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Abstract

Low Consistency (LC) refining is the primary means of improving the strength and
smoothness of paper by imparting energy to fibres through repeated fibre-bar inter-
actions. The useful part of the energy modifies the morphology of the fibres and the
remaining, no-load power, mainly overcomes the hydraulic, pumping and mechanical
losses in the refiner. This thesis is aimed to explore the no-load power in LC refining
both experimentally and computationally. The contribution of this thesis comes in
three parts.

Firstly, the effect of consistency, operational and plate design parameters on no-
load power was experimentally determined on two pilot scale LC refiners with different
plate diameters. The obtained data were used to provide a statistical model for
prediction of no-load power. To study the effect of diameter and groove depth, the
no-load power consumption of some mills corresponding to their operating conditions,
and the specifications of the relevant refiner discs were collected. Based on this model,
no-load power is described in terms of two main components, hydraulic and pumping
powers, and an empirical equation is proposed.

Secondly, we numerically examined the two-dimensional flow of a Newtonian fluid
in the gap formed between two opposing cavities which represent the cross-sectional
flow in LC refiner. A large number of unsteady simulations were conducted to char-
acterize the effect of gap size on the flow field over the range of velocities. Then, we

examined material transport between the cavities by introducing a passive scalar to
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Abstract

represent the motion of tracer particles. Over the range of parameters studied, we
identify two characteristic flow fields, defined as either steady or unsteady. We also
find that particles are transported to the region near the leading edges of the bars
only under the conditions of unsteady flow.

Thirdly, we extended the numerical study by characterizing the effect of cavity
depth on the flow field over the range of velocities. We find that the aspect ratio
of the cavity dictates three characteristic flow fields based on the number of vortices
formed within cavity and we propose criteria for cavity aspect ratio in terms of the

refiner application.
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In this section, we briefly explain the contents of the papers that have been ac-
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e Rajabi Nasab, N., Olson, J.A., Heymer, J. & Martinez, D.M. (2013) Under-
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the research and assisted with writing the paper.

e Rajabi Nasab, N., Mithrush, T., Olson, J.A. & Martinez, D.M. (2013), Tur-
bulent low between two parallel corrugated walls: The case with motion of one

wall perpendicular to the corrugation cavities, Submitted.

In this publication, we present results of a computational study of the flow

field in the cross section of refiner. Chapter 4 includes the contents of this
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Chapter 1

Introduction

During the mechanical pulping process, multiple stages of high consistency (HC)
refiners are used to convert wood chips into fibres. Pre-washed wood chips are fed into
the HC refiners at a consistency of 20 —40%, and are broken into individual fibres by
the forces imposed by the bars of the opposing rotor and stator surfaces. Consistency
is defined as the ratio of the mass of fibres to the total mass of pulp suspension. The
refining action is continued further by a low consistency (LC) refiner after diluting
the pulp suspension to a consistency of about 3 —4%. A mechanical process where
fibres are treated at consistencies under 6% is defined as low consistency (LC) refining
1, 2].

HC refining is an energy intensive process. About 60% of the total electrical
energy in mechanical pulping process is consumed by the HC refiners [3]. To reduce
energy consumption, mechanical pulp producers are increasingly using energy efficient
LC refining to offset the total energy consumed in the process. However, LC refiners,
unlike HC refiners, have substantial no-load power, that is, the power to mostly
overcome the hydraulic, pumping and mechanical losses in the refiner. At best,
the no-load power is 20% of the total applied power and depending on the refiner
technology, can be as high as 50% for larger refiners [4, 5, 6]. Understanding the
no-load power and how it is consumed during refining is the first step in enhancing
the refining efficiency. Finding ways to decrease the no-load power would allow more

energy to be transferred to the fibres thus increasing net LC refining power.



Chapter 1. Introduction

In this work, a new correlation to estimate the no-load power in the LC refining is
presented. The proposed correlation provides guidelines to evaluate the effect of both
operational and geometrical parameters on the no-load power. In addition, a series of
numerical simulations are presented which obtain detailed insight into the LC refiner
flow field. This methodology helps to better understand the no-load power.

This thesis is presented in 5 chapters. The motivation for this work is given
in chapter 1. Chapter 2 introduces LC refiners, no-load power and flow fields in LC
refiners and more relevant literature in details. Following this, Chapter 3 presents the
experimental methodology that leads to better understand the no-load power in LC
refiner and the affecting parameters. In chapters 4 and 5, the numerical methodology
is explained that results to explore the flow field in the cross section of refiner. The
highlights of this work are summarized in Chapter 6 as well as recommendations for

future research.



Chapter 2

Background

In this thesis, we study the no-load power consumed in low consistency (LC) refiners
in an attempt to minimize it. It is evident that the subject area, although quite
specialized, touches on many related areas and as such, are reviewed in this chapter.
First, we introduce LC refiner in §2.1 and survey the literature on no-load power.
Then, we provide an overview of studies related to the power consumption due to
the flow field between roughened rotor-stator discs in §2.2. The flow field in refiner
is similar to the flow field between two roughened rotating discs, which have been
studied in detail, both experimentally and numerically.

Moreover, there are numerous works that considered the turbulent flow in the
channel formed between two periodic corrugated walls which resembles the cross-
sectional flow field of refiner. To better understand the flow field inside the refiner,

in §2.3, we try to summarise only those that appear to be most relevant.

2.1 Low consistency refiner

LC refiners are mechanical devices employed to modify papermaking fibre morphol-
ogy. They are rotary devices having bar patterns on both the rotor and stator (Figure
2.1). The rotor and stator are either disc or conical in shape and, during refining,
are separated by a gap of about three-ten fibre diameters. Papermaking fibres are

pumped axially through the hub of the stator, flow radially through the grooves of
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Figure 2.1: (a) Illustration of the configuration of a LC disc refiner and schematic of
the grinding surface of an LC disc refiner. One disc is stationary in which a dilute
papermaking fibre suspension is fed into the machine. Patterns are machined on to
the surface of the plate. (b) cross section of the topography
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the discs, and are trapped between bars in the narrow gap between the rotor and
stator. The fibres are “beaten” or “refined” by repeated impacts with the bars. They
then leave the refiner radially and are subjected to further processing. Comprehen-
sive details regarding the action of refiners on the changes in morphology of the
papermaking fibre can be found in the review by Page [7].

This investigation focuses solely on disc refiners. Each disc is specified by a typical
arrangement of bars and grooves with constant sectional and grinding angles. The
main design parameters for disc refiners are inner and outer diameters (D;, D,), bar
width (B), groove width (W), groove depth (7'), sector angle (), and bar angle (¢).
Plate designs are typically characterized by Bar Edge Length (BEL) which is the
total length of bar during a single rotation of the refiner disc and is estimated using
TAPPI standard TIP 0508-05 (1994). Later in 2009, Roux et al. [8] modified the
definition proposed by TAPPI as follows:

(2.1)

3 p3
BEL:(27T)2<RO s >

3(W + B)?
where R, and R; are the outer and inner radii of refiner disc, respectively.
LC refiners have substantial “no-load” power, that is, power to overcome the
hydraulic, pumping and mechanical losses in the refiner. Generally, no-load power
refers to the power used by the refiner for purposes other than changes in fibre
morphology. Some researchers state that no-load power is the energy threshold at
which the papermaking fibre undergoes changes in its morphology. Others define no-
load power as the minimum energy required to rotate the rotor in a pulp suspension
9, 10]. Both definitions are correct, but clarity is needed to understand where each
one plays a role.

To help distinguish these concepts, the schematic power curve of refining is shown
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Refining
Region | No-load
: Region

I

A

Total Applied Power

Gap

Figure 2.2: Schematic graph of power vs. gap size

in Figure 2.2. This figure can be interpreted according to the two different defini-
tions of no-load power. The refining region is defined to be the region where energy
increases rapidly with decreasing gap size. In this area the rapid increase in slope is
caused by changes in fibre morphology. At the lower limit of this region, the point
marked “A” is considered to be the no-load definition as determined by changes in
fibre morphology, and is the starting point of refiner loading. The point of refiner
loading, where the variations in pulp properties are evident, occurs at different gap
sizes depending on pulp type [11]. As gap increases, the curve asymptotically ap-
proaches a constant value. This limit is defined to be the second definition of no-load
power, i.e. the minimum energy required for free disc rotation in pulp suspension.
Based on these different definitions, no-load power can be measured either at the
fully open position or at the smaller gaps with pulp [12, 13] or with water [14]. In
industry, either the total applied power measured for a pulp suspension at a gap of

2.5 mm, which is close to point “A” on the right or the backed-off power is considered
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to be the no-load power. As it is reported, the difference in no-load power obtained
from each of these definitions can be as much as 35% [15].

Many authors have advanced scaling laws to correlate the power consumed to
operating conditions in order to understand the mechanism of refining [16, 17, 18,

19, 5, 20, 21]. In essence, the following form has been proposed:

Power; = Power, + Poweryy, (2.2)

where Power; is the total power consumed, Power, is the net power consumed to
modify the morphology of the fibre, and Poweryy, is the no-load power. Most of

these researchers have separated no-load power into three different contributions:
e Hydraulic losses (Power,"): required energy to rotate the refiner disc in pulp

suspension close to the stationary disc.

e Pumping losses (Powerp): required energy consumed by refiner when pumping

pulp suspension from inlet to outlet of refiner.

e Mechanical losses (Poweryy): loss due to shaft and bearings friction.

Based on this classification, a number of these research groups indicate that
Poweryy, is related primarily to flow rate (), rotational velocity w , and the inner and
outer diameters of the refiner plates, i.e. D; and D,, respectively. In 1967, Banks
[22] proposed the following relationship to express the no-load power consumed by a

disc refiner:

Poweryy, = kiw®D,’ 4+ kow?D,? + Power )y, (2.3)

where k; and ko are empirical constants and Power),; represents the mechanical

losses. The first term in Equation 2.3 represents the power losses due to the turbulent

7
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rotating motion of the disc in the stock and the second term represents the power
losses due to pumping effect. Subsequently, Herbert et al. [5] suggested a similar
formula for no-load power; however, the pumping term has included volumetric flow
rate, Q):

2

Powery = kiw? (DO5 — §Di5) + koQuw?D,?* + Powery (2.4)

The most recently used formula to calculate the no-load power in industry [23] is

as follows, however this empirical formula does not dimensionally sound correct:

w3 (D N\ 2W N\ (T
Poweryy, = 102 <m) (100) (W—i—B) (Z) (2.5)

Other relationships can be found in review given by Ebeling [18]. What is clear

from these proposed formulas and others found in the literature is that there is no
evidence of gap dependency in no-load power, and not all of the important operating
and design parameters are considered.

In a recent work, Batchelor et al. [24] showed the relationship between power and
gap size. According to their study, shown schematically in Figure 2.2, by increasing
the gap size, the applied power decreases and then approaches an asymptotic value at
wide gaps. In their study, they proposed a negative exponential function to predict
the net power and a linear function to estimate the no-load power respect to the gap
size variations. For the smaller gaps, Luukkenen and Mohlin [25, 26, 27] demonstrate
that the power is proportional to 1/G.

These scaling laws however are rather incomplete as factors known to be important
are not considered in these descriptions. Several studies have been undertaken in an
attempt to understand how various parameters affect the operation of refiners and the

amount of energy consumed in the refining process. Dietemann et al. [4] and Rihs [9]
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found that increasing flow rate increases the no-load power slightly. Their work also
introduced rotational speed as the main parameter and showed that no-load power
is proportional to the rotational speed cubed.

Lundin [11] compared both mechanical and chemical pulp with water. Compar-
ison of measured no-load power under similar operating conditions using water and
mechanical pulp, in which the fibers are shorter than in chemical pulp, showed less
than 10% change in the no-load power. Contrary to this, a significant difference was
found between the no-load power of water and chemical pulp with long fibres. The
same result has been reported by Dietemann et al. [4], Rihs [9] and Luukkenen [27].
In mechanical pulping the average length of fibres is shorter compared to chemical
pulps and it is assumed to not influence the fluids turbulent viscosity. For long fibres
pulps there can be an increase in power consumption due to the higher viscosity [28].

The refiner plate outer diameter has a significant effect on no-load power [5, 22].
Studies investigating the effect of groove depth showed that no-load power increased
with deeper bars [29, 30]. In the most recent work, Dietemann et al. [4] postulate
that the no-load power increases with increasing the number of bars and grooves on

the plates.

2.2 Flow field between two rotating discs

In order to understand no-load power in refining, it is instructive to understand the
flow field inside the rotor-stator system. A wide range of studies has been conducted
on turbulent flow confined between both stationary and rotating discs enclosed by a
shroud [31, 32, 33, 34] and Launder et al. [35] published an extensive review on this
complex flow field.

In addition, a comprehensive theoretical and experimental study of the flow inside
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Regime Gap Description Best equation

Regime 1 Small Laminar Flow, merged boundary layer P, = 1G*Re

Regime 2 Large Laminar Flow, separate boundary layer P,* = 1.85G* 10 Re™3
Regime 3 Small Turbulent flow, merged boundary layer P,* = 0.04G* "6 Re™i
Regime 4 Large Turbulent flow, separate boundary layer P," = 0.051G*10 Re™5

Table 2.1: Different flow regimes inside an enclosed smooth rotor-stator

an enclosed rotor-stator system has been carried out by Daily and Nece [36, 37] for
both smooth and rough surfaces. They have classified flow in four different regimes
based on Reynolds number and gap size between two plates. In their study, torque
data have been collected over a range of disc Reynolds numbers (Re = wR,*/v)
from 103 to 107 for different gap sizes. It is worth mentioning that Reynolds number
ranges from 10° to 5 x 107 for most refiners used in industry. Table 2.1 gives a brief
description of all four flow regimes where P,* is the dimensionless power number in
the absence of pumping effects, and G* represents the non-dimensional gap size. For
a given G*, all four regimes may or may not be experienced for the practical range
of Reynolds number, Re.

They also reported a similar experiment for rough discs with relative roughnesses
of % ~ 1000, 2000 and 3200 for three different gap sizes and for 4x10% < Re < 6x10°.
k is the height of the roughness and R, is the outer radius. The similar four flow
regimes were that were originally obtained for smooth discs when roughness was
added. It was reported that roughness had no significant effect on the P,* in the
laminar regimes (1) and (2); while in the turbulent regimes (3) and (4), P,* increased
as roughness increased. The point that the effects of roughness are apparent first has

been approximated by the below expression:

10



Chapter 2. Background

R, 2/5
Rey/P,* = 0.55 x 103<?> (2.6)

Beyond this critical Reynolds number, P,* becomes greater than for corresponding

smooth discs. The zone of fully rough flow starts from:

R, 1/10
Re\/P,* = 0.575 x 10* (?> (2.7)

and the suggested formula to predict P,* at a fully rough flow zone is given by:

1 R 1
=T.6log | — | —4.8G** 2.8
7 = o () 2
Daily et al. [38] looked into the effect of superposed radial outflow on the to-

tal power number (P,) of a rotating disc and proposed the following expression for

turbulent flow 2 x 10 < Re < 107 when outflow is small:

Py = Py* (1 + 13.98 \ursG* %) (2.9)

In this formula, £* is the ratio of the rotational speed of core flow between ro-
tor and stator to the rotational speed of rotor. A, is the empirical turbulent flow
parameter which relates the superposed flow rate to the rotational speed. This pa-
rameter is defined by Owen and Rogers based on a 1/7-power-law assumption for

the turbulent case: Ay = CqRe% where C, = wg 5 is the non-dimensional flow rate

39, 33].

11
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2.3 Turbulent flow between two parallel
corrugated walls

Understanding the flow field in the cross section of LC refiners is difficult. The dif-
ficulty stems from the complexity of the moving boundary. There are a number of
geometries in the literature which mimic aspects of the flow considered in LC refiners
and insight into the industrial case can be gained by considering these first. We cate-
gorize these geometries into four groups which will be summarized below (see Figure
2.3). The major works for category I (see Figure 2.3a) are for pressure-driven Stokes
flow between two stationary corrugated walls [40, 41, 42, 43, 44]. This is a slight
generalization of the unidirectional problem of pressure driven 2D Poiseuille laminar
flow between two flat parallel plane boundaries. This case has received consider-
able attention in the literature because of the potential that corrugated walls have
for increasing the heat and mass transfer efficiencies in various transport processes.
In general, most authors consider the limiting case in which the amplitude of the
corrugations are small in comparison to the spacing of the channel walls, i.e. when
T/G — 0 and estimate the flow field using asymptotic methods. As expected, at
lowest order, the solution approximates that of Poiseuille flow. At higher order, the
solution displays quite complicated behavior in which the flow decelerates where the
channel expands and accelerates where it contracts. An adverse pressure gradient
is evident during deceleration. This may subsequently lead to flow separation and
transition.

In the second category II are pressure-driven turbulent flows over rough walls
(Figure 2.3b). Like category I, we find a substantial amount of literature in this area

related to boundary layer control. This literature begins with an understanding of

12
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(c)
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Figure 2.3: Schematic of the different geometries found in the literature which approx-
imate the case considered. (a) Pressure-driven laminar flow over corrugated walls.
(b) Pressure-driven turbulent flow over one corrugated wall. (c) Lid driven cavity
flow. This case can be either laminar or turbulent. (d) Lid-driven flow over opposing
corrugated walls. This geometry represents the case considered in this work.

the turbulent boundary layer formed over a smooth plate. Nikuradse [45] gives the

following correlation for the velocity near the wall
+_ 1 +
u"=—Iny" + B, (2.10)
K

where u" is the dimensionless velocity defined by uy/p/7, ; y* is the dimensionless
distance normal to the wall defined by y+/7,/pv?; k is the Von Karman constant;

B, is a empirically-determined constant; and p and v are the density and kinematic

13
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viscosity of the fluid. Zanoun et al. [46] and Jimenez [47] have summarized the
literature and shown that x and B, vary in the range of [k, B,] € [0.38,0.45]x[3.5,6.1].
With roughness elements Nikuradse [45] has shown that the velocity field near the

wall is given by an equation of the form
1
vt =—Iny" + B, — AB,(k}) (2.11)
K

where kI is a roughness Reynolds number defined by k; \/W The roughness
function, AB,, depends on type of roughness such as sand, sand mixture, threads,
spheres etc. Examples of the form of AB, are given by Mokamati et al. [48].

A number of authors have examined the local flow field within the roughness
elements either by direct flow visualization or through computation [49, 50, 51, 52,
53, 54]. With flow over square-ribbed roughness elements, [55] phenomenologically
characterized two distinct flow fields, i.e. d— or k— type. This is illustrated in Figure
2.4. Simpson [56] advances that the the transition from d—type to k—type occurs
when the aspect ratio of the cavity is T/W = 0.25 and later, this value reported by
other researchers [47, 57, 58]. With d—type roughness, T/W > 0.25, the cavity is
occupied primarily by a single vortex, with two minor vortices found in the lower
corners. This flow is usually considered to be steady. With k—type roughness, i.e.
T/W < 0.25, the central vortex is absent and there is penetration of the streamlines
from the outer flow into the cavity. In contrast to d—type, this flow displays some
time dependent behavior as Keshmiri et al. [59] indicate the potential for vortex
shedding.

In the third category III are driven cavity flows (Figure 2.3¢). Driven cavity flows,
by definition, are bounded internal flows resulting from the motion of a boundary.

Most studies have been performed on rectangular cavities with the upper boundary

14
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Figure 2.4: Schematic of the phenomenological flow fields found over ribbed roughness
elements: (a) d-type flow; (b) k-type flow.

translating at a constant velocity [60, 61, 62]. The case where G = 0 represents an
important flow that has been a benchmark for fundamental fluid mechanics studies in
all aspects of experimental, theoretical and numerical work. The flow contained in this
geometry is similar to that described for the d-type classification in category II flows:
an internal bounded vortex exists with corner vortices in the lower corners. It has
been shown by Pan and Acrivos [62] and Hellou and Coutanceau [63] that for Stokes
flow as the ratio T'/WW increases above unity a transition occurs where the corner
vortices grow progressively larger and coalesce into a second primary vortex. Further
increasing 7'/W, this process continues and it has been proven mathematically by
Moffat [64] that an infinitely deep cavity would have an infinite number of equally
spaced vortices. Exploring higher Reynolds numbers lid-driven cavity flow has been
observed to become quasi-periodic above Reynolds number of 7400 and chaotic above

Reynolds number of approximately 11000 [65, 66]. A comprehensive review of fluid
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mechanics in the driven cavity is provided by Shankar and Deshpande [67].

The case where G > 0 is of interest, because it represents a geometry similar
to that found in a LC refiner. Wittberg et al. [68] and Khohkar [69] simulated a
three-dimensional cavity with an imposed pressure gradient along the cavity axis.
The formation of multiple primary vortices under T'/W ratio of 1.5 was observed,
as in the case of G = 0 above. Note that these works lack any description of time-
dependency in cases where Reynolds exceeds the onset of periodic/chaotic behavior.

In recent years, the flow field in periodically temporal lid-driven cavity has been
extensively examined for both laminar and turbulent flows [70, 71, 72| where the flow
in the cavity is driven by a flat lid with oscillatory motion, e.g. sinusoidal motion.
Although this oscillatory motion causes the periodic time-dependent behaviours in
the flow field, it can not describe the time-dependent flow field in the refiner cross
section. In the refiner, motion of a spatially periodic boundary leads to the temporal
variation in the flow.

There are only a limited number of studies in category IV (see Figure 2.3d)
and these have been found within the Pulp & Paper literature. These studies have
focussed on high-speed photography and describe the flow field qualitatively [68, 73,
74, 75]. For very dilute suspensions, Fox et al. [76, 77] reported that the suspension
flows inward in the stationary and outward in the moving cavities (see Figure 2.5).
Minor recirculation currents, called secondary and tertiary flows, have also been
observed. Note that all descriptions of the refiner flow field mentioned above lack any
description of time dependency. Clearly this flow geometry resembles driven cavity
flow where the shear imposed on the top of each cavity acts impulsively, i.e. it is not
a uniform driving force. Nissan [74] is one of a few researchers who has mentioned

that chaotic behavior inside the refiner arises in a time-dependent driven cavity flow.
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@/ Qi? @@ \

Tertiary Flow Secondary Flow Primary Flow

Figure 2.5: Schematic of the flow in the cavities of a refiner plate. "+” and "®”
represent opposing flow fields in z-direction.

In the most recent work, Kondora and Asendrych [78] numerically simulated and
investigated the effect of pulp consistency for the three-dimensional unsteady flow
in LC refiner. Their results demonstrated the general flow pattern reported by Fox

[76, 77] and most importantly, identified the inward flow in the stator grooves.

2.4 Effect of groove depth in refining

Based on the literature [79, 30, 22|, Groove depth is expected to be high enough
to let the proper amount of pulp suspension pumped in the refiner and low enough
to refine the large amount of fibres. Excessive groove depth results in more fibres
passing through the refiner untreated; while decreased groove depth brings the fibers
to the bar edges and promoting refining action, but restricting flow rate and reducing
hydraulic capacity.

On the other hand, it was found that hydrodynamic losses in refiner increases
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with the deeper bars [29, 30]. In 1976, Siewert and Selder [80] reported a linear
relationship between groove depth and no-load power. Antku and Ludwig [79] found

that reducing a groove depth from 6 mm to 3 mm alters no-load power about 40%.

2.5 Summary of literature

Although pervious researchers have made huge number of advances, as listed above,
there are some limitations and unanswered questions that we are willing to focus on

them in this thesis:

e The present descriptions of refiners by scaling laws are by no means a compre-
hensive measure of the no-load power consumed during operating. They reflect
the fact that energy is consumed and is related to factors such as diameter and
rotational speed, but other factors known to be important are not considered

in these descriptions.

e The flow patterns within the refiner are complex and have yet to be understood.
In general, flow is observed to occur radially outward in the grooves of the rotor
and inward in the grooves of the stator. Secondary and tertiary flows have
been reported. Neither the effect of gap size nor groove dimension have been

considered in this analysis.

2.6 Objectives of the thesis

The overall goal of this study is to minimize the no-load power consumption during
the pulping process in low consistency refining. As a result, the specific objectives of

this study include the following:
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e To develop a correlation to estimate the no-load power by determining the
effect of pulp suspension rheology, plate design and refiner operating conditions

individually.

e To extend our understanding of time-dependent flow field in L.C refining, specif-

ically, for various gap sizes and groove aspect ratios.

2.7 Approaches of the thesis

Given these objectives, our research approaches are focused on targeting each one of

these objectives separately:

e Chapter 3. A series of experimental studies is conducted to measure the no-load
power for a number of laboratory and industrial LC refiners. We measure the
power consumed as a function of gap size, flow rate, and rotational speed for
both water and mechanical pulp with different consistencies. A dimensional

analysis is performed on this data set to develop a scaling law.

o Chapter 4: A deeper understanding of the no-load power is studied computa-
tionally in this chapter. Simulation of this problem is particulary difficult as it
involves the time-dependent, three-dimensional flow of a multiphase suspension
in a swirling turbulent flow. Due to this complexity, the geometry is reduced to
a simpler geometry, i.e. two-dimensional flow field in the cross section of a L.C
refiner. A large number of unsteady simulations are conducted over the range

of velocities and gap sizes considering water as the fluid inside the refiner.

e Chapter 5: The two-dimensional numerical study is extended to investigate the
effect of groove aspect ratio for a wide range of velocities. All results in this

study are obtained from the steady-state simulations.
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Experimental Measurement of the

No-load Power in LC Refining

In this chapter, we experimentally measure the effect of most of the affecting param-
eters on no-load power in LC refiners and ultimately, we aim to develop a correlation
for no-load power. Despite the literature contains a large number of experimental
and theoretical studies of the no-load power in LC refining and also different correla-
tions have been proposed, but there is no comprehensive experimental investigation
of the effect of all significant parameters and the suggested formulas just cover a few
of these parameters.

The chapter proceeds as follows. Below in §3.1 we introduce the experimental
setup for the laboratory refiners. Then, in §3.2 we qualitatively introduces the main
results for the effect of gap size, rotational speed, flow rate, rotational speed, pulp
suspension consistency and bar and groove widths on the pilot scale refiners. In §3.3,
we propose a new correlation for our laboratory refiners based upon our findings of
the previous section and then, by collecting data of inner and outer diameters and
groove depth for various mill refiners, we will be able to extend our correlation to

industrial scales. Finally, the chapter ends with conclusion in §3.4.
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Tank 1 Tank 2

N

Refiner

Figure 3.1: Hlustration of the LC refiner loop used for all trials

3.1 Experimental setup

In this work, we used a series of refiner plates with constant inner and outer diameters
(D;, D,) and constant groove depth (7') to experimentally understand the effect of
some parameters on no-load power. Experiments were performed in two flow loops
with two different refiners varying in size; a 12”(0.305m) Sprout-Waldron single disc
as well as a 16”(0.406 m) Aikawa single disc refiner. Both flow loops consist of two
large tanks, a centrifugal pump, and a single disc LC refiner (Figure 3.1). Fluid is

pumped from the first tank to the refiner; then passes through the center of sta-
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D, D, B W T Angle BEL

(in) (in) (mm) (mm) (mm) []  (km/rev)
Plate I 16 875 1.0 24 48 15 5.59
Plate2 16 875 1.6 32 48 15 2.74
Plate 3 16 875 3.2 48 48 15 0.99
Plate 4 16 875 2.0 3.6 48 15 2.01
Plate 5 16 875 1.0 1.6 48 15 10.1
Plate 6 16 875 1.0 13 48 15 12.9
Plate 7 12 65 32 48 32 15 0.417
Plate 8 12 65 1.6 32 32 15 1.159
Plate 9 12 65 1.0 28 32 15 1.85

Table 3.1: Specifications of all nine lab refiner plates

tor, is forced outward from refiner and then returns back to the second tank. The
outer diameter of refiner disc in one loop is 12”(0.305m) and in the other loop is
16”(0.406 m). The experiments were carried out in six pairs of rotor and stator discs
with different bar and groove widths and constant groove depth of 4.8 mm for the
16” diameter refiner and three different pairs of rotor and stator discs with different
bar and groove widths and identical groove depth of 3.2 mm for 12" diameter refiner.
Table 3.1 includes the geometrical characteristics of each pair of the discs.

Each refiner loop is instrumented such that for a given gap size, rotational speed,
flow rate, and the total power can be recorded using LABVIEW software. A large
number of trials were conducted to measure no-load power as a function of these
variables for both water and low consistency pulp suspension as the circulating flu-
ids. The pulp used was a Chemi-Thermo-Mechanical-Pulp (CTMP) which is being
produced by a combination of the mechanical and chemical processes [81, 82].

For experiments conducted with plates 7—9, the rotational speed was varied from
400 to 1200 rpm while the gap size was changed from 0.2 to 5mm. Measurements

were obtained with both water and pulp for 300,600 and 900 ipm flow rates for all
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12" plates 16" plates-Water 16" plates-Pulp

9.4 x 10° < Re < 2.8 x 10° 1.6 x 10° < Re < 6.3 x 10° 1.6 x 10% < Re < 6.3 x 10°
0.0013 < G* < 0.035 0.005 < G* < 0.045 0.0001 < G* < 0.045
0.011 < ¢, <0.1 0.007 < C, < 0.075 0.007 < C, < 0.075

Table 3.2: Range of operating variables for the experimental setup

12" plates. Likewise, for the plates 1 — 6, the rotational speed was varied from 400 to
1500 rpm while the gap size changes from 0.5 mm to maximum possible size of 9mm
for water and from very small gap, i.e. 0.02mm to 9mm for pulp experiments. The
range of flow rate changes from 600 to 1500 [pm for all 16” plates. A summary of the
range of the non-dimensional variables for two series of plates is shown in Table 3.2.

Some experiments were repeated 3 — 4 times which yields error for all these cases
of less than 6%. One source of error in these measurements was the variation of
temperature for each case since the water/suspension re-circulated a closed loop nu-
merous times. It was difficult to keep a constant fluid temperature for each trial.
Temperature in the 12” refiner loop had been varying between 25°C' to 40°C' for wa-
ter and 55°C' to 65°C for pulp suspension. Likewise, fluid temperature in the 16”
refiner loop had been changing between 30°C' to 45°C for water and 55°C' to 65°C
for pulp suspension.

Figure 3.2 compares both the mechanical loss and the total no-load power for
the 16” disc refiner. Total no-load power has measured for water at () = 1000 lpm
and G = 9mm. Shaft and bearing losses (i.e. mechanical power) are measured by
rotating refiner disc in the absence of water at various rotational speeds. This power
is mainly the function of rotor speed and increases slowly as the motor speed grows
up. Furthermore, as shown in this figure, plate design and gap size between rotor
and stator have no effect on the measured mechanical losses. In comparison with

the total no-load power, the ratio of the mechanical loss to the total no-load power
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Figure 3.2: Comparison of mechanical loss respect to the total no-load power for two
16” plates (@ = 1000 lpm and G = 9mm)
decreases as the motor speed goes up.

Since the aim of the study is to gain knowledge about the hydraulic/pumping
losses, the mechanical power consumption has been deducted from all reported powers
from here on. The experimental results obtained for the 16” plates were collected
in two steps; for the first step, the hydraulic power (Power,*) due to the rotation
of the rotor in fluid was measured and then at the next step, the total no-load
power (Power,) which covers both hydraulic and pumping powers, was measured.
To measure the hydraulic power, the valve was closed, no flow was allowed to pump
through the refiner and water was confined between rotor and stator. It should be
warned that closing the valve while under power may result in steam generation
and dangerous pressurization of the refiner casing. The power data was collected by
varying gap size and rotational speed. The total no-load power was measured when
there was flow through the refiner. By collecting data for six 16” plates, the obtained
data is used to provide a statistical model for prediction of no-load power based on

all operational variables, say rotational speed (w), flow rate (@) and gap size (G) and
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also geometrical parameters, bar width (B), and groove width (W). To do this, the
model will be presented in terms of these non-dimensional variables:

p 2
_ Power, Q Re — wR, Neas G (3.1)

= —’ q = —7 pum
pu R, wR,’ v R,

n

This form of formula can be applied to plates with constant R;, R, and T'. Finally,
collected data for both 16” and 12" lab refiners and also a series of mill data reported
in the literature [27] has been used to generalize the correlation to a wide range of

refiner sizes.

3.2 Results

The pulp used in all experiments is a Chemi-Thermo-Mechanical-Pulp (CTMP) con-
sisting of spruce, pine and fir (SPF) tree species. Initial length-weighted average fibre
length of these fibres is about 1.9mm. To study the effect of consistency of pulp on
no-load power, one plate with 16” diameter (Plate 2) and another plate with 12"
diameter (Plate 7) have been chosen and experiments were run for both pulp and
water. For Plate 2, pulps with consistencies of 1.5% and 3.5% have been used and
for Plate 7, the consistency of pulp was chosen to be around 3%. The density of low
consistency pulp suspension is approximated as the density of water.

By comparison of power for both water and mechanical pulp for the 16” plate,
it was initially observed that at wide gaps there is almost no significant difference
between the measured power for water and for pulp suspensions with 1.5% and 3.5%
consistencies. Figure 3.3a and Figure 3.3b show the hydraulic and total no-load
powers, respectively, as a function of rotational speed for these three different fluids

at wide gaps. The total no-load power was collected for constant flow rate of 600 lpm.
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A strong correlation for rotational speed can be seen; while under similar conditions,
almost the same hydraulic and total no-load powers were measured for both pulp
and water. As mentioned in §2.1, the difference of less than 10% in the no-load
power of water and mechanical pulp has been reported previously [4, 9, 11, 27]. The
identical behaviours of these two fluids in the no-load region may also be explained by
the range of temperatures that each of them have been measured at. As mentioned
earlier, experiments of 16” refiner loop with pulp suspension have been performed in
the higher temperature of 55°C' to 65°C'; while the temperature of experiments with
water was ranged between 30°C' to 45°C.

Figure 3.4a and Figure 3.4b shows the comparison of water with 3% pulp for the
12" plate and two different rotational speeds. Based on these figures, the behaviours
of both pulp and water are almost the same at wide gaps and by closing the gap
between rotor and stator, from a specific gap (G;) around 2mm, their trends start
separating.

Likewise, Figure 3.5 reveals trends of power as a function of gap size of Plate 2
with 16” diameter for water, 1.5% and 3.5% pulps. Gap varies from closed distance
to the wide gap of 9mm. By decreasing the gap from 9 mm down to the gap around
2mm, the behaviors of all fluids are similar to each other and there is only about
6 — 7% variation which is in the range of experimental errors. For the gaps smaller
than 2 mm, a sudden separation happens in trends of pulp and water.

Lets introduce the starting point of separation as point of refiner loading, GG;. To
investigate the reason behind the sudden change in the slope of pulp curve, pulp
properties were examined for G < G,. Figure 3.6 to Figure 3.8 display freeness, fibre
length and tensile variations of fibres by gap size, respectively. Results represent data

for the 16” refiner at a constant flow rate of Q = 500 {pm and three different rotational
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Figure 3.3: Comparison between power of water and pulp with two different consis-
tencies for Plate 2: (a) Hydraulic power, (b) Total no-load power when @ = 600 [pm.
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Figure 3.5: Total power vs. gap for Plate 2: () = 500Ipm and w = 1200 rpm

with decreasing gap.

speeds. Figure 3.6 shows the effect of gap size on freeness (standard measure for the
ability for water to drain through the pulp). By decreasing the gap between rotor
and stator, freeness starts dropping for G < 2mm. As it is shown in Figure 3.7, the
length of fibres starts shortening for G < 2mm as well. Figure 3.8 shows that the

increase in tensile strength of the paper has a similar behavior as the other properties

From all three figures above, it appears that at higher rotational speeds the refiner

starts to change properties of fibre at larger gaps, but the point of refiner loading (G})
does not go further than 2mm for all three rotational speeds. It may be concluded

that the value of G} = 2 mm relates to the initial length-weighted average fibre length
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Figure 3.7: Length-weighted (Ly ) average length of fibers at various gap sizes be-
tween rotor and stator for Plate 2 and @) = 500 [pm

of these fibres which is about 1.9 mm. Beyond this point, the behavior of both water
and pulp are identical for G; < G. Figure 3.9a and Figure 3.9b include the graphs of
power respect to the gap for two 16” plates. Each figure shows power for two different
rotational speeds and different flow rates. The trends in each figure are categorized
to two groups; one for 600 rpm and the other for 800 rpm. The trends at each group
represent hydraulic power and also total no-load power obtained for different flow
rates of 600 (pm, 800 lpm and 1000 [pm.

Since the total no-load power shown for different flow rates consists of both hy-
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draulic and pumping powers, it can be seen that for a constant flow rate of 800 [pm
at wide gaps, say 9 mm, about 10% of total no-load power consumption goes to the
pumping power; while for the same flow rate and smaller gaps, say 2 mm, the pump-
ing power covers about 25% of the total no-load power and this value is higher for
smaller gap sizes. From these figures, we see that hydraulic power is dependent on
rotational speed. Pumping power, which is the difference between the total no-load
power and hydraulic power, depends on gap size, rotational speed and flow rate. Hy-
draulic power can be interpreted as the total no-load power when ) = 0lpm and is
independent of gap size; while by increasing the flow rate, the amount of total no-
load power increases slowly. Further, the data suggests that the total no-load power
decreases by increasing the gap.

The hydraulic power and gap for all trials is plotted in Figure 3.10 as non-
dimensional hydraulic power (P,* = 1;";;’—%) and non-dimensional gap size. It should
be noted that error bar on each data point shows the standard deviation of hydraulic
power numbers collected for a wide range of rotational speeds at a specific gap. As
indicated in this figure, P,* does not vary by changing the gap size for all six plates

and trends show straight lines for all gap sizes from small gaps to wide gaps. B,*s
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Figure 3.9: Graphs of total no-load power collected for water vs. gap for two different
rotational speeds and various flow rates for two 16” plates (a) Plate 2 and (b) Plate
5. At no flow case (hydraulic power), the no-load power is independent of gap.
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for all plates are close to each other and the difference between the upper P,* which
allocated to Plate 1 and the lower one for Plate 6 is about 10% and can be explained
by the difference in bar and groove widths. Later, it will be explained how P,* can

be related to the geometry of plates.
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Figure 3.10: Correlation between hydraulic power number and dimensionless gap for
all 16” plates

Figure 3.9 shows that the total no-load power decreases with increasing gap. In
the other word, since experimental data indicates that hydraulic power is independent
of gap size, the only term that can vary by gap is pumping power. Following Nece and
Daily [37], we propose that Powerp G~ which stands in good agreement with our
observations. Figure 3.11 shows the relation between hydraulic power and rotational
speed for all plates at wide gaps, e.g. 8 or 9 mm. It indicates that hydraulic power
depends on w?, which means that P,* is independent of Reynolds Number, Re.

The collected data show a slight dependency of total no-load power number on
Reynolds number which means that pumping power number is dependent on Reynolds

2 or pumping

number. Results indicate that pumping power is proportional to w?
power number is proportional to Re%2. This finding is in good agreement with what

Daily et al. found [38].
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Figure 3.11: Cubic dependency of hydraulic power on rotational speed shown for all
16” plates at G = 9mm

Figure 3.12 shows how no-load power increases by flow rate. This figure represents
power as a function of flow rate for Plate 4 for three rotational speeds at wide gap of
9mm. Power at () = 0lpm represents hydraulic power where there is no evidence of
pumping effect. Graphs show a slight and linear relation between total no-load power
and flow rate. Based on the obtained data, 20% increase in the flow rate makes a 5%
change in no-load power.

As mentioned earlier, there is a difference in the measured P,* of all six plates
that is a function of bar and groove width variations. First, we examine the three
plates with bar width of B = 1 mm. As it is shown in Table 3.3, Plate 1 with the
widest groove width consumes more hydraulic power. Therefore, for the plates with
the identical bar width, the wider the groove width is, the higher energy consumes.

A study to relate the values of P,* to plates geometry is indicated that the dif-

ference between the hydraulic powers of the plates cannot be explained by BEL of

34



Chapter 3. Experimental Measurement of the No-load Power in LC Refining

20
- -A---8
16A ----------- A A
©600 RPM
S 12
5 0 0800 RPM
a-‘) —-_—-—
—————— -0 —10
E ' A 1000 RPM
40_ __________ O— —O — - — ©
0 ! |
0 500 1000 1500 2000

Flowrate (Ipm)

Figure 3.12: Increase in total no-load power as a function of flow rate for Plate 4 at
G =9mm

W(mm) P,
Plate 1 2.4 0.0439
Plate 5 1.6 0.0417
Plate 6 1.3 0.0396

Table 3.3: Comparison of P,* for three plates with B = 1 mm and different groove
widths

plates but by a new parameter:

ol w
- W+B

(3.2)

where ¢ is called "Roughness density”. Figure 3.13 shows how P,* relates to ¢.
Roux et al. [83] define n = % as the total number of bars and grooves that can

potentially exist on refiner disc in radial direction without any angle. Based on this

definition, € generally represents ratio of area of grooves to the total area of refiner

disc. In other words, for the refiner plates with a constant groove depth, ¢ is the

ratio of the total grooves area to the total area of both grooves and bars. Increasing
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Figure 3.13: Correlation between hydraulic power number and ¢ for all 16” lab plates

¢ leads to smaller surface between bars and greater groove volume and consequently
to the more energy dissipation.

In a most recent work, Elahimehr et al. [84] are shown that:

. B 2 0 0.4 1 0.5
AT=114 (W + B) (%) (sin¢) (3:3)

where A* presents the normalized bar crossing area and € and ¢ are sector and

bar angles, respectively. Combining this relation with our new roughness density

parameter, ¢, gives:

A* = M(1—¢)? (3.4)
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where M is a constant value and covers both sector and bar angles which are constant

for all 16” plates.

3.3 Discussion

In the previous sections, the effect of consistency (C'), operating parameters (w, G, Q)
and some geometrical parameters (W, B) on no-load power was qualitatively and
individually studied. By combining the formats of the previous formulas proposed to
predict the no-load power (see Equations 2.3 and 2.4) and the equation proposed by
Daily et al. [38] (see Equation 2.9), we propose a new correlation to quantitatively

relate all six parameters to no-load power:

w
W+ B

Power,, = Ayw® ( ) + KOWQ'QQG_é (3.5)

Applying non-dimensional parameters changes the formula to:

P, = Ae® + KC,Re"2G* "5 (3.6)

where A and K are constant values and depend on inner and outer diameters, and
also bars and grooves geometry. This form of formula is applicable to all plates with
constant R;, R, and T.

The first term represents the hydraulic power number where there is no effect of
pumping power. Hydraulic power is the major part of no-load power consumption.
P,* is independent of Re and G*. Since the only differences between the plates are
bar and groove widths, what makes variation in hydraulic power is roughness density,
€. From Least-Square curve fitting method, o was calculated as o = 0.478 £ 0.005.

The second term is the pumping power and shows the required power to pump
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fluid from inlet to outlet. Based on the findings, it varies linearly by flow rate. On the
other hand, experiments are shown that pumping power number is not independent
of Re and as it is indicated in Figure 3.9, this power is dependent on gap size. The
form of non-dimensional parameters in this correlation is in good agreement with
what suggested by Daily et al. [38].

Figure 3.14 shows the measured power numbers versus the predicted power num-
bers calculated by the proposed correlation of Equation 3.6 for all trials of 16” plates
and as it can be seen, the predicted values are in good agreement with the experi-
mental data. The values of all coefficients corresponding to the correlation for the

16" plates are summarized in Table 3.4.

Plate A Q K R?
All 16" plates 0.0515 & 0.0002 0.478 +0.005 0.011540.001 0.91

Table 3.4: Coefficients of the proposed correlation for all plates with 16” diameters

Based on the literatures, a few studies has been done on the effect of groove depth
on no-load power. The common conclusion of all these literatures is that no-load
power is dependent on the groove depth and decreasing the groove depth restricting
flow rate and reducing hydraulic and pumping capacity [29, 30] and therefore reduces
no-load power consumption. In the more general case of rotor-stator confined by
a stationary housing, some empirical equations have been proposed for the power
consumption as a function of roughness for the turbulent flow between rotor and
stator [37, 85]. Based on these studies, power increases by increasing the roughness for
the fully rough surfaces and this dependency can be described either by logarithmic
or power laws.

On the other hand, analyses of losses due to the rotation of a smooth disc in a

fluid indicate that disc friction is a function of diameter to the 5" power [86, 87]. For
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Figure 3.14: Correlation between predicted and measured no-load powers for all
plates with 16” diameters

the discs with roughness, it is shown that the power does not consume exactly with
the diameter to the 5 power and this value is a little smaller than 5 [85, 37].

Table 3.5 is summarized all data for different sizes of disc refiners collected from
lab and mill refiner machines. Mill data are collected from mechanical pulp and
paper mills. The refiner operational variables were controlled and recorded by the
mills Distributed Control system (DCS).

Figure 3.15 indicates % respect to outer diameter of various disc refiners col-
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Refiners D, BEL w B T w Power,”
(in) (km/rev) (mm) (mm) (mm) (rpm) (kW)
Mill 1 58 486.00 3 1.45 5.2 425 473
Mill 2 55 377 2.6 1.15 4 425 307
Mill 3 42 96.72 3.1 2.05 6.1 509 308
Mill 4 58 368 3.77 237 6.5 400 350
Mill 5 26 15 3.4 3.4 7.45 900 203
Mill 6 52 410 2.4 1 ) 425 420
Mill 7 58 320 2.29 1.52 6.1 425 660
Mill 8 72 414 3.21 1.6 7.35 320 800
Mill 9 24 16 3.2 2 6.4 900 100
Mill 10 34 30 3.175  3.175  6.35 600 159
Plate 1 16 5.59 2.4 1 4.8 1200 30.2
Plate 2 16 2.74 3.2 1.6 4.8 1200 29.3
Plate 3 16 0.99 4.8 3.2 4.8 1200 27.7
Plate 4 16 2.01 3.6 2 4.8 1200 29.2
Plate 5 16 10.1 1.6 1 4.8 1200 28.6
Plate 6 16 12.9 1.3 1 4.8 1200 27.2

Plate 7 12 0.417 4.8 3.2 3.2 1200 11.2
Plate 8 12 1.159 3.2 1.6 3.2 1200 11.7
Plate 9 12 1.85 2.8 1 3.2 1200 12.1

Table 3.5: Plate design and operating conditions of both lab and mill refiners

lected from mill and lab refiner machines. The results presented here stand in good
agreement with what Daily et al. [38] and Poullikkas [85] have found and /% is not
exactly but closely proportional to the outer diameter to the 5" power. Moreover,
as Herbert and Marsh [5] proposed % ~ 0.6 to have the optimum value of refining
power, recently this ratio is considered in almost all the disc refiner designs.

From the observed relationships between different variables affecting on hydraulic
power, correlation is sought for an exponential multiple regression form. A least

square fit curve is applied on all data listed in Table 3.5 and the following values are

obtained:
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Figure 3.15: Correlation between hydraulic power and diameter for the range of lab
and mill plates

T 0.716+£0.050 1974 0.47840.005
P, = (1.14 +0.2) (F) (W+B) (3.7)

or

(3.8)

W 0.4784+0.005
Powern* _ (114 + 02)[)003 (R0)4.284:|:0.050 (T)0.716:|:0.050 ( )

W+ B

Based on these equations, hydraulic power is proportional to R,*?84£090 which
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is in good agreement with the formula proposed by AFT/Finebar’™ [23]. Both

Equation 2.5 and the proposed correlation in Equation 3.8 show that the no-load

w

Wwyp, however, in the former equation, the no-load power

power depends on 7" and

is linearly proportional to these two variables, but in the latter equation, the no-load

%% )0.478:&0.005

: : 0.7160.050
power is proportional to T’ and (W 5

To determine the quality of the proposed correlation, measured hydraulic power
values are plotted with values calculated from the Equation 3.7 in Figure 3.16. The
dash lines in the figure indicate a good correlation between both experimental and
correlated values, R? ~ 0.91.

Although there is a good agreement between the measured and predicted val-
ues, this figure may occlude the dependence of the data on for all three 12” plates.
Hence, in Figure 3.17, we present the hydraulic no-load power, for both predicted
and measured, as a function of € to magnify the disagreement, for instance, for a
close-up window in the range of 0 < Power,* < 20. As expected, Power,”™ increases
by increasing ¢ and both graphs follows the same trend. Deviation of measured data

from the predicted values can be explained by the experimental errors.

3.4 Conclusion

In this chapter, no-load power was experimentally measured for two pilot refiners
with 12” and 16” diameters for a wide range of gap sizes, groove widths, bar widths,
rotational speeds and flow rates with the constant bar angles. The no-load power
is considered to have two main components: hydraulic power and pumping power.
Hydraulic power goes to overcome the hydraulic and viscous losses in the fluid and
the pumping power goes to pumping fluid from the inlet to outlet. Hydraulic power

is the dominant power with respect to the pumping power. The effect of the design
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Figure 3.16: Correlation between predicted and measured hydraulic no-load powers
for all plates including both lab and mill dimensions

and operating variables was experimentally investigated and the following correlation

was proposed:

P, = Ae® + KC,Re"2G* s (3.9)

where A and K are constant. The first term on the right presents the hydraulic
power and the second term presents the pumping power. The effect of refiner diameter

and groove depth on hydraulic power was determined from a series of mill trials and
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a predictive equation was proposed:

(3.10)

W 0.478+0.005
Powern* — (114 + 02)[)&)3 (RO)4.284i0.05 (T)0.716i0.05 <W ~ B>

It should be noted that these correlations should be applied to estimate the no-load
power in LC refiners running with mechanical pulp in the range of our experimental

data and they are not recommended to predict the no-load power in LC refiners
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running with chemical pulp. The ranges of gap sizes and discs diameters for our date
are limited to 1mm to 9mm and 12" to 72", respectively.
Based on the above empirical expressions and the obtained data, it can be con-

cluded that:

e Hydraulic power is the dominant component and accounts for more than 90%

of total no-load power at wide gaps, depending on the flow rate.

e The power consumption of a smooth disc is exactly proportion to R,’; while
for the refiner discs with mounted bars and grooves, the effect of R, decreases
just a little bit (Hydraulic power is not exactly proportion to R,’) and instead,

the effect of groove height (T") will be appear.

e The effect of plate pattern can be described by the non-dimensional parameter,

€ which indicates the plates roughness density.

_ W

~ W+B >

e The no-load power depends on the gap between two discs. This implies that
the net power at a specific gap requires that the no-load power is known at that
gap.

e Almost no difference between the no-load power of water and low consistency

mechanical pulp has been measured.

e The no-load power correlation shows that increase of 20% in T, Q, ¢, w and R,
makes about 13%, 5%, 10%, 50% and 62% change in no-load power. This
result further suggests that rotational speed and outer diameter have the most

significant effects on the no-load power.
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Chapter 4

Time-Dependent Cross-Sectional

Flow Field of LC Refiners

In this work, we consider the turbulent, time-dependent flow in the channel formed
between two periodic corrugated walls (see Figure 4.1). The flow is driven by the
steady translation of the upper wall at a rate U, in the direction perpendicular
to the corrugations, while the lower wall is stationary. The corrugations in this
work are rectangular cavities of depth 1" and width W with a spacing of B between
adjacent cavities. Although this flow occurs in a number of natural and industrial
settings, the motivation of this work stems from a Pulp & Paper application, namely,
an understanding of the flow field in a low consistency (LC) refiner. One of the
open remaining questions in this area is the effect of the time-dependent flow on the
efficiency of operation of these devices when the amplitude of the corrugations are
large in comparison to the channel spacing G.

Therefore, we propose the following simulations to individually evaluate the ef-
fect of gap size on the flow field between the opposing corrugated walls. In §4.1, we
present formally the geometry, the equations of motion and the corresponding dimen-
sionless groups which govern the considered flow field. In this section, we describe
the computational methodology as well as some validation cases to ensure that our
predictions are reasonable. The results from our simulations are presented in §4.2.

Here, we begin the discussion by characterizing the time dependent behavior as a
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Figure 4.1: Schematic of the corrugated geometry considered. Here the upper wall
translates at a constant velocity of U and is separated from the lower plate by a
gap G. The corrugations are considered as repeated patterns of rectangular cavities
of width W = 4.8 mm and depth 7. The cavities are separated by a spacing of
B =32mm

function of gap size. The time dependent behavior is characterized through fluctu-
ations in the drag coefficient in most simulations. In a number of cases, we further
highlight this result through particle tracking using a one-way coupling. The chapter

closes with the conclusion section in §4.3.
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4.1 Computational framework

In this section, we present the numerical method used to solve the equations of
motion for geometry shown in Figure 4.1. When the channel coordinates are scaled
with L = B + W, the fluid velocity by U and time by L/U, the governing equations

in dimensionless form reduce to:

V-u'=0 (4.1)

ou* 1
BT + (u* - V)u VP + Relv u (4.2)

where u* and P* represent the normalized fluid velocity and pressure; and Re; is the

Reynolds number based on L (Re; = UL/v). The channel is bounded in the region

1 T

Ymaz = G (5 + Eft(x,t7 W/L)) TOp Wall (43)
1 T

Ymin = —G <§ + afb(m; W/L)) Bottom Wall (4.4)

where f; are the functions describing the shape of the top and bottom walls. The
no-slip conditions are applied on the upper and lower walls. Periodic conditions are
applied on the left and right faces of the domain (see Figure 4.2).

The equations of motion were solved numerically using a commercially available
CFD package, FLUENT, using a 2"¢ order accurate finite volume method with a
realizable k—e model as the closure equations for turbulence. There is some indication
in the literature that this turbulence model should be adequate for our purposes as
both Mesalhy et al. [88] and Shafiqul et al. [53] have used this for driven cavity flow.

For all cases, the flow domain was discretized using a non-uniform structured mesh
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Figure 4.2: Schematic of the physical domain as well as the computational domain.
The computational domain is limited to one repeating cavity pattern of length L. Pe-
riodic boundary conditions, highlighted by the red dashed lines, on the left and right
sides of the domain are shown. A sliding mesh is used dividing the computational
domain at y = 0

(see Figure 4.2). A sliding mesh was employed to help capture the time dependent
components of the solution [89]. The sliding mesh model is the most accurate method
to model unsteady cases in FLUENT. Here, the domain is divided in two regions that
are treated separately: the moving cavity region and the stationary cavity region.
The sliding interface applies to the edge between two zones and at each time step,
the upper mesh moves and the fluxes at the sliding interfaces are recomputed. By
running the sliding mesh model more computational time is required. The near-
wall mesh spacing was set so that the distance away from the wall of the first node
satisfied the criteria y* < 1. By doing so we were able to resolve the flow field in

the laminar sublayer through an enhanced wall treatment method. To reduce the

computational time, the steady-state solution was used to initialize the computation.
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Figure 4.3: Characterizing the sensitivity of the solution to the mesh size and time
steps. In (a), the mesh density dependency N is shown as a function of Cy using a
time step of At = 2 x 1077s. In (b), the effect of time step is shown for the case
with N = 154800. Here At, = 2 x 1077 s. In both simulations: Re; = 1.6 x 107,
B/L=04,T/L =0.4 and G/L = 0.25.

Here, the SIMPLE [90] methodology was used for the pressure-velocity coupling.
Once initialized, a pressure-implicit operator splitting (PISO) method [89, 90] was
used for the unsteady calculations. Convergence was achieved when the residuals of
all variables were less than 1 x 1077 and periodic behavior was observed in the drag
coefficient.

In chapter 3, we experimentally showed that the measured no-load power for LC
refiner when running with mechanical pulp is almost the same as when it runs with
water. Thus, in this study, we consider water as the fluid between two corrugated
walls with the density of 998.3kg/m? and viscosity of 0.001003kg/m.s.

At this point, we turn our attention to the precision of the numerical estimates
and characterize the dependency of the solution on mesh size and size of the time

step. To do so a series of cases were considered in which we estimate drag coefficient

Cy as a function of the number of grid points (V). Here, drag coefficient covers both
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pressure drag and shear stress drag. As the drag coefficient varies both temporally

and spatially, we report

U (v [t
=Y / / i, t: N)dadt (4.5)
L2 0 0

In Figure 4.3, we consider the sensitivity of the solution to mesh size and show
that Cy diminishes with an increasing number of grid points. With N > 1.5 x 10*, we
consider the solution to be grid independent. In addition to this, it was important
to choose the appropriate time step At = Az/U where Az is the smallest grid size
at the interface of moving and stationary regions in the direction of U. Here we set
the characteristic time of the problem to At. =2 x 1077 s for Re; = 1.6 x 10°.

Using the method outlined by Celik [91], the numerical uncertainty in the fine grid
solution was determined to be £0.18%. We attempt to further evaluate our numerical
setup by comparing the results to experimental data of lid-driven cavity flow collected
by Friesing [92](see Figure 4.4). The cavity in this case is three-dimensional and the
ends are sealed. We compare the effect of varying the aspect ratio of the channel
T /W in terms of the relative increase in the drag coefficient, in comparison to that
over a flat plate, i.e. Cy/Cy — 1, where C} is the drag coefficient for a flat plate. As
shown, the numerical simulations approximate the experimental data reasonably well,
especially when T'/W is large. Larger discrepancies are evident with T/W =~ 0.146.
We attribute the differences due the differences in the geometries simulated: we are
conducting a 2D simulation with a corrugated wall passing over a system of cavities
while Friesing [92] considers lid-driven flow in a long thin cavity.

Finally, with this numerical setup two separate studies were performed. In the
first study we examine the effect of G and investigate the flow field at fixed L and

T. In the second study, we examine the interaction between opposing cavities by
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G/L T/L WJ/L Re,
Series 1 0.0625—1.25 04 06 04—64x10°
Series 2 0.0625 & 1.25 04 0.6 3.2 x 10°

Table 4.1: A summary of the numerical conditions tested. In Series 1, we examined
the effect of Re and the spacing between the plates G/L on the flow field. The
numerical simulations were conducted with B/L = 0.4. In total, 30 simulations

were conducted. In series 2, we employed particle tracking, as a passive scalar, for 2
different gap sizes; G/L = 0.0625 and G/L = 1.25.
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Figure 4.4: A comparison of the numerical solution of two opposing corrugated cav-
ities passing over each other to that of flow in a 3D channel driven by a moving
lid measured by Friesing in 1936. The numerical simulations were conducted with
Re; =4 x 10%, G/L =0.25 and B/L = 0.4.

52



Chapter 4. Time-Dependent Cross-Sectional Flow Field of LC Refiners

introducing a passive scalar into the simulation, at a certain location, and examining
it spread through the domain. A listing of the numerical studies conducted are given

in Table 4.1.

4.2 Results and discussion

We begin the examination of the results and consider the effect of the gap size G on
the flow field. The data that we will consider is given as Series 1 in Table 4.1 and as
shown the aspect ratio of the cavity is held constant. Before we proceed to the main
findings in this series of simulations, it is instructive to examine phenomenologically
the time dependency created by opposing cavities. This is shown in Figure 4.5. The
first observation that can be made from this figure is that the flow field in the cavities
of the lower stationary wall is characterized by one dominant vortex. Seemingly,
there appears to be no vortex on the top wall, but this observation is incorrect as the
presence of the vortex is masked by the translation of the wall. If we examine the
stream function (see Figure 4.6), we do indeed, find that a vortex is present on the top
wall, with the same features of that on the bottom wall. If we continue to examine
the velocity field as a function of non-dimensional time (¢* = Ut/L), we see that at
t* = 0.2, the vortex in the central horizontal plane deflects upwards and extends into
the gap between the opposing cavities. The vortex in the cavity appears to be skewed
to the right. Following this, and in particular at t* = 0.8, a similar feature is apparent
but in this case, the vortex extends into the central portion and is skewed somewhat
to the left. The pressure field (see Figure 4.7) displays this unique behavior when
the vortex is skewed left or right; it can be seen that a continuous connected low
pressure region exists across the opposing cavities. Clearly, time-dependent behavior

is apparent in this case.
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Figure 4.5: Estimates of flow field when Re; = 1.6 x 10°, G/L = 0.0625, T/L = 0.4
and B/L = 0.4. The streamlines are shown superimposed on the norm of the velocity
field. This is traditionally called the "speed” and the color map of the speed is
dimensional with units of m/s. The upper wall is translating from left to right at a
velocity of 20m/s. The time steps have been scaled by the periodic time L/U and
are presented at t* = [0,0.2,0.4,0.6,0.8].
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Figure 4.6: Estimates of the stream function when Re; = 1.6 x 105, G/L = 0.0625,
T/L = 0.4 and B/L = 0.4. The upper wall is translating from left to right at a
velocity of 20m/s. The color map represents the stream function at ¢* = 0.2 and is
given in units of kg/s.

In contrast to this, we present another representative case in which we display
another characteristic flow field (see Figure 4.8). This simulation was conducted
at larger G and what is evident is that the flow field is steady. This is not unex-
pected upon examination of the governing equation. As shown in Equation 4.3, the
term that causes the time-dependency in flow diminishes by increasing the gap and
consequently, low behaves as Couette flow between two parallel plates at wide gaps.

In order to characterize this effect in a more succinct manner, we examine the

drag coefficient. We do so by examining the drag coefficient as a function of time,

Cy(t), defined as
L
0

This is shown in Figure 4.9 where we see that the temporal variations increase with
diminishing gap size and what is evident in this figure is that the variations are
negligible with G/L > 0.75 .

We define the flow field to be at steady-state when the coefficient of variation,
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Figure 4.7: Estimates of the pressure field when Re; = 1.6 x 105, G/L = 0.0625,
T/L = 0.4 and B/L = 0.4. The upper wall is translating from left to right at a
velocity of 20m/s. The color map represents the pressure field and is given in units
of kPa (gage). The time steps have been scaled by the periodic time L/U and are
presented at t* = [0,0.2,0.4,0.6,0.8].

—
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Figure 4.8: Estimates of flow and pressure fields when Re; = 1.6 x 10°, G/L = 1.25,
T/L = 0.4 and B/L = 0.4. The upper wall is translating from left to right at a
velocity of 20m/s. The color map of the velocity field and pressure distribution are
respectively given in units of m/s and kPa (gage). The time steps have been scaled
by the periodic time L/U and are presented at to* = 0.2 and t5* = 0.8.

57



Chapter 4. Time-Dependent Cross-Sectional Flow Field of LC Refiners

0.02
0.01- G/L=0.0625 G/L=0.25 GlL=075 7
Cal(t)
or i
G/L=1.25
-0.01 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

t*

Figure 4.9: Estimates of drag coefficient as a function of time for various G/L. Here
Re; =1.6x10°, T/L =0.4 and B/L = 0.4.

i.e. the standard deviation (o¢,) divided by the mean (Cy), is less than 0.05. A
large number of simulations were conducted in which we attempted to define the
boundary between steady and unsteady flow. Figure 4.10 displays the contours of
Ucidd as a function of both G/L and Re. The white line that divides the graph in two
regions shows the conditions of gap size and the moving cavity velocity where flow is
either steady or unsteady.

Depending on Reynolds number, transition from unsteady flow at small gaps to
steady flow at wide gaps takes place at different values of G/L; i.e. transition for
flow fields with Re of 0.4 x 10° and 6.4 x 10° appears at G/L of 0.67 and 0.75, re-
spectively. In other words, in terms of time-dependent parameter shown in Equation
4.3, (£ fi(z, t;W/L)), the flow is defined as steady when the gap between the plates
is greater than twice the depth of the cavity. Pulsating flow is established when the
gap size diminishes below this limit.

At this point, we would like to examine the behavior of the flow field further
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~Q

Figure 4.10: Estimate of the bound between steady and unsteady behavior. A listing
of the range of the simulations is given as Series 1 in Table 4.1. The boundary
between steady and unsteady is drawn as the white line in the figure and represents
a threshold when the coefficient of variations diminishes below 0.05. The contour in
this plot is coefficient of variation as defined by UCL;
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and address the question ”is fluid exchanged between the rotating and stationary
cavities?”. To do so, we examine the evolution of a passive particle, introduced at
different locations in either steady (large gaps) or unsteady (small gap) cases. In this

one-way coupled simulation, we released particles at three different locations:

e Position 1 - in the channel formed between the two walls
e Position 2 - in the moving cavity on the upper wall

e Position 3 - in the stationary cavity on the lower wall

These positions are highlighted in Figure 4.11. Six simulations are reported and
conditions under which they were performed are given in Table 4.1. We begin the
discussion of these results by defining the order in which we will present the results.
We discuss the results in the order of the position and present percentage of time
the particles remained at a particular elevation —1 < Y* < 1 in the domain where

Y* = see Figures 4.12-4.14). For each figure, Y* represents the normalized

s
T+G/2

vertical positions of particles in one of these zones: moving cavity, stationary cavity
or the area between two cavities. Table 4.2 summarizes the range of Y* for each zone

depends on the gap size. The total calculated time for tracking the location of each

particle is 120L/U.

Location of particles G/L = 0.0625 G/L =125
Moving cavity 00725 <Y* <1 061<Y*<1
Spacing between two cavities —0.0725 < Y* <0.0725 —-0.61 <Y* <0.61
Stationary cavity -1 <Y* < -0.0725 -1 <Y* < -0.61

Table 4.2: Range of Y* for three different regions of moving cavity, stationary cavity
and the spacing between these two cavities

As an example, in Figure 4.12, the particle was released at Position 1 and we see

that under unsteady condition, the tracer particle diffuses over the entire domain. In
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Figure 4.11: A schematic of the positions where the particles are released for the
simulations.

contrast with this, under steady condition, we find that the tracer particles remain
on a steady trajectory and at nearly the same elevation it was released. For the other
two cases simulated we find somewhat similar results. As shown in Figures 4.13a and
4.14a, the particles spread over the entire domain under the unsteady conditions. At
steady state (see Figures 4.13b and 4.14b), the particles remain in the cavity in which

they were released. Here the particles follow the motion of the vortex in the cavity.

4.3 Conclusion

In this chapter, two-dimensional numerical simulations have been performed for a
fully developed turbulent flow in the space between two opposing cavities; one cavity
is moving and the other is stationary. This case resembles the flow field in the
cross section of refiner. Due to complexity of three-dimensional flow in the refiner,

this geometry can give insight into some features of tangential flow field inside the
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Figure 4.12: Histogram of the particle positions released from Position 1 in (a) un-
steady and (b) steady flow fields.
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Figure 4.13: Histogram of the particle positions released from Position 2 in (a) un-
steady and (b) steady flow fields.
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Figure 4.14: Histogram of the particle positions released from Position 3 in (a) un-
steady and (b) steady flow fields.
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cavities of a L.C refiner. Unsteady simulations have been conducted to obtain details
of flow field for different gap sizes and velocities. For the range of parameters studied,
two characteristic flow fields were identified: unsteady and steady flows. Results
demonstrated that the temporal variations which arise from the presence of repeated
corrugations on the opposing walls, diminish with increasing gap size. We defined the
flow field as steady-state when the coefficient of variation, i.e. the standard deviation
(0¢,) divided by the mean drag coefficient (Cy), is less than 0.05. Also, we showed
that the flow field is periodically unsteady when the gap size is small.

The most significant part of this work is found when we consider particle trans-
port between the cavities. We find that particles are transported to the region near
the leading edges of the bars only under the conditions of unsteady flow. Particle
transport is enhanced by the presence of the large pressure gradients formed under

the conditions of unsteady flow which arises by decreasing the gap size.
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Chapter 5

Effect of Cavity Aspect Ratio on

the Cross-Sectional Flow Field

Flow in a refiner is three-dimensional, and as such, is influenced by both radial and
tangential flows. The radial flow accounts for flow in the longitudinal direction of
bars and grooves whereas tangential flow is induced by the rotation of the rotor. The
present chapter serves to extend our understanding of flow field in the tangential
direction of refiners. Hence, we explore the effect of cavity depth and wall velocity on
the flow field. The rest of geometrical parameters are kept constant in this study. In
this chapter, as in chapter 4, two-dimensional simulations are performed of the flow
in the channel formed between two periodic corrugated walls.

In the context of the existing refining literature (see chapter 2) our study is some-
what unique in that we examine the effect of groove depth on the hydrodynamic
drag. These results lead us to extend our understanding of no-load power as many
authors indicate that drag increases with depth. An outline of this chapter is as
follows. Below, in §5.1 we give a brief outline of the the computational domain,
boundary conditions and numerical schemes. We open up §5.2 by introducing the
relevant governing equations, then present the results regarding the effect of cavity
depth on both flow pattern and the drag coefficient and finally the chapter finishes

with concluding remarks in §5.3.
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G/L T/L WJL Re
Series 3 025 05 0.6 04—64x10°

Table 5.1: A summary of the numerical conditions tested. In Series 3, we examined
the effect of Re and aspect ratio T'/W on the flow field. In total 72 simulations were
conducted.

5.1 Computational framework

Having fixed the gap size between two corrugated walls, a series of two-dimensional
simulations are performed using FLUENT. The flow of interest passes through two
opposing corrugated walls (see Figure 4.1). As explained in Chapter 4, a non-uniform
structured grid with sliding mesh method and realizable k — ¢ turbulent model are
used. Numerous simulations are carried out for various depth size with upper wall
velocity of U. Table 5.1 summarizes the specifications of computational domain in
which the variables 7'/L and Re are varied. In total 72 simulations were conducted.

As shown in Figure 4.2, there are two walls confined flow and impose the no-slip
conditions to the flow. The lower wall is stationary and the upper wall moves at a
velocity, U. As a consequence, the grid in the stator remains stationary and the grid
in the rotor moves by the same velocity as the moving wall. Periodic conditions are
applied on the left and right faces of the domain.

With the above-mentioned numerical setup (more details in Chapter 4), a series of
studies were performed to examine the effect of aspect ratio of the cavities (T'/W) for
the steady flow field and categorize the flow using a similar scheme to that outlined

by Perry et al. [55].
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5.2 Results and discussion

In this section, we present the numerical results to show the effect of cavity aspect
ratio by keeping the bar and cavity widths constant; thus the only variable is the
cavity depth. To study the effect of cavity depth on the flow field, it is convenient
to show the dependent variables of the problem by normalizing the Navier-Stokes
equation using the moving cavity velocity (U) and the domain dimensions (L, T).

The Navier-Stokes equation in the x-dimension is given as:

ow | out 9Pt 1 82u*+ L\* 0*w (5.1
Cor Y dy*  Ox*  Re \ 0x*? T) Oy*? '

This normalized form of Navier-Stokes shows that the two affecting parameters

on the flow field are Reynolds number, Re;, and cavity ratio, % Since bar width
is constant, in this section all the results are presented with respect to the more

conventional term of T/W where 0 < % < 5. As described in §2.4, cavities with

% < 0.25 are categorized as k-type cavities. Also, cavities with 0.25 < % are
categorized as d-type cavities where all the laboratory and industrial scale refiners
cavities have the aspect ratios that insert them in this type.

In term of energy consumption, Figure 4.4 depicts drag coefficient as a function
of % for Re = 0.4 x 10°. In the range of d-type cavities, drag coefficient decreases
by increasing the cavity depth, up to T'/WW ~ 0.5 — 1 and then, after this range of
cavity aspect ratio, Cy slightly goes up for higher cavity depths.

On the other hand, in term of flow field, Figure 5.1 depicts the flow pattern inside

three different cavity geometries. Based on the number of vortices inside each cavity,

lets introduce a new classification for cavities:
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e Type I: This type covers all the k-type cavities that have no main vortex.

e Type I1I: This type includes all d-type cavity ratios that have just one primary

vortex.

e Type III: All d-type cavity ratios that have more than one vortex.

Figure 5.1: Flow pattern in three different cavity aspect ratios when Re = 1.6 x 10°.
(a) k-type cavity with no vortex (7//W = 0.146). (b) d-type cavity with one main
vortex (T'/W = 1). (c) d-type cavity with more than one vortices (T'/W = 5).
Based on the refining point of view, cavities are expected to be high enough to
let the proper amount of flow pumped in the refiner and low enough to refine the

large amount of fibres, while having the minimum drag coefficient. Therefore, if the

cavity depth is too high, there may be multiple primary vortices inside the cavity. In
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this case, in spite of increasing the hydraulic capacity, some fibres could be trapped
in the lower vortices. It results in less fibres treated. If the groove depth is too low,
then hydraulic capacity would be low and also it may result in high drag coefficient.

In order to better explain the characteristic of various types of refiner cavities in
terms of drag coefficient, hydraulic capacity and fibers treatment, we would like to
combine our knowledge regarding the energy consumption and flow pattern inside
different cavities. In this regards, the domain of each type is distinguished by the
dashed lines on the drag coefficient contours for different cavity ratios and Reynolds

numbers (Figure 5.2):

Re x 10°

Figure 5.2: Contours of Cy respect to the variations of cavity depth and Reynolds
number.

e Type I covers all the k-type cavities where there is no primary vortex inside

the cavity. By increasing the T/W from 0 up to 0.146 drag coefficient goes up
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and reaches its maximum at 7//W = 0.146. After this point, Cy goes down by
increasing the cavity ratio. Therefore, Type [ is the area that the maximum
drag coefficient coincides with the lowest hydraulic capacity. Industrial refiners
can hardly be categorized in this group. Transition between Type [ and Type 1
takes place at different cavity ratios which directly proportional to the Reynolds

number.

e Type II: This type includes all cavity ratios that have just one primary vor-
tex and relatively has the lowest drag coefficient. Depending on the Reynolds
number, the specific ratio that the number of primary vortices changes from
one to two can be varying between 2.5 to 4. At higher Reynolds numbers the
mainstream flow induces higher shear at the top of the cavity increasing mo-
mentum transfer to the cavity fluid. The primary vortex formed in the cavity
then has elevated angular momentum and is able to sustain its form for larger

aspect ratios at higher Reynolds numbers as depicted in Figure 5.2.

e Type II1: All cavity ratios that have more than one vortex are categorized in
this group. In this area, increasing the cavity ratio makes slight changes in the
drag coefficient while provides higher hydraulic capacity. On the other hand,
fibres may trap in the lower main vortices which makes some fibres leaving

refiner untreated.

As a result, among all types of refiner cavities, Type [ cavities lead to high
energy consumption and low hydraulic capacity and Type I cavities could result
in unsuccessful refining action. So the only desirable category to fulfill the refining

mission with the minimum drag coefficient is suggested as Type I1.
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5.3 Conclusion

We ran two-dimensional simulations of the flow between two moving and stationary
cavities to evaluate the effect of cavity depth on flow field at the cross-section of LC
refiner. All the simulation in this chapter were performed for the steady flow field.
We identified three characteristic flow fields for cavity depth variation based on the
number of vortices formed within the cavity and the drag coefficient.

Type I covers all the k-type cavities where there is no primary vortex inside
the cavity. In this flow field, the maximum drag coefficient coincide with the lowest
hydraulic capacity which make these range of cavity ratios unqualified for the refining
purpose. Type I includes all cavity ratios that have just one primary vortex and
relatively has the lowest drag coefficient in the d-type cavities. Type [ cavities
were suggested for the refining purpose. In this range of cavities, drag coefficient
is minimum while we have more fibers successfully treated. All cavity ratios that
have more than one vortex are categorized in Type I11. Despite Type [11 provides
maximum hydraulic capacity, fibres may trap in the lower main vortices which makes

some fibres leaving refiner untreated.
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Chapter 6

Summary of Thesis and Future

Research Direction

6.1 Summary of contributions

The main contributions of this thesis can be summarized in three categories: New
empirical correlation to estimate no-load power in low consistency refining, the effect
of gap size on the time-dependent flow field in refiner, and the effect of groove depth

on refiner flow field.
1. New empirical correlation to estimate no-load power

The experimental data were collected over a wide range of affecting parameters

on the no-load power consumption in low consistency refiners.

e A new statistical model was provided for prediction of no-load power, de-

scribed in terms of two main components: hydraulic and pumping powers.

e The hydraulic and pumping powers were measured separately and their
contributions on the total no-load power were examined for a wide range

of gap sizes. Hydraulic power was shown to be the dominant component.

e In contrast to general belief, no-load power was shown to depend on the
plate gap. This implies that knowing the net power at a specific gap

requires knowledge of the no-load power at that gap.
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2. Effect of gap size on the time-dependent flow field in refiner

A series of unsteady simulations were carried out to investigate the effect of
gap size on the cross section of refiner flow field and particle trajectories over a

wide range of Reynolds number.

e We identified two characteristic flow fields, defined by either as steady or

unsteady.

e We found that particles are transported to the region near the leading

edges of the bars only under the conditions of unsteady flow.

3. Effect of groove depth on refiner flow field

A series of steady numerical simulations were performed to investigate the effect
of groove depth on the cross section of refiner flow field over a wide range of

Reynolds number.

e We found that the aspect ratio of the cavity dictates the number of vortices
formed within cavity. With W/T — 0, we find a flow field characterized
by multiple vortices with centers aligned on top of each other. As the

aspect ratio increases, the number of vortices diminishes.

6.2 Limitations of the study

Although we have made a number of advances, we must also acknowledge some
limitations of our experimental and computational studies.
Chapter 3. In terms of experimental work, some major limitations should be

listed as:
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e Low consistency pulp suspension behaves much like water [93]. In this regard,
we applied the same rheological properties for low consistency pulp suspension

as water.

e We did not measure the no-load power for very small gaps; i.e. in the order
of pulp diameters. At these gaps, the refiner plates clashed when using water.
When the fluid accelerated, the internal pressure decreases and the plates are
drawn towards another. Usually this is avoided when the gear mechanism for

the gap adjustment is accurate enough to hold the rotor in place.

e To develop the total no-load power correlation, we could not find any relation-
ship between the effect of plates design and the pumping power of each plate.
It is important to mention that the difference between the pumping powers of
the various plates was mostly in the range of experimental error. To calcu-
late the pumping coefficient (K) for all 16” plates, we used all the pumping
powers for different operating conditions and plate designs and then proposed
the correlation only with respect to operating conditions, not the geometrical

parameters.

e Fach mill no-load power value presents one power value at a random wide gap
for the fixed rotational speed and flow rate. This means that we did not have
enough data to distinguish the pumping and hydraulic powers. So based on the
experimental observations, we considered 90% of the total mill no-load powers

as the hydraulic power.

Chapters 4 & 5. In terms of computational study, the main restrictions are as

follows:

e [t is important to recognize that running the two-dimensional models neglects
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some aspects of the flow field in the radial direction as well as the effect of the

stationary case around both refiner discs.

e In these chapters, the effect of fibres was neglected and therefore, a pure water

flow in the tangential direction was simulated.

6.3 Future research directions

The results in this thesis also provide a strong foundation for future work. This section

discusses several lines of research arising from this work which can be pursued.

e To explore the effect of plate design parameters on the no-load power, we have
performed two series of experiments with identical plates but different bar and
groove widths. A systematic experimental study of other geometrical parame-
ters such as grinding and sectional angles and also groove depth is of practical

interest.

e There is a significant disconnect between the experimental study of no-load
power and the numerical analysis. It would be great to extend this work to the
three-dimensional numerical study to obtain more details of the flow field in the
radial direction and its effect on the tangential low. To accomplish this study,
it is better to include the housing around two refiner discs. Numerical approach

provides a faster and cost efficient tool to optimize the LC refiner plate design.

e Water has been considered as the fluid between two cavities in our 2D simula-
tions. The next step would be to extend the simulations to investigate the flow

field in the case of running water with fibres with various lengths.

e In this thesis, we have focused on the investigation of the no-load power concept
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Chapter 6. Summary of Thesis and Future Research Direction

and how the main affecting parameters can change the consumption of this idle
power in low consistency refiners. This opens up interesting area to explore how
controlling these parameters to minimize the no-load power, affects the refining

zone and consequently, the papermaking fibres quality.
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Appendix A

Experimental Details

In chapter 3, we measured the total no-load power in a 16” low consistency refiner
when running with water. As explained, first, we measured the mechanical power,
Powery;, to know the losses due to the shaft and bearings friction. Thus, we ran re-
finer in the absence of water for different gap sizes and rotational speeds and recorded
the values of Powery(G,w).

Plate 1: BEL = 5.59km//rev Plate 3: BEL = 0.99km/rev
Gap(mm) | w(rpm) | Powery (kW) | | Gap(mm) | w(rpm) | Powery (kW)
2.02 205.74 0.37 2.06 403.66 0.26
2.04 496.82 0.41 2.06 504.89 0.43
1.99 097.3 0.58 2.06 605.38 0.58
1.99 798.78 0.93 2.05 796.06 0.97
1.98 1000.54 1.35 2.05 997.78 1.45
1.98 1202.11 1.85 2.05 1098.91 1.67
1.98 1403.85 2.47 2.04 1199.53 1.91
1.99 1504.86 2.81 9.03 404.86 0.30
9.09 498.85 0.49 9.00 505.62 0.46
9.08 599.4 0.66 9.01 595.39 0.65
9.08 800.87 1.05 9.02 998.81 1.53
9.09 1001.25 1.48 9.00 1099.4 1.79
9.09 1194.44 1.97 9.00 1200.44 2.02
9.09 1404.92 2.54 9.03 203.69 0.27
9.09 1505.57 2.85 9.01 304.31 0.28

Table A.1: Values of mechanical power measured for Plate 1 and Plate 3 as shown
in Figure 3.2
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Appendix A. Experimental Details

In the next step, the hydraulic power, Power}, was calculated. So, refiner was run
with water, while no flow was allowed to pump through the refiner and the values of
Poweryy were measured for various gap sizes and rotational speeds. By subtracting
the mechanical power from the total no-load power measured in this step, the values
of Power} were estimated.

Power; (G,w) = Powerynr(G,w,Q = 0) — Powery (G,w) (A.1)
Plate 1: BEL = 5.59km/rev
w(rpm) | Gap(mm) | Poweryr (kW) | Powerk (kW)
400.55 1.01 1.43 1.04
497.03 1.05 2.54 2.02
297.75 1.04 4.10 3.42
799.38 0.99 9.33 8.27
398.08 1.98 1.41 1.03
497.08 1.94 2.54 2.02
600.00 1.92 4.11 3.42
799.37 1.87 9.32 8.26
1000.91 1.98 17.77 16.27
1101.89 1.94 23.07 21.32
400.23 5.05 1.43 1.05
496.59 5.03 2.53 2.01
600.00 5.02 4.12 3.44
800.00 5.02 9.30 8.24
1000.80 4.98 17.48 15.98
1101.35 4.94 22.88 21.12
398.13 8.08 1.41 1.03
497.04 8.08 2.53 2.01
600.00 8.07 4.11 3.43
799.06 8.06 9.21 8.16
1000.60 8.03 17.59 16.09
1101.57 7.99 22.90 21.15
398.06 8.98 1.41 1.03
496.85 8.95 2.53 2.01
600.00 8.95 4.11 3.42
799.20 8.96 9.21 8.15
1000.73 8.93 17.52 16.02
1101.52 8.90 22.75 20.99

Table A.2: Values of hydraulic power measured for Plate 1
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Appendix A. Experimental Details

Plate 2: BEL = 2.74km/rev
w(rpm) | Gap(mm) | Poweryr (kW) | Power} (kW)
1396.63 8.96 38.72 43.71
1203.73 8.89 24.29 26.94
999.48 8.88 14.10 15.25
806.57 8.95 7.72 8.05
602.62 8.99 3.55 3.46
1394.00 8.00 38.50 43.46
1201.00 8.00 24.40 27.08
999.00 7.88 14.20 15.37
798.00 7.95 7.73 8.08
603.40 7.80 3.47 3.36
1396.00 5.00 38.40 43.33
1202.00 5.00 24.60 27.32
1001.00 5.00 14.14 15.29
799.00 5.02 7.76 8.11
602.00 4.80 3.47 3.37
1394.67 0.57 38.00 42.85
1202.19 0.51 24.89 27.67
999.08 0.48 14.09 15.23
797.42 0.49 7.80 8.17
601.83 0.45 3.50 3.40

Table A.3: Values of hydraulic power measured for Plate 2
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Plate 3: BEL = 0.99km/rev
w(rpm) | Gap(mm) | Poweryr (kW) | Power} (kW)
002.88 0.96 2.42 1.90
604.82 0.93 4.00 3.32
799.40 0.86 8.62 7.7
003.77 1.92 241 1.88
607.46 1.94 4.07 3.42
802.00 1.89 8.71 8.04
997.14 1.84 16.01 15.21
1097.81 1.77 21.30 19.55
1198.74 1.74 27.41 25.40
502.98 5.02 241 1.88
605.89 5.01 4.03 3.41
805.64 4.97 8.60 8.08
996.35 4.92 16.14 15.24
1097.08 4.88 21.12 19.38
1198.08 4.90 27.20 25.19
502.59 8.04 2.42 1.90
607.53 8.04 4.04 3.35
805.25 8.02 8.60 8.17
995.99 7.97 16.03 15.04
1096.96 7.94 21.50 19.76
502.34 9.04 2.40 1.87
605.78 9.06 4.00 3.31
794.10 9.03 8.26 7.78
995.77 9.00 16.16 14.77
1096.69 8.97 21.06 19.32

Table A.4: Values of hydraulic power measured for Plate 3
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Plate 4: BEL = 2.01km/rev
w(rpm) | Gap(mm) | Poweryr (kW) | Power} (kW)
096.38 1.02 3.42 3.21
799.87 1.28 7.98 8.10
1003.82 1.15 14.98 15.76
1196.15 1.08 24.61 26.45
1400.04 0.97 37.89 41.29
1502.26 0.97 46.51 50.99
597.24 2.98 3.49 3.29
800.57 2.93 7.93 8.04
1004.62 3.11 15.08 15.88
1197.24 2.63 24.84 26.71
1401.00 2.57 38.47 41.96
1502.86 2.51 46.58 51.06
598.05 4.42 3.50 3.30
801.54 4.34 8.07 8.21
1005.12 4.26 15.24 16.06
1197.66 4.19 25.21 27.15
1401.33 4.13 38.79 42.33
1503.41 4.08 48.10 02.84
600.00 4.86 3.54 3.34
802.05 4.81 8.04 8.16
1005.73 4.76 15.21 16.03
1197.96 4.67 25.20 27.13
1402.11 4.64 38.70 42.23
1503.63 4.59 48.11 52.85
599.17 7.86 3.56 3.36
802.63 7.83 8.04 8.17
1004.00 7.80 15.25 16.07
1198.58 7.75 25.26 27.20
1403.11 7.68 38.84 42.39
1504.30 7.65 48.09 52.82
600.05 8.93 3.58 3.38
803.35 8.88 8.04 8.17
1005.00 8.83 15.21 16.02
1199.56 8.78 25.14 27.05
1403.30 8.72 38.80 42.34
1505.62 8.72 48.09 52.83

Table A.5: Values of hydraulic power measured for Plate 4
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Plate 5: BEL = 10.1km/rev
w(rpm) | Gap(mm) | Poweryr (kW) | Power} (kW)
591.67 8.98 3.77 3.10
680.73 9.07 5.65 4.82
793.05 9.06 8.45 7.41
880.59 9.03 11.57 10.35
984.01 8.99 15.77 14.30
492.96 7.99 241 1.89
091.63 8.03 3.79 3.12
680.66 7.95 2.70 4.87
792.88 7.95 8.52 7.48
880.58 8.01 11.70 10.47
983.82 7.93 15.92 14.46
680.04 7.12 5.74 4.91
792.87 6.95 8.71 7.67
880.37 7.04 11.78 10.56
983.66 7.00 15.77 14.31
492.75 5.93 2.39 1.88
092.08 6.06 3.89 3.22
679.60 5.97 0.74 4.92
792.78 6.01 8.75 7.71
983.24 6.10 15.88 14.42
492.49 5.00 2.38 1.87
591.78 4.99 3.90 3.23
680.25 5.11 5.60 4.78
792.46 5.00 8.62 7.58
881.68 5.00 11.50 10.27
983.42 5.16 15.75 14.29
492.28 2.05 2.38 1.86
592.48 2.07 3.83 3.16
681.37 2.04 5.66 4.84
792.09 1.98 8.70 7.66
983.59 2.01 15.32 13.86
491.80 0.92 2.37 1.85
592.75 1.09 3.81 3.14
682.05 1.01 2.75 4.92
791.92 1.00 8.80 7.76
882.18 1.10 11.55 10.32
983.40 1.04 15.62 14.16

Table A.6: Values of hydraulic power measured for Plate 5

90



Appendix A. Experimental Details

Plate 6: BEL = 12.9km/rev
w(rpm) | Gap(mm) | Poweryr (kW) | Power} (kW)
495.21 9.00 2.23 1.72
993.56 9.00 3.81 3.14
680.84 9.05 5.63 4.81
793.23 9.03 8.15 7.11
882.94 9.07 11.08 9.85
983.88 9.07 14.80 13.34
495.21 8.00 2.24 1.72
593.27 8.02 3.80 3.13
680.92 8.02 5.64 4.81
793.12 8.09 8.15 7.11
883.20 7.97 11.08 9.84
983.73 8.02 14.79 13.33
495.21 6.00 2.25 1.74
593.19 6.03 3.84 3.16
793.30 6.02 8.27 7.22
983.49 6.06 14.90 13.44
495.21 4.96 2.26 1.74
593.04 4.99 3.87 3.19
793.39 5.02 8.24 7.20
983.50 5.09 15.06 13.60
495.21 2.98 2.25 1.73
092.91 2.53 3.78 3.10
983.65 2.99 15.06 13.60
495.21 2.03 2.26 1.74
592.95 1.92 3.83 3.16
793.46 2.09 8.27 7.22
983.02 2.05 15.02 13.56
495.21 1.09 2.25 1.73
592.65 1.03 3.84 3.17
793.48 1.01 8.17 7.13

Table A.7: Values of hydraulic power measured for Plate 6
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Finally, we measured Poweryy, for different gap sizes, rotational speeds and flow
rates when there was flow pumped through the refiner and by subtracting the mechan-
ical power, Power, which covers both hydraulic and pumping powers, was measured.

where Power, = Power}, + Powerp

Power,(G,w, Q) = Poweryy(G,w, Q) — Powery (G,w)

Table A.8: Values of Poweryr, and Power,, measured for

Plate 1
Plate 1: BEL = 5.59km/rev
w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
296.07 503.79 8.06 4.44 3.76
596.46 509.97 9.05 4.43 3.76
798.21 518.23 5.00 10.13 9.08
593.93 600.21 0.98 4.99 4.32
094.52 604.84 2.03 4.93 4.26
605.85 625.03 3.98 4.99 4.30
596.06 600.09 5.04 4.81 4.13
595.67 596.97 8.05 4.52 3.84
597.20 589.20 9.05 4.57 3.89
797.85 619.80 1.98 10.83 9.78
796.35 605.78 3.91 10.44 9.39
798.31 592.43 5.01 10.27 9.21
796.95 595.00 8.05 9.92 8.87
798.81 591.94 9.04 9.97 8.91
492.89 817.31 1.17 3.23 2.72
004.75 807.60 2.13 3.29 2.75
504.83 796.51 4.01 3.29 2.76
495.39 807.53 5.07 3.10 2.58
494.83 818.79 8.09 3.00 2.48
497.71 803.59 9.07 3.08 2.56
593.80 791.33 1.11 5.24 4.56
5994.55 804.77 2.10 5.14 4.47
594.64 795.68 4.00 5.07 4.39
596.09 802.48 5.07 5.00 4.32
607.13 805.29 8.10 5.13 4.43
598.49 805.33 9.10 4.89 4.21
796.24 796.44 1.05 11.32 10.27
797.72 809.70 2.02 11.17 10.12
Continued on next page
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Table A.8 — continued from previous page

w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
800.14 790.81 3.97 11.11 10.06
797.71 795.45 5.06 10.53 9.48
797.55 790.19 8.10 10.32 9.27
800.27 790.96 9.10 10.36 9.30
504.26 1015.02 1.23 3.99 3.06
504.96 1008.62 2.17 3.9 3.02
504.97 1005.56 4.06 3.34 2.80
506.06 1004.52 5.11 3.41 2.88
205.84 998.41 8.14 3.35 2.82
498.02 994.45 9.12 3.23 2.71
605.07 1007.73 1.20 5.61 4.92
605.54 996.40 2.14 5.58 4.88
594.73 999.93 4.05 5.28 4.61
295.87 1009.94 5.09 5.20 4.52
295.47 1007.21 8.13 5.13 4.45
598.63 1006.06 9.12 5.11 4.43
795.80 1013.27 1.12 11.84 10.79
797.17 991.96 2.05 11.70 10.65
801.25 989.61 4.04 11.34 10.28
797.75 992.86 5.10 11.09 10.03
804.45 1008.19 8.13 11.09 10.03
800.07 1005.48 9.13 11.09 10.04
998.86 994.51 8.12 19.93 18.44
1001.97 993.93 9.12 19.99 18.49
504.75 1209.49 2.20 3.59 3.05
505.18 1201.02 4.08 3.56 3.03
506.00 1201.33 5.13 3.57 3.03
505.80 1203.27 8.13 3.54 3.00
498.55 1210.66 9.13 3.36 2.84
605.41 1183.18 1.23 5.95 2.25
605.56 1199.61 2.20 5.79 5.09
595.00 1192.13 4.07 5.45 4.78
595.85 1208.15 5.12 5.41 4.74
595.60 1211.38 8.13 5.25 4.57
999.25 1194.59 9.14 5.24 4.56
795.84 1194.55 1.14 12.07 11.03
798.41 1210.19 2.17 12.20 11.15
802.20 1204.71 4.06 11.72 10.66
797.65 1209.22 5.14 11.23 10.18

Continued on next page
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Table A.8 — continued from previous page

w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
797.25 1217.52 8.14 11.19 10.14
800.38 1212.14 9.15 11.19 10.14
999.03 1194.25 5.14 20.96 19.46
999.16 1191.04 8.15 20.59 19.09
1002.14 1189.98 9.17 20.59 19.08

Table A.9: Values of Poweryr, and Power,, measured for

Plate 2
Plate 2: BEL = 2.74km/rev
w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
1198.82 1404.16 5.15 33.42 31.41
1001.93 1402.42 9.05 19.94 18.43
994.61 1402.26 5.02 20.62 19.14
997.94 1401.92 4.08 21.05 19.56
797.50 1408.25 9.06 10.83 9.78
802.19 1416.15 5.02 11.36 10.30
801.89 1398.76 4.07 11.50 10.44
1160.72 1196.86 6.12 29.50 27.60
1197.83 1201.25 5.03 32.63 30.62
1001.29 1210.33 9.04 19.28 17.78
1002.35 1196.66 8.15 19.19 17.68
999.69 1198.65 6.01 19.58 18.08
1005.41 1197.34 5.03 20.34 18.82
1000.26 1196.05 4.05 20.43 18.93
797.39 1198.27 9.03 10.52 9.47
798.26 1199.15 8.03 10.62 9.56
806.74 1196.24 6.01 10.88 9.81
801.88 1198.70 5.03 11.09 10.03
796.48 1199.07 4.07 11.01 9.96
604.55 1205.14 9.02 5.01 4.32
602.59 1194.14 8.03 5.01 4.32
602.70 1196.70 6.01 5.09 4.40
602.02 1198.51 5.00 5.12 4.43
1195.32 1006.82 8.10 31.15 29.14
1204.06 1008.42 6.10 31.48 29.46
1198.72 1007.93 5.01 32.28 30.26

Continued on next page
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Table A.9 — continued from previous page

w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
1205.22 1011.40 4.03 32.53 30.50
1198.31 996.94 1.98 33.80 31.79
1000.88 999.26 9.02 18.93 17.43
1002.57 1000.69 8.11 18.94 17.44
999.96 1013.31 6.12 19.60 18.10
994.42 1008.26 5.04 19.68 18.19
1005.46 1003.02 4.14 20.62 19.11
796.98 1002.16 9.01 10.03 8.98
798.53 1006.62 8.11 9.99 8.93
796.92 999.51 6.11 10.36 9.31
802.13 999.50 5.05 10.76 9.70
799.02 998.80 4.20 10.80 9.75
604.17 996.94 9.01 4.80 4.11
600.57 1000.85 8.10 4.74 4.05
603.01 1004.75 6.11 4.75 4.06
5998.38 999.19 5.05 4.89 4.21
600.17 1004.59 4.21 4.99 4.30
1204.21 789.36 6.05 31.31 29.28
1197.55 807.15 4.98 31.42 29.41
1206.73 805.56 3.89 33.04 31.00
1000.62 804.42 8.98 18.40 16.89
1002.90 799.37 8.10 18.41 16.90
999.87 804.59 6.09 18.53 17.03
1005.13 796.65 5.02 19.45 17.94
1002.88 801.84 3.98 19.71 18.20
796.54 797.67 8.98 10.05 9.00
798.91 806.34 8.09 10.07 9.02
807.09 810.92 6.10 10.06 8.99
801.04 804.84 5.04 10.47 9.41
798.87 795.20 4.08 10.50 9.45
595.31 798.95 8.10 4.48 3.80
603.01 799.42 6.10 4.57 3.88
596.83 800.80 5.06 4.50 3.83
595.42 797.76 4.13 4.73 4.05
1000.60 606.42 6.02 18.50 16.99
1004.12 601.22 4.86 18.92 17.41
1003.74 604.02 4.10 19.24 17.73
800.11 606.97 4.99 10.03 8.98
596.55 609.06 5.03 4.42 3.74

Continued on next page
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Table A.9 — continued from previous page

w(rpm)

FlowRate(lpm)

Gap(mm)

Poweryp (kW)

Power, (kW)

995.86

605.26

4.10

4.56

3.88

Table A.10: Values of Poweryr, and Power, measured

for Plate 3
Plate 3: BEL = 0.99km/rev
w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
504.39 610.34 5.01 2.84 2.31
502.04 611.42 8.09 2.79 2.26
999.02 616.85 2.02 4.57 3.89
605.90 611.91 5.01 4.64 3.95
602.94 608.25 8.06 4.39 3.70
602.91 098.18 9.12 4.29 3.60
800.77 621.36 1.96 9.50 8.45
805.28 612.67 8.05 9.57 8.50
793.98 595.72 9.11 9.04 7.99
503.66 796.40 2.06 3.05 2.52
501.88 806.46 8.08 2.84 2.31
495.69 798.25 9.13 2.75 2.23
999.25 796.51 2.02 4.80 4.12
297.17 806.82 5.02 4.67 3.99
602.79 807.12 8.09 4.59 3.90
603.40 806.98 9.15 4.53 3.84
800.89 811.76 1.98 9.93 8.88
798.90 796.38 4.99 10.02 8.97
804.88 808.37 8.09 9.84 8.77
793.62 799.86 9.14 9.41 8.37
995.67 815.94 8.09 17.62 16.13
502.37 1007.35 8.09 3.07 2.54
495.71 1005.54 9.16 2.89 2.37
601.63 1016.19 2.11 5.08 4.39
592.02 996.31 8.11 4.71 4.04
603.27 999.74 9.17 4.72 4.03
801.82 990.45 2.03 10.29 9.23
799.22 1002.95 5.04 10.24 9.19
794.21 1008.38 8.12 10.20 9.16
793.81 991.95 9.17 9.73 8.69

Continued on next page
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Table A.10 — continued from previous page

w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
500.24 1188.00 2.12 3.30 2.78
508.58 1191.95 5.07 3.32 2.78
600.75 1198.22 2.12 5.22 4.53
801.82 1217.66 2.10 10.73 9.67
799.49 1216.07 5.07 10.80 9.75

Table A.11: Values of Poweryy and Power, measured

for Plate 4
Plate 4: BEL = 2.01km/rev
w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
596.08 610.42 2.22 4.50 3.82
795.77 603.80 4.39 9.84 8.80
797.32 596.91 5.24 9.71 8.66
796.74 605.55 8.21 9.26 8.21
796.36 604.48 9.06 9.28 8.23
1000.33 601.21 4.31 18.58 17.08
1001.87 600.55 5.18 18.10 16.60
1197.96 591.12 2.18 31.63 29.62
1205.17 601.51 4.23 30.50 28.47
1195.32 097.47 5.12 29.46 27.45
1402.95 590.55 2.10 48.37 45.76
1398.76 607.05 4.12 46.68 44.08
604.04 811.95 2.01 4.69 4.00
602.97 790.87 4.07 4.55 3.86
595.43 799.82 4.96 4.44 3.76
803.77 798.51 4.02 10.50 9.44
799.35 795.59 4.93 10.10 9.05
798.03 795.08 8.04 9.62 8.56
796.74 798.78 9.09 9.58 8.53
1004.11 798.35 4.88 19.12 17.61
1001.68 798.52 9.07 17.66 16.16
1195.24 809.67 2.11 31.92 29.92
1206.00 798.77 3.93 31.80 29.77
1201.09 807.44 4.83 30.80 28.78
604.95 1010.60 2.15 4.94 4.25
604.04 1007.12 4.03 4.68 3.99

Continued on next page
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Table A.11 — continued from previous page

w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
595.21 1001.48 4.97 4.47 3.79
1001.51 999.55 4.20 19.92 18.41
1004.34 1009.51 4.94 19.69 18.18
1002.49 1005.34 8.07 18.51 17.00
1001.45 1002.51 9.11 18.46 16.96
1194.50 1009.50 4.12 32.36 30.36
1197.50 998.06 4.90 31.46 29.45
1195.10 1003.98 9.10 29.72 27.72
605.38 1190.08 2.18 5.16 4.47
604.05 1203.31 4.03 4.94 4.25
596.32 1198.09 5.02 4.74 4.07
604.33 1196.02 9.11 4.72 4.03
798.35 1196.36 7.95 10.45 9.40
797.30 1204.15 9.11 10.39 9.33
994.12 1209.60 5.02 19.70 18.21
1003.19 1214.40 7.96 19.49 17.98
1001.82 1193.72 9.12 19.22 17.71
1195.43 1195.39 3.96 33.40 31.40
1198.38 1205.51 4.98 32.67 30.65
1199.39 1195.37 7.96 31.63 29.62
1195.95 1200.45 9.13 31.13 29.13
1401.61 1200.61 1.95 53.17 50.56
1400.38 1203.49 4.09 51.04 48.43
1402.50 1211.61 4.94 49.58 46.97
1399.91 1196.17 9.13 47.87 45.27
1606.55 1191.57 1.91 75.13 71.84
1605.45 1191.50 4.07 72.93 69.64
1595.73 1197.47 4.94 69.80 66.55
596.16 1400.04 2.01 5.09 4.41
993.83 1400.15 4.25 4.99 4.32
596.22 1402.36 5.04 4.97 4.29
604.82 1409.85 7.96 4.89 4.19
604.25 1411.11 9.11 4.97 4.28
797.38 1396.98 9.13 10.72 9.67
1002.84 1401.74 7.98 19.99 18.48
1001.93 1408.91 9.17 19.91 18.41
1195.77 1395.91 4.24 33.94 31.94
1198.44 1414.89 5.04 33.66 31.64
1195.85 1401.46 7.99 31.97 29.97

Continued on next page
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Table A.11 — continued from previous page

w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
1195.71 1407.16 9.17 32.11 30.10
1400.34 1395.50 4.17 51.94 49.34
1402.76 1407.59 5.03 51.51 48.90
1400.56 1395.14 8.22 48.37 45.77
1399.99 1398.12 9.18 48.19 45.58
1607.11 1399.46 1.92 78.93 75.64
1605.44 1399.50 4.15 74.47 71.19
1607.63 1396.41 5.16 73.87 70.58
1604.80 1400.05 8.24 71.00 67.72

Table A.12: Values of Poweryr and Power, measured

for Plate 5
Plate 5: BEL = 10.1km/rev
w(rpm) | FlowRate(lpm) | Gap(mm) | Powernn (kW) | Power, (kW)
5992.26 507.09 0.98 4.43 3.76
592.20 486.65 2.04 4.36 3.69
592.12 474.91 2.59 4.33 3.66
591.89 468.51 3.04 4.30 3.63
592.03 499.54 4.09 4.28 3.61
591.67 493.75 5.03 4.29 3.62
591.58 494.13 5.99 4.26 3.59
591.60 498.02 8.00 4.25 3.58
591.68 500.61 9.00 4.23 3.56
690.57 586.10 0.98 6.82 2.98
690.96 562.98 1.86 6.83 5.99
691.37 550.47 2.46 6.61 2.77
690.03 539.32 2.93 6.61 D.77
691.96 522.20 4.08 6.54 5.70
691.58 512.84 5.01 6.46 5.61
691.50 510.35 6.04 6.37 5.53
692.64 517.41 8.01 6.36 5.51
691.74 520.43 8.98 6.36 5.51
595.56 587.31 1.15 4.61 3.93
595.90 594.90 2.04 4.60 3.92
596.41 594.30 2.53 4.58 3.90
596.03 591.34 3.10 4.47 3.80

Continued on next page
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Table A.12 — continued from previous page

w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
596.76 583.42 4.11 4.51 3.83
596.27 595.76 5.20 4.32 3.64
596.30 598.03 6.59 4.33 3.65
596.06 599.60 7.88 4.32 3.64
296.27 601.16 9.17 4.32 3.64
694.90 608.01 8.12 6.56 5.70
694.50 609.52 8.96 6.53 5.68
797.32 615.48 1.10 9.81 8.75
796.99 620.89 2.07 10.14 9.09
796.57 608.82 2.49 10.03 8.98
796.50 608.71 3.09 10.03 8.98
796.64 611.52 4.05 9.81 8.76
796.52 600.76 5.11 9.62 8.57
796.55 597.47 5.97 9.59 8.54
796.44 605.41 7.96 9.48 8.43
796.19 611.11 9.04 9.45 8.40
882.73 656.59 1.00 13.29 12.05
982.93 662.31 3.07 18.25 16.79
983.00 638.49 3.96 18.18 16.72
982.65 633.90 4.77 18.09 16.63
982.70 622.00 5.86 17.66 16.20
982.63 625.01 8.10 17.40 15.94
983.06 631.99 8.89 17.40 15.94
892.95 682.14 1.02 13.95 12.70
892.51 692.25 2.55 13.82 12.57
892.27 704.63 2.95 13.88 12.62
892.48 687.68 4.07 13.72 12.47
892.34 685.28 5.04 13.47 12.21
892.51 683.76 6.03 13.50 12.25
892.56 692.82 8.12 13.39 12.14
892.64 698.81 8.97 13.40 12.15
984.23 713.55 1.01 17.70 16.24
592.12 801.64 1.07 4.75 4.08
592.08 786.80 2.07 4.70 4.03
592.56 800.62 2.67 4.70 4.03
592.56 801.17 2.99 4.67 4.00
592.49 799.41 5.05 4.47 3.80
592.76 802.54 6.09 4.47 3.80
593.13 807.24 7.97 4.48 3.81
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Table A.12 — continued from previous page

w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
593.21 807.71 8.98 4.47 3.80
684.37 832.55 1.04 7.01 6.18
682.14 815.21 2.08 6.86 6.03
682.44 805.38 2.57 6.81 2.98
681.76 796.71 3.15 6.70 0.88
682.10 792.97 3.99 6.70 0.87
682.21 792.20 5.10 6.51 5.68
682.13 796.04 6.05 6.41 5.58
681.61 800.52 8.07 6.38 2.55
681.04 802.96 9.00 6.33 2.50
791.58 791.45 2.55 10.28 9.25
788.39 781.41 3.16 10.13 9.10
790.67 794.83 4.00 10.05 9.01
790.40 791.90 4.93 9.57 8.53
785.29 792.26 5.98 9.43 8.40
786.81 796.21 8.00 9.36 8.33
787.38 798.39 8.99 9.32 8.29
892.77 796.10 2.54 14.21 12.96
893.17 823.05 3.17 14.20 12.95
893.01 808.85 3.95 14.12 12.86
892.83 801.54 5.01 13.27 12.02
892.95 781.24 6.10 13.21 11.96
892.86 786.32 8.15 13.21 11.96
892.74 784.22 8.99 13.21 11.96
983.25 T787.73 2.05 18.70 17.24
983.20 790.30 2.49 18.61 17.15
983.19 791.16 3.00 18.50 17.04
982.80 763.99 4.19 18.16 16.70
982.39 789.95 5.08 17.67 16.21
982.48 788.47 6.02 17.46 16.00
982.80 796.84 8.15 17.38 15.92
982.41 802.00 9.00 17.28 15.82
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Table A.13: Values of Poweryr, and Power, measured

for Plate 6
Plate 6: BEL = 12.9km/rev
w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
D88.78 317.45 8.03 3.77 3.11
588.96 320.71 9.08 3.78 3.12
588.63 360.05 9.07 3.81 3.15
785.02 426.57 7.97 8.30 7.28
785.86 428.00 9.01 8.31 7.28
489.02 495.79 5.00 2.43 1.92
578.85 004.17 8.07 3.73 3.08
578.58 509.12 9.11 3.73 3.08
682.32 514.50 791 0.88 5.06
681.47 517.46 9.05 5.79 4.96
787.16 546.10 1.00 9.05 8.02
789.86 499.40 5.05 8.56 7.53
785.79 501.44 6.07 8.43 7.40
785.98 009.16 7.97 8.45 7.42
787.32 512.89 8.99 8.47 7.44
892.07 582.00 1.23 12.55 11.30
892.08 534.77 2.44 12.71 11.46
891.78 517.81 2.98 12.64 11.39
891.75 500.18 4.92 12.05 10.80
589.29 594.57 3.11 4.12 3.46
589.46 097.13 4.96 4.05 3.39
589.20 597.45 6.08 4.01 3.34
589.21 599.31 7.97 4.01 3.34
589.07 601.10 9.01 4.08 3.41
681.65 618.23 7.92 0.93 5.11
682.39 615.43 9.01 5.92 5.10
791.71 609.63 1.14 9.27 8.23
791.38 596.92 5.02 8.70 7.66
790.23 600.88 6.00 8.68 7.64
791.15 606.57 7.93 8.70 7.66
790.95 608.06 9.02 8.71 7.67
881.12 657.12 1.10 12.58 11.36
881.16 620.11 2.51 12.44 11.21
881.34 609.80 2.92 12.37 11.15
880.95 600.13 4.03 11.86 10.64
880.85 597.82 4.94 11.67 10.44

Continued on next page
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Appendix A. Experimental Details

Table A.13 — continued from previous page

w(rpm) | FlowRate(lpm) | Gap(mm) | Powernp (kW) | Power, (kW)
880.85 601.11 5.95 11.76 10.53
880.74 610.55 7.92 11.72 10.50
881.42 617.08 9.04 11.72 10.50
982.19 610.61 2.15 16.61 15.15
982.26 580.18 2.97 16.75 15.30
982.40 579.79 4.03 16.18 14.73
982.46 587.92 5.09 16.08 14.62
982.02 593.13 6.01 15.91 14.45
589.03 820.26 5.97 4.20 3.53
589.01 815.42 8.03 4.18 3.51
D88.77 816.31 9.07 4.18 3.51
689.65 799.36 8.01 6.21 5.36
689.40 799.17 9.02 6.21 5.37
785.76 829.87 1.06 9.50 8.48
786.75 804.84 2.44 9.49 8.46
786.19 803.92 2.97 9.24 8.21
789.61 805.84 4.02 8.94 7.91
786.78 809.50 4.98 8.88 7.85
788.80 811.52 6.07 8.86 7.83
789.22 813.76 7.98 8.81 7.78
787.28 813.31 9.05 8.81 7.78
881.06 812.04 1.05 12.99 11.76
880.65 783.64 1.97 12.92 11.70
880.95 790.12 2.50 12.93 11.70
880.45 788.08 2.98 12.56 11.33
881.23 789.03 6.02 11.94 10.71
880.68 791.23 8.05 11.84 10.61
881.09 793.58 9.01 11.84 10.61
981.40 814.55 2.11 17.32 15.87
981.59 787.19 3.10 16.71 15.25
981.48 778.92 3.92 16.30 14.84
981.66 777.03 4.94 16.25 14.79
981.79 775.78 6.08 16.29 14.83
981.72 786.13 7.94 16.28 14.82
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Appendix B

Comparison of Water and Pulp

In addition to water, we measured the values of no-load power for our 16” LC refiner
when running by pulp with two different consistencies of C' = 1.5% and 3.5% to be
able to compare the no-load powers measured by water and mechanical pulp:

(a) Values of hydraulic power

Plate 2: BEL = 2.74km/rev
Water Pulp, C = 1.5% Pulp, C = 3.5%
w(rpm) | Powert (kW) | w(rpm) | Power’ (kW) | w(rpm) | Power? (kW)
1203.73 26.71 583.37 3.21 608.08 3.42
999.48 16.32 784.90 7.82 700.93 5.00
806.57 7.98 985.94 14.69 796.98 8.03
602.62 3.43 1187.27 25.63 997.76 15.11
500.52 2.15 1197.56 25.62
(b) Values of Power,,
Plate 2: BEL = 2.74km/rev
Water Pulp, C = 1.5% Pulp, C = 3.5%
w(rpm) | Power, (kW) | w(rpm) | Power, (kW) | w(rpm) | Power, (kW)
1000.78 15.48 794.23 7.73 603.47 3.10
796.48 7.92 985.18 14.55 701.20 5.20
603.79 3.26 1199.53 24.57 809.20 7.64
501.81 1.57 1003.75 14.26

Table B.1: Values of Power} and Power, measured for water and pulp with consis-

tencies of 1.5% and 3.5% for Plate 2 when Q = 600ipm

104



Appendix C

Pulp Properties

In chapter 3, we also measured some pulp properties for the pulp suspension of C' =
3.5% to determine the starting point of refiner loading (G);). The chosen properties
were freeness, fibre length and tensile:

Plate 2: BEL = 2.74km/rev, C' = 3.5% and @ = 500lpm
w = 800rpm w = 1000rpm w = 1200rpm
Gap | Freeness | Gap | Freeness | Gap | Freeness
(mm) | (mICSF) | (mm) | (mICSF) | (mm) | (mlCSF)
8.93 385.9 9.02 385.9 8.96 385.9
6.07 385.9 6.07 385.9 6.02 385.9
2.48 375.2 2.55 372.5 2.50 370.7
1.49 368.4 1.48 366 1.29 364.2
0.76 363 0.73 348.2 0.69 350.35
0.28 357.3 0.30 307.2 0.30 288.65
0.09 335.6 0.09 271.85 0.12 246.6
0.02 293.7 0.04 255.6 0.01 208.45

Table C.1: Freeness of fibres at various gap sizes for Plate 2 when ¢ = 500lpm as

shown in Figure 3.6

105



Appendix C. Pulp Properties

Plate 2: BEL = 2.74km/rev, C = 3.5% and @ = 500lpm

w = 800rpm w = 1000rpm w = 1200rpm
Gap | FibreLength | Gap | FibreLength | Gap | FibreLength
(mm) (mm) (mm) (mm) (mm) (mm)
8.93 1.93 9.02 1.93 8.97 1.93
6.07 1.93 6.07 1.93 6.02 1.928
2.48 1.90 2.55 1.93 2.50 1.95
1.49 1.81 1.48 1.92 1.29 1.87
0.76 1.76 0.73 1.89 0.70 1.82
0.28 1.73 0.30 1.83 0.30 1.58
0.09 1.64 0.09 1.46 0.12 1.30
0.02 1.55 0.04 1.37 0.01 1.24

Table C.2: Length-weighted (Ly/) average length of fibres at various gap sizes for
pulp suspension of C' = 3.5% for Plate 2 when Q = 500lpm as shown in Figure 3.7

Plate 2: BEL = 2.74km/rev, C' = 3.5% and @ = 500lpm

w = 800rpm w = 1000rpm w = 1200rpm
Gap | TensileIndex | Gap | TensileIndex | Gap | TensileIndex
(mm) | (N.m/g) | (mm)| (N.m/g) | (mm)| (N.m/g)
8.93 38.28 9.02 38.28 8.97 38.28
6.07 38.28 6.07 38.28 6.02 38.28
2.48 38.29 2.55 37.78 2.50 38.65
1.49 38.20 1.48 39.34 1.29 41.03
0.76 42.20 0.73 39.42 0.70 40.17
0.28 41.46 0.30 39.66 0.30 42.87
0.09 40.26 0.09 41.56 0.12 41.44
0.02 41.63 0.04 42.64 0.01 43.71

Table C.3: Tensile index at various gap sizes for pulp suspension of C' = 3.5% for
Plate 2 when ) = 500[pm as shown in Figure 3.8
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