration in fraction
vy — volume of solid particle (fibre, moisture free)
vy — volume of the suspending liquid (water)
Vys — volume of the water retained by the fibre

at saturation

Vs can be expressed by using the Water Retention Ratio at knee (W RRk)

which is defined as

WRRE = 2L (g6) (B.2)
prvs
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where:

pw — water density
ps — fibre density (moisture free)

Substituting Equation (B.2) into Equation (B.1), yields the folloWing expression

1
1+ 2L(WRRk) + 3=

Considering the fibre as a cylinder of length, L, and diameter, d, the volume of n

C,

(B.3)
fibres 1s

= %dan (B.4)
All factors in Equation (B.3) are known. Thus, C, can be calculated and related

to the number of fibres/volume.

The mass concentration C,, is defined as

my

Cn = (B.5)
my 4+ My + My,
where:
mjy; — mass of fibre (moisture free)
m,s; — mass of the water absorbed by fibre at saturation
m, — mass of suspending liquid (water)
Thus,

C,, = 1Py (B.6)
VPt VuwfPuw + VuwPuw

or, upon substituting Equation (B.2) into Equation (B.6),

1

( :m =
”7 VwpPw
]. + RRk + Yy

(B.7)

As all factors in Equation (B.7) are known, C,, can be calculated and related

to the mass of fibres/volume.
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B.2 Crowding Factor and Critical Concentration

It was suggested by Mason (M6) that fibre-fibre interaction becomes important
when a “Critical Concentration” is exceeded. He defined this condition as one in
which there is less than one fibre in a volume of diameter equal to the length of
a single fibre. The critical volumetric concentration, as a fraction, for cylindﬁcal

particles is given as:

d 2
Coer = 1.5 (f) (B.8)

This concept was extended by Kerekes et al. (K3) to the more general case of
N fibres in the swept volume of a given fibre. N is called the “Crowding Factor”
which represents the number of fibres in the volume swept out by the length of a
single fibre. This indicates the level of interfibre contact and restraint of rotational
motion. N can be calculated from the volumetric concentration of fibres, C,, fibre

length, L, and fibre diameter, d using the following equation:

N= %C,, (%)2 (B.9)

For pulp fibre suspension, it is more conventient to express N as:

_ 0.5pCy, L?

w

N

where C,, is the mass concentration expressed as a fraction, p is the density of
water, and w is the fibre coarseness. A fibre suspension can be termed dilute,
semiconcentrated or concentrated depending on the level of interfibre contact and

thus on the value of N (K4). Table B.1 gives, for comparison, the concentrations
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in different units as well as the corresponding Critical Concentrations and the

Crowding Factors for all of the fibres used in this study.
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Table B.1: Comparison of Various Fibre Concentrations for the Fibres used in this

Study.

Fibre Suspension concentration expressed as

‘Indentification fibres/1 | C, (%) g/l Cnm (%) | Coer ()| N

Nylon 1 mm 10° 0.00014 | 0.001639 | 0.00016 -
104 0.0014 | 0.01639 | 0.00164 -
10° 0.014 0.1639 0.0164 0.283 | 0.05
10° 0.144 1.639 0.164 0.54
107 1.417 16.39 1.611 5.3

Nylon 3 mm 103 0.00047 | 0.00532 | 0.00053 0.02
10* 0.0047 0.0532 0.0053 0.2
10° 0.0465 0.532 0.053 0.027 1.9
10° 0.465 5.32 0.529 19

Rayon 1 mm 10® | 0.000032 | 0.00048 | 0.000048 -
10° 0.0032 | 0.0484 0.0048 0.06
107 0.032 4.841 0.478 0.058 5.9
108 2.966 48.41 4.405 54

Kraft (R12) 10° 0.0002 0.0035 | 0.00035 0.14

Western Red Cedar 10* 0.002 0.035 0.0035 0.014 1.4
10° 0.02 0.35 0.035 14.3
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Appendix C

Fibre Concentration Measurements and
Data Reproducibility

C.1 Measurement of Fibre Concentration

Passage ratio was defined as the concentration of fibres in the aperture flow divided
by the corresponding concentration upstream of the aperture. To determine pas-
sage ratio, accept and reject samples were collected and their concentrations were
measured by one of the following techniques depending on the level of concentration

used.

C.1.1 Manual Counting

In this method, fibres were directly filtered from a known volume of the sample and
then counted manually on the filter paper. The range of concentration over which
this method can be used effectively was found to be about 500 to 4000 fibres per
litre. Lower concentrations gave highly variable results while higher concentrations
made counting difficult. To make counting easy and reliable, the volume of the
samples was varied to be in the above range. For concentrations higher than 4000
fibres per litre, the sample was suitably diluted before counting the fibres. The

manual counting method is tedious, and can only be used efliciently when all fibres
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in the suspension are alike e.g. for synthetic fibres which were precisely cut to give
a very narrow fibre length distribution. The disadvantage of this method is that
it is not possible to differentiate between a short and a long fibre and therefore is

not suitable for fibres having a wide length distribution.

C.1.2 Kajaani FS-100 Fibre Length Analyzer (P5)

This is an optical method based on the ability of fibres to change the direction
of light polarization. The FS-100 operates by drawing a 50-75 ml of a dilute
sample (0.001% mass concentration for pulp fibres) through a glass capillary of
0.2 mm in diameter. There is a light source on one side of the capillary tube
and a light detecting element on the other. The light is focussed and polarized.
When this polarized light meets a fibre passing through the capillary, the direction
of polarization changes. After exiting from the capillary, the light beam meets
another polarization filter. The polarization direction of this filter reacts to the
light that has not encountered fibres and that portion of the original light beam
is absorbed. The unabsorbed light (whose polarization was affected by fibres in
the capillary) pass through a second filter to an array of photodiodes. When the
fibre reaches a certain point in the capillary, its light image covers a portion of
the diodes. The length of a fibre can then be determined from the number of the
diodes covered. It takes about 10 minutes to carry out the analysis and over 3000
fibres are measured. The analyzer assigns the fibres to 24 different length ranges

and provides population and length-weighted distributions.

The advantage of this analyzer is that it counts fibres as well as measures their
lengths. This means that fibres of varying length can be used in a test and changes
in fibre concentration can be measured for a range of fibre lengths. The Kajaani

analyzer is well suited to pulp fibres but care has to be exercised for stiff synthetic
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fibres. Nylon fibres are much stiffer than pulp fibres and tend to plug the capillary
tube at the concentration levels recommended for pulp fibres. For 1 mm long
nylon fibres, a feed concentration of 10,000 to 30,000 fibres/l was found suitable.
At higher concentrations, the sample was diluted to be in the above range. 3 mm
Nylon fibres could not be used due to the frequent problem of capillary blockage.
Rayon fibres are flexible like pulp fibres and there was no problem in using them

at the concentrations recommended for pulp fibres.

C.1.3 Fibre Weighing Method

At higher concentrations, counting the fibres is not feasible. There is a possibility
of introducing error when samples are diluted several times and sub samples are
taken for counting by the FS-100. In the weighing method, a known volume of
fibre suspension was filtered on a filter paper and then dried in an oven which was
maintained at a temperature of 105+ 2°C. The oven dried fibres were weighed on
an analytical balance, and thus the fibre concentration as o.d. weight of fibres in g/1
was obtained. This method was found to be less tedious and more accurate than
counting the fibres, particularly at higher concentrations. Like manual counting,
the disadvantage is that it is not possible to differentiate between a short fibre and
a long one. Thus, it is not possible to determine the passage ratio for a desired fibre
length range when a fibre sample having a wide fibre length distribution is used.
This method was found suitable for concentrations higher than about 0.4 g/l. At
lower concentrations, large accept samples have to be collected in order to achieve
reliable results. For concentrations lower than 0.4 g/l, the sample was suitably

diluted and the concentration measured by using the Kajaani FS-100.
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C.2 Data Reproducibility

The accuracy of a measurement increases with the number of samples taken. For
a small number of samples (less than 30), the t-test is used to estimate the data
accuracy. If Z is the mean value of z based on n number of samples and s, is the

standard deviation, the error of T is given by

E = toz/2,n—1 . Sz/\/f_l (C].)

where (1 — @) is the probability and (n — 1) is the degree of freedom to determine

the t-values. The percentage error (PE) is then given by

PFE =

| by

-100 | (C.2)

Passage ratio was defined as the accept concentration divided by the feed con-

centration. Thus, PE for passage ratio is given as

PFE in passage ratio = \/(PE in accept)’ + (PE in feed)? (C.3)

A 10% PFE in passage ratio means a 7% PE for the accept sample and a 7%
PFE for the feed sample. Preliminary results of fibre counting in the range of 500-
4000 fibres/1 gave a coefficient of variation (CV) in the range of about 4-8%. By
fixing the above values of PE and CV, it is estimated that 3 to 5 samples of accept
and feed flows should be taken for concentration measurement to achieve a 90%
confidence limit. Accordingly, 3 to 5 samples were taken in most of the tests when
passage ratio was determined using concentrations measured by manual or Kajaani
counting. Passage ratios based on the weighing method gave more reliable results,

and therefore, 3 samples were taken in the case of the fibre weighing method.
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Figure C.1: Passage ratio data of 1 and 3 mm nylon fibres showing 95% confidence
interval.

Figure C.1 shows the 95% confidence interval for the passage ratio data of
Figure 5.1. Passage ratio data for 1 mm nylon fibres are based on 4 samples using
the Kajaani FS-100 for fibre counting, and the data for 3 mm nylon fibres are
based on 4 samples using manual counting. Figure C.2 shows the 95% confidence
interval for the passage ratio data of Figure 5.18 based on 3 samples using the fibre

weighing method.
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Figure C.2: Passage ratio data of 1 mm rayon fibres showing 95% confidence in-
terval.
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Appendix D

Single Slot Channel Data

Table D.1: Passage Ratios of 1 mm Nylon Fibres for a Single Slot of Varying Width.
V. =6.5m/s.

C.r = 12,500 fibres/1 || C,,r = 10,000 fibres/l | Cnr = 9, 800 fibres/]
N = 0.006 N =0.005 N = 0.005
W =1mm W = 0.5 mm W = 0.25 mm
V, P V, P V, P
(m/s) (m/s) (m/s)
0.25 0.09 0.50 0.10 1.05 0.02
0.83 0.32 1.52 0.31 2.84 0.22
1.09 0.43 2.0 0.42 3.36 0.28
1.55 0.59 2.8 0.60 4.05 0.39
2.25 0.76 3.9 0.78 4.55 0.45
2.94 0.84 4.88 0.85 4.89 0.48
4.16 0.93 6.06 0.96 6.22 0.73
5.17 0.98 7.7 1.0 7.1 0.82
8.3 1.02

Note: C,r is the feed concentration in number of fibres/l. Passage
ratios are based on Kajaani counts.
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Table D.2: Passage Ratios of 3 mm Nylon Fibres for a Single Slot of Varying Width.
V. = 6.5 m/s; Cyr = 3000 fibres/l (N = 0.06).

W=05mm| W=1mm || W=1.5mm
V. P V, P V, P

(m/s) (m/s) (m/s)

146 | 0.02 || 1.07 [0.04 | 0.53 | 0.02
192 | 0.04 || 2.24 | 0.27 || 0.72 | 0.05
2.75 | 0.08 || 293 | 0.48 || 1.06 { 0.13
3.65 | 0.18 || 4.19 | 0.69 || 1.59 0.3
4.6 0.28 || 5.83 [0.89 | 2.15 | 0.42

5.1 0.48 3.32 | 0.69
6.4 0.80 4.33 | 0.78
7.7 0.95 4.83 | 0.83

Passage ratios are based on manual counts.
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Table D.3: Passage Ratios of 1 mm Nylon Fibres for a 0.5 mm Wide Slot With
Varying Upstream Velocity (V,,). C,r = 12,500 fibres/l; (N = 0.06).

V.=8.5m/s V., =6.5 mm
Vs P V, P
(m/s) (m/5)
0.5 0.1
1.92 0.21 1.52 0.31
2.51 0.33 2 0.42
3.53 0.51 2.8 0.6
4.82 0.71 3.9 0.78
5.92 0.81 4.88 0.86
7.26 0.85 6.06 0.96
7.7 1
8.3 1.02
V., =5 mm V.=35m/s
Vs P Vi P
(m/s) (m/5)
1.20 0.29 0.98 0.28
2.36 0.58 1.31 0.40
3.21 0.77 1.87 0.60
3.89 0.83 2.58 0.78
4.76 0.89 3.12 0.82
5.9 0.95 3.68 0.87
5.31 0.95

Passage ratios are based on Kajaani counts.
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Table D.4: Passage Ratios of 3 mm Nylon Fibres for a 0.5 mm Wide Slot With
Varying Upstream Velocity (V,). C,r = 3000 fibres/l; (N = 0.06).

V.=85m/s || V,=65mm || V, =45 mm

V. | P | V. | P | V., | P
(m/s) (m/s) (m/s)

2.5 0.03 1.46 | 0.02 0.4 0.01
3.5 0.07 1.92 | 0.04 1.2 0.02
4.75 | 0.21 2.75 | 0.08 1.6 0.03
5.38 | 043 | 3.65 | 0.18 |} 2.24 | 0.10
6.2 0.71 || 4.80 | 0.28 }} 2.95 0.2
7.9 0.91 5.1 0.48 | 3.47 | 0.33
6.4 | 0.80 || 4.18 | 0.54
7.7 0.95 5.3 0.8

Vu=32m/s || V,=1.8 mm

(m/s) (m/s)

0.96 | 0.02 1 0.06
1.4 0.04 1.9 0.26
1.8 0.09 2.3 0.39
2.18 | 0.17 2.8 0.77
2.93 | 0.48 4 0.87
4.66 | 0.79
5.2 0.87

Passage ratios are based on manual counts.
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Table D.5: Passage Ratios of 1 mm Rayon Fibres and 3.6 mm Western Red Cedar
Kraft Pulp (R12 fraction). V, = 6.5 m/s; W = 0.5 mm.

Rayon:Fibres Kraft (R12 fraction)
C,r = 25,000 fibres/1 C.r = 3,500 fibres/|
N =0.015 N =049
1/3 P* ‘/s P**
(m/s) (m/s)
0.51 0.16 0.50 0.04
1.53 : 0.43 1.45 - 012
2 0.52 1.92 - 0.17
2.8 0.65 2.56 0.28
3.85 0.81 3.44 0.44
4.3 0.86 4.25 0.57
5.81 0.97 5.45 0.74
7.95 1.04 6.52 0.89

Passage ratios based on Kajaani counts.
Passage ratios based on manual counts.

*ok
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Table D.6: Passage Ratios of 1 mm Nylon Fibres at Different Levels of Feed Con-
centration (Cpp). V,, = 6.5 m/s; W = 0.5 mm.

CbF = 0.016 g/l CbF = 0.08 g/l CbF = (.98 g/l
N =0.005 N =0.03 N =0.32
Vs P* Vs P* ‘/s P**

(m/s) (m/s) | (m/s)
0.5 0.1 0.5 0.1 0.5 0.1
1.52 0.31 1.5 0.28 1.48 0.26
2 0.42 1.98 0.38 1.93 0.36

2.8 0.60 2.78 0.56 2.04 0.46
3.9 0.78 3.84 0.72 2.13 0.48
4.88 0.86 4.68 0.80 2.22 0.48
6.06 0.96 5.64 0.91 2.42 0.50
7.7 1.0 8.13 1.0 6.29 0.91
8.3 1.02 ’ 7.34 0.95

N =0.74 N =170 N =31
Vs P** ‘/s P** Vs P**
(m/s) (m/s) (m/s)

0.50 0.1 1.64 0.34 1.55 0.32
1.47 0.25 2.01 0.44 1.86 0.39
1.62 0.34 3.2 0.67 2.29 0.45
1.86 0.40 4.35 0.84 3.05 0.58
2 0.41 5.76 0.97 3.84 0.70
3.26 0.61
7.08 0.97 7.67 1.01 5.60 | 0.93

- Passage ratios based on Kajaani counts.
Passage ratios based on weighing method.

*k
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Table D.7: Passage Ratios of 1 mm Nylon Fibres with Increased Feed Concentration
(Cvr). V, =6.5m/s; W = 0.5 mm.

Cvr Qsw =0.912 1/min | Qsw = 1.7 1/min | Qsw = 3.65 1/min
(g/) | N Qs P Qs P Qs P
(1/min) (1/min) (1/min)

0.016 | 0.005 | 0.912 0.31 1.68 0.60 3.64 0.95 -
0.10 | 0.03 | 0.906 0.26 — — — —
0.48 | 0.16 | 0.888 0.25 1.56 0.53 3.44 0.94
0.83 | 0.27 | 0.888 0.23 1.41 0.50 3.41 0.93
1.18 | 0.39 | 0.882 0.22 1.36 0.48 3.34 0.93
1.63 | 0.54 | 0.882 0.22 1.27 0.47 3.25 0.93
2.24 | 0.74 | 0.882 0.21 1.22 0.45 3.13 0.92
3.40 | 1.10 | 0.816 0.21 1.22 0.45 2.93 0.90
5.17 | 1.7 | 0.792 0.20 1.21 0.44 2.61 0.86
7.80 | 2.5 | 0.762 0.19 1.14 0.42 2.31 0.78
9.50 | 3.1 0.75 0.19 1.13 0.41 2.18 0.72
11.50 | 3.7 0.72 0.18 1.11 0.40 2.0 0.65
135 | 44 | 0.708 0.18 1.08 0.40 1.83 0.58

Qsw is the volumetric flow rate through an unobstructed slot i.e. at Cyp = 0.
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Table D.8: Passage Ratios of 1 mm Rayon Fibres with Increasing Feed Concentra-
tion (Cyr). Vo, = 6.5 m/s; W = 0.5 mm.

Cvr st =0.912 1/min st =1.7 l/min
(&/)| N Qs P Qs P
(1/min) (1/min)

0.03 | 0.037 | 0.906 0.33 1.61 0.63
0.08 | 0.10 0.90 0.29 1.48 0.54
0.15 | 0.18 0.888 0.30 1.37 0.50
0.32 | 0.40 0.87 0.30 1.18 0.45
0.66 | 0.81 0.858 0.29 1.02 0.43

1.19 | 1.46 | 0.798 0.29 0.810 0.37
1.93 | 2.37 | 0.768 0.28 0.456 0.31
2.75 | 3.38 | 0.534 0.27 0.354 0.24
3.51 | 4.3 0.294 0.24 0.186 0.18

4.1 5.0 0.24 0.21 0.126 0.12
5.9 7.2 0.234 0.13 0 0
8.0 9.8 0.06 0.01

Qsw 1s the volumetric flow rate through an unobstructed slot i.e. at Cpp = 0.
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Table D.9: Passage Ratios of Nylon and Rayon Fibres for Contoured Slot Cl1.
V. =6.5m/s; W = 0.5 mm.

Nylon 1 mm Nylon 3 mm Rayon 1 mm
Cr = 10,500 fibres/1 || C,r = 3,200 fibres/l || C,.r = 25,500 fibres/]
N = 0.006 N =0.06 N =0.015
Vs P* "/s P ‘/s P*
(m/s) (m/s) (m/s)
0.52 0.39 — — 0.53 0.44
1.62 0.54 1.55 0.03 1.64 0.60
2.22 0.61 2.05 0.05 2.14 0.70
3.20 0.72 2.96 0.16 3.12 0.80
4.55 0.80 3.88 0.31 4.24 0.88
5.58 0.88 4.54 0.43 5.10 0.93
6.76 0.94 5.61 0.61 5.87 0.94
7.25 0.96 6.74 0.78 7.47 0.99

Passage ratios based on Kajaani counts.
Passage ratios based on manual counts.

* K
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Table D.10: Passage Ratios of Nylon and Rayon Fibres for Contoured Slot C2.
V., =6.5m/s; W = 0.5 mm.

Nylon 1 mm Nylon 3 mm Rayon 1 mm
C.r = 10,200 fibres/l || C,r = 3,200 fibres/1 || C,.,r = 30,000 fibres/]
N = 0.006 N =0.06 N =0.02
Vs P* Vs P** ‘/s P*
(m/s) | (m/s) (m/s)
0.48 0.22 — — 0.53 0.20
1.51 0.42 1.45 0.01 1.59 0.41
2 0.48 1.89 0.03 2.1 0.46
2.82 0.57 2.77 0.06 2.98 0.55
3.9 0.64 3.73 0.14 4.07 0.62
4.91 0.66 4.75 0.22 5.45 0.68
6.77 0.71 6.26 0.32 7.82 0.80
8.0 0.74 7.48 0.38 9.1 0.84
10.25 0.79 8.7 0.47

Passage ratios based on Kajaani counts.
Passage ratios based on manual counts.

* ¥k
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Table D.11: Passage Ratios of 1 mm Nylon Fibres for Contoured Slots C1 and C2
with Increasing Feed Concentration (Cyr). V, = 6.5 m/s; W = 0.5 mm.

Contoured Slot C1
CbF N QSW = 1.92 l/mln QSW = 4.06 l/min

g/l Qs P Qs P
(1/min) (1/min)

0.016 | 0.005 1.90 0.72 3.52 0.94
0.48 | 0.16 1.88 0.71 3.51 0.94
0.83 | 0.27 1.79 0.7 3.40 0.93
1.18 | 0.39 1.68 0.68 3.40 0.92
1.63 | 0.54 1.61 0.64 3.40 0.93
224 | 0.74 1.52 0.45 3.40 0.92
3.40 | 1.12 0 0 3.40 0.93
5.17 1.7 3.33 0.92
7.80 | 2.56 3.30 0.92
9.5 3.12 3.26 0.92
11.5 | 3.77 3.0 0.88
13.5 | 4.43 2.79 0.83

Contoured Slot C2
Cir N Qsw = 1.72 1/min | Qsw = 4.68 1/min

g/l Qs P Qs P
A (1/min) (1/min)

0.016 | 0.005 1.72 0.58 4.68 0.82
0.48 | 0.16 1.72 0.55 4.68 0.81
0.83 | 0.27 1.72 0.54 4.68 0.81
1.18 | 0.39 1.72 0.53 4.65 0.81
1.63 | 0.54 1.72 0.52 4.60 0.80
2.24 | 0.74 1.72 0.51 4.58 0.79
3.40 | 1.12 1.70 0.51 4.56 0.78
5.17 1.7 1.70 0.49 4.54 0.77
7.80 | 2.56 1.70 0.47 4.50 0.77
9.5 3.12 1.70 0.46 4.48 0.77
11.5 | 3.77 1.70 0.45 4.42 0.76
13.5 | 4.43 1.70 0.44 4.35 0.76

Qsw 1s the volumetric flow rate through an unobstructed slot, i.e. at Cyp = 0.
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Table D.12: Passage Ratios of 3 mm Nylon Fibres for Smooth and Contoured Slots
with Increasing Feed Concentration (Cyr). V,, = 6.5 m/s; W = 0.5 mm.

Feed Passage Ratio

Concentration | N Smooth Slot C1 Slot C2 Slot
(8/1) Qs p Qs P Qs P

(1/min) (1/min) (1/min)

0.016 0.06 3.06 |0.48 342 |0.61 4.68 |0.32
0.06 0.21 128 [0.15) 3.39 |0.59 4.61 |0.32
0.22 0.78 1.01 0.05 3.04 0.49 4.61 0.32
0.33 1.2 0.38 0 0.20 0 4.40 ]0.32
0.52 1.9 4.07 0.32
0.85 3.0 0.18 0
0.92 3.3
1.66 5.9

Table D.13: Passage Ratios of 1 mm Nylon Fibres for Smooth and Contoured Slots
at a Feed Concentration of 9.5 g/1 (N =3.1). V, =6.5 m/s and W = 0.5 mm.

Smooth Slot C1 Slot C2 Slot
VS P VS P VS P

m/s m/s m/s

0.5 0.1 0.51 | 0.37 j 0.48 | 0.2
1.55 | 0.32 1.5 1051 || 1.51 | 0.33
1.86 | 0.39 3 10.69] 1.970.39
229 | 045 | 3.65|0.77 || 2.83 | 0.47
3.056| 0.58 | 428|083 | 3.9 |0.56
3.84 | 0.7 5.15 | 0.89 || 5.07 | 0.64
5.6 | 0.93 | 544092 7.48|0.77
6.52 | 0.94

Passage ratios are based on weighing method.
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Appendix E

Sectional Screen Experimental Data

Table E.1: Passage Ratios of 1 and 3 mm Nylon Fibres in SS with a Screen Plate
Having a Single 0.5 mm Wide Slot. Rotor Tip Speed (V;) = 6.5 m/s.

Nylon 1 mm Nylon 3 mm
C.r = 32,400 fibres/1 || C,r = 3,450 fibres/1
N =0.02 N =0.07
» V, P* Vs P*=
(m/s) (m/s)
0.67 0.18 1.32 0.04
1.33 0.42 1.73 0.08
1.86 0.63 2.0 0.33
2.53 0.84 2.19 0.56
3.0 0.91 2.5 0.70
3.8 - 0.97 2.84 0.84
3.02 0.88

Passage ratio based on Kajaani counts.

** Passage ratio based on manual counts.
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Table E.2: Passage Ratios of 1 and 3 mm Nylon Fibres in SS with a Screen Plate
Having Multiple Slots. (10 slots, 0.5 mm wide). V; = 6.5 m/s.

Nylon 1 mm Nylon 3 mm

Cnr = 33,500 fibres/] || Cnr = 4,200 fibres/1
N =0.02 N =0.08
V. - P* v, P
(m/5) (m/5)

0.3 0.35 0.24 0.03

0.5 0.53 0.5 0.06

0.8 0.71 1.0 0.14

1.3 0.89 1.28 0.21

1.8 1.0 14 0.30

2.53 1.03 1.62 0.62

1.84 0.80

2.28 0.96

2.66 0.99

*

Passage ratio based on Kajaani counts.
Passage ratio based on manual counts.

L2

Table E.3: Passage Ratios of 1 mm Nylon Fibres in the SS with Multiple Slots.
Cnr = 35,000 fibres/l. (N = 0.02).

Vi=356m/s || Vi=55m/s|| V,=8m/s || V; =10.8 m/s
Vs P Vs P Vs P Vs P
(m/s) (m/s) (m/s) (m/s)

0.31 | 0.52 | 0.26 | 0.34 | 0.27 | 0.28 0.3 0.25
0.39 | 0.66 | 046 | 0.57 || 049 |0.44 || 0.56 | 0.38
0.60 | 0.81 || 078 | 0.78 |} 0.90 | 0.72 | 0.82 0.52
094 094 || 1.23 | 097 § 1.72 {095 || 1.45 0.79
168 | 1.01 | 235 | 1.0 2.83 1.04
166 | 099 } 209 | 1.03 || 3.49 |1.05} 3.91 1.06
2.52 | 1.02 | 3.16 | 1.06

Passage ratios are based on Kajaani counts.
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Table E.4: Passage Ratios of 1 mm Nylon Fibres with Increasing Feed Concentra-
tion in SS with Multiple Slots. V; = 3.5 m/s.

Passage Ratio
Cor | N Vs* | 7 Vs® Ve
=0.37m/s | =089 m/s | =127m/s | = 1.54 m/s

0.09 (0.03 0.56 0.93 1.02

0.36 | 0.12 1
0.67 | 0.22 0.4 0.9 0.99

1.62 | 0.54 0.23 0.7 0.32

1.84-10.61 0.27
2.82 10.93 0.14 0.16 0.14

424 | 14 0.12
4.88 | 1.61 0.11 0.12 0.11

6.44 | 2.13 0.1 0.12 0.11

89 |2.94 0.09
9.66 | 3.19 0.08 0.11 0.1
12.86 | 4.25 0.09
16.25 | 5.37 0.07 0.11 0.1
18.79 1 6.2 0.08

* Slot velocity at Cop =0
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Table E.5: Passage Ratios of 1 mm Nylon Fibres with Increasing Feed Concentra-
tion in the SS with Multiple Slots. V;, = 6.5 m/s and 8 m/s.

Vi =6.5m/s Vi=8m/s
Cvr N Passage Ratio
(g/l) I/s * st ‘/s * ‘VS * V; *
=154m/s | =042m/s|=1.06m/s | =154 m/s | =2.53 m/s

0.09 | 0.03 0.42 0.77 0.9 ‘1
0.37 | 0.12 0.89

0.77 | 0.25 0.19 0.43 0.64

14 [0.53 0.14 0.29 0.52

1.6 |0.55 0.76

2.93 10.97 0.1 0.2 0.44

4.06 | 1.34 0.40 :

487 | 1.61 0.06 0.13 0.3 0.57
742 | 2.45 0.06 0.11 0.2 0.3
9.11 3 0.15
10.45 | 3.45 0.04 0.09 0.13 0.18

12.86 | 4.25 0.09

14.59 | 4.82 0.04 0.08 0.09 0.12
18.87 | 6.2 0.09

20.7 | 6.8 0.03 0.07 0.09 0.08
2218 1 7.3 0.03 0.07 0.09 0.08
26.98 | 8.9 0.03 0.07 0.09 0.08
36.04 | 11.9 0.02 0.06 0.07 0.07

* Slot velocity at Cpyp =0
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Table E.6: Passage Ratios of 1 mm Nylon Fibres with Increasing Feed Concentra-
tion in the Sectional Screen with a Screen Plate Having ten 0.5 mm Wide Slots.
Vi =15.2m/s.

Passage Ratio
Cer | N Vs™ V™ Vi Vir
=06m/s|=154m/s | =222m/s | =3.54m/s

0.89 | 0.29 0.15 0.33 0.53

1.8 |0.60 0.11 0.26 0.45

3.35 | 1.11 0.09 0.19 0.40

5.27 | 1.74 0.06 0.15 0.38 0.76
7.97 | 2.63 0.05 0.11 0.34 0.72
10.74 | 3.55 0.04 0.09 0.32 0.7
15.85 | 5.24 0.03 0.07 0.22 0.62
18.25 | 6.0 0.03 0.06 0.19 0.55
24.45| 8.1 0.02 0.05 0.12 0.32
30.61 | 10.1 0.02 0.05 0.06 0.21
37.31 123 0.02 0.04 0.06 0.06

* Slot velocity at Cyp =0
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Table E.7: Passage Ratios of 1 mm Rayon Fibres with Increasing Feed Concentra-
tion in the SS with Multiple Slots. V; = 8 m/s and 15.2 m/s.

Vi=8m/s
Cvr N Passage Ratio
(g/1) V.* =106 m/s | V," = 2.53 m/s
0.35 | 0.65 0.84 1.02
0.76 | 1.42 0.7 0.82
1.34 | 2.50 0.63 0.64
2.10 | 3.91 0.43 0.56
3.90 | 7.27 0.21 0.31
7.47 | 13.9 0.09 0.11
12.05 | 22.5 0.01 0.01
Vi =15.2m/s

Cvr N Passage Ratio
(g/D) | . V,*=154m/s | V,* =3.54 m/s
0.37 | 0.69 0.79 0.99
0.78 | 1.45 0.78 0.96
1.32 | 2.46 0.75 0.86
2.01 | 3.75 0.73 0.83
3.7 6.9 0.66 0.69
7.92 | 14.8 0.45 0.53
12.74 | 23.7 0.13 0.13
16.51 | 30.8 0.07 0.08
20.61 | 384 0.04 0.04

* Slot velocity at Cor =0
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Appendix F

Identification of Stapling Regimes :

F.1 Introduction

It is well known that at fibre concentrations of interest in commercial pulp screen-
ing, stapling and plugging of apertures take place unless means are supplied to
remove fibres from the apertures. Indeed, this may be a problem at low concen-
trations as well, as suggested by the studies carried out in a single slot channel
with steady flows. To gain insight into the nature of fibre accumulation in the
vicinity of a slot, a qualitative study was undertaken to visually observe stapling
at the slot entry, and determine the important parameters that influence it. Aper-
ture plugging may be caused by a number of design and operating parameters. In
this work, slot velocity V, and upstream velocity V, were varied over a wide range
to observe their effect on fibre stapling. A dilute suspension of nylon fibres was
used in the flow loop having a single slot channel, which was described earlier in
Section 4.2. The observed stapling conditions are described in Table F.1. These
visually observed conditions are specific to the type of fibres, feed concentration,
slot geometry and the flow velocities used in this study and may not exactly be

observed for other type of fibres and slot geometry.
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Table F.1: Explanation of Stapling Conditions.

Al. There are less than 10 fibres present in the slot. One end of the fibres
is in the slot and the other end is bent over the fulcrum on the down-
stream edge of the slot. These are termed here as vertical staples.

A2. Same as Al except that more than 10 fibres are present.

B. More than 10 fibres are present and, though they are mainly vertical,
some horizontal staples start appearing. At any given time, a hori-
zontal staple may or may not be present in the slot.

C. More than 10 fibres are present and there is a mix of vertical and
horizontal staples. Some horizontal staples are always present in the
slot and their number increases with increased slot velocity.

D.  The staples present are mainly horizontal. There may be some ver-
tical staples. Unstable clumps start forming, grow up and may plug
the slot completely.

El. Mainly horizontal staples are present. Clumps start forming, slowly
build up and grow to plug the slot. The clumps grow over several
seconds to be about 8 mm wide and 6 mm high. The stapled fibres
are evenly distributed on the up and downstream side of the slot.

E2. Same as E1 except that stapled fibres are mainly on the downstream
side of the slot and are vertical.

X1. Less than 10 staples are present but both horizontal and vertical sta-
ples are appearing. Equivalent to Al in terms of how plugged the slot
1s.

X2. Same as X1 except that staples are mainly horizontal.

Y1. After 10 seconds, the downstream edge of the slot is covered by fibres.
The extent of coverage increases with increased slot velocity. No hor-
izontal staples are present.

Y2. Same as Y1 but horizontal fibres are present as a minority.

Z1. Same as Y1 but it takes less than 10 seconds for the downstream edge
of the slot to be fully covered.

72. Same as Z1 but horizontal fibres are present as a minority.
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F.2 Stapling Conditions Observed With 1 mm
Nylon Fibres

Figure F.1 shows the stapling conditions as a function of V; and V,, for 1 mm nyion
fibres at a feed concentration of 0.08 g/l (N = 0.03). The following trend was
visually observed when moving from a large V, and small V; to a small V,, and a
large V,. Initially, few fibres contact the downstream edge of the slot, stay for a
fraction of a second and then leave. At any given time, some fibres may or may
not be present in the slot. All such fibres have one end in the slot and the other
end pointing upwards out of the slot. The fibre is bent over the downstream edge
of the slot which acts as a fulcrum. Fibres in this situation are termed here as

vertical staples.

At a fixed V,, the number of vertical staples slowly increases with increase
in V,, and also increases the angle which fibres make with the horizontal on the
downstream edge of the slot (see Figure F.3). At some point, horizontal staples
start appearing. In this situation, a fibre lies across the slot from upstream to
downstream and is slightly bowed. At this stage, there is a mix of vertical and
horizontal staples. More and more horizontal staples start appearing and fewer
vertical staples are present until all staples are horizontal. With further increase in
V, and decrease in V,,, clumps start forming in the corners. To start with, clumps
are unstable meaning fibres stick together, stay for some time and then leave the
slot. Finally, a condition is reached when the clumps form and build-up very fast to
cover the entire sléjc and eventually plug it completely. The fibre mass then grows
to few millimetres wide and high. At a very high slot velocity, s.e. V; > V,,, which is
achieved by increasing the pressure on the feed side of the slot and partially closing
the reject valve to maintain V,, the slot can be purged again. In this situation,

only a few staples may be present as most of the horizontal staples pass through
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------- Horizontal staples start appearing
B  Typical industrial operation condition X1
6 X2 X2

Vs (m/s)

Vu (m/s)

Figure F.1: Stapling regimes for 1 mm nylon fibres. W = 0.5 mm; Feed concen-
tration = 0.08 g/1.
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~---=-= Horizontal staples start appearing
: B Typical industrial operation condition ' 22
6 D D (o
S 4 D D
: D D
> 4
E E2 c
> 34
E2 Y2
1
2 - |
E2 Y2
E2 v2 |
1 = Y2 ’f”“'
B f A1
O 1 . 1 14 | 1 ¥
0 2 4 6

Vu (m/ S)

Figure F.2: Stapling regimes for 3 mm nylon fibres. W = 0.5 mm; Feed concen-
tration = 0.04 g/l.

the slot at such high V.

F.3 Stapling Conditions for 3 mm long Nylon Fi-
bres

Figure F.2 shows the stapling conditions as a function of V, and V,, for 3 mm nylon
fibres at a feed concentration of 0.04 g/l (N = 0.12). These fibres did not show
a clear trend as was observed with 1 mm long nylon fibres. In particular, 3 mm
nylon fibres did not staple horizontally as easily as did 1 mm fibres for the reason

given later when the formation of horizontal staples is discussed.
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F.4 Types of Fibre Stapling

Based on the findings of Gooding and Kerekes (G1,G4) described in Section 2.6
and the visual observations in the present study, the following is postulated for the

formation of horizontal and vertical staples.

F.4.1 Vertical stapling

As described in our analysis (Chapter 3), a fibre must enter one tip first in order
to pass through the slot. Once over the slot, the fibre may turn if it is stiff or may
turn and bend if it is flexible. A stiff fibre may not follow the flow streamlines
to go through the slot. Vertical staples are formed when V,, > V,. Due to the
dominance of V,, a stiff fibre may rotate over the slot and flip over. Depending
upon its orientation when reaching the slot and V;/V,, a fibre may penetrate the
slot or be swept away from the slot. If a fibre penetrates, it has one end in the
slot and the other end points upwards out of the slot. The fibre is bent on the
downstream edge of the slot which acts as a fulcrum. The angle that a fibre makes
with the horizontal at the downstream slot wall, increases with increased V,/V,,.
The photographs of Figure F.3 show these vertical staples, and the difference in

the angle fibres make with the downstream edge of the slot.

Based on the above description, we propose the mechanism of vertical staple
formation illustrated in Figure F.4. Vertical stapling is likely to result when a fibre
approaching the slot is either parallel to the wall or has a negative angle as shown
in Figure F.4(a) and (b). If the leading edge of the fibre is much higher than the
trailing edge as in Figure F.4(c), a fibre may not penetrate into the slot. As shown
earlier, such factors as fibre flexibility and the ratio of fibre length to slot width

(L/W) also influence the fibre passage through the slot, but the mode of stapling
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Figure F.3: 3 mm nylon fibres as vertical staples on the downstream edge of a
0.5 mm wide slot. The difference in the angle that fibres make with the downstream
edge is evident.
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is decided mainly by V,/V,,.
F.4.2 Horizontal Stapling

The formation of horizontal staples is illustrated in Figure F5 It is postulated
that a fibre approaches the slot having its leading edge somewhat higher than the
trailing edge. When the leading edge extends over the slot, the fibre tries to rotate.
A stiff fibre can not rotate quickly enough to enter into the slot, and a high V, pulls
the fibre into a horizontal position over the slot. The horizontal staples are held
in place by V, wliile the reject velocity attempts to pull them away. As mentioned
before, horizontal staples only appear when V,/V, is high. Indeed this was the

case for 1 mm nylon fibres where V,/V, was greater than 1 for horizontal staples

to form. Horizontal staples can clearly be seen in the photographs of Figure F.6.

The formation of horizontal staples is likely to be influenced by L/W and fibre
flexibility. It was observed that 1 mm long nylon fibres stapled horizontally much
more easily than 3 mm long nylon fibres. A longer 3 mm nylon fibre at the slot
was observed as illustrated in Figure F.5(b). The force which holds the horizontal
staple in place acts on that portion of the fibre which is over the slot (0.5 mm in
the present case) and is independent of fibre length. A longer fibre protrudes out
of the slot and may be pulled out of the slot by the reject stream. Also, the thin
and flexible fibres like rayon were observed not to staple horizontally under such
conditions. The reason is that a flexible fibre cannot support itself over the slot as

a horizontal staple and thus passes through the slot.

F.5 Summary

In general, fibre accumulation at the slot entry can be described by 3 modes of

stapling: vertical staples, horizontal staples and the mix of vertical and horizontal
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Figure F.4: Illustration of the formation of vertical staples.
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Figure F.5: Illustration of the formation of horizontal staples.
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Figure F.6: 3 mm nylon fibres as horizontal staples over a 0.5 mm wide slot.
VeV
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staples. V,/V, is found to be a key variable in determining the way stapling takes
place. The predominant mode of stapling seems to be one of fibres entering the
slot, coming into contact with the downstream slot wall, and then bending over the
fulcrum created by this wall and the channel wall. With increased V,, the number
of fibres in this position could increase to produce full blockage of the slot. When V;
is increased to a high level relative to V., fibres could block the slot by lying across
its face. However, this mode of stapling is of little concern in pressure screens since
the slot and upstream velocity required for such a condition lie outside the normal

operating range of commercial pressure screens.
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