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Chapter 1

Introduction






I-1. General introduction

A grinding process has been used to reduce size of particulate materials since the
Stone Age. Even in recent years, the grinding process is still widely used in many
industries in order to utilize many advantages such as increase in reactivity,
improvement of solubility and mixing homogeneity of solid materials. There are many
types of grinding process because various particle sizes of final ground product are
required depending on the applications. In all types of the grinding process, it is
important to control the particle size of intermediate and final ground products, because
quality and performance of the final products are significantly affected by the particle
size. For example, pre-treatment of ball milling for a fuel cell electrocatalyst leads to the
improvement of electrocatalyst ability due to the generation of large active sites [111].
In pharmaceutical industries, particle size of active pharmaceutical ingredients and
excipients should be maintained their sizes accurately in order to secure the appropriate
dissolution rate and solubility [16, 66]. The controlled particle size of mineral ore is
helpful in improving efficiency of the ore concentration process, which concentrates
metals from the ground mineral ores [19]. In waste disposal industries, insufficient
dissolution of noble metals occurs in the separation process if the particle size of ground
printed board is not controlled [31].

In recent years, grinding processes have been used not only for size reduction, but
also for synthesis of advanced materials by utilizing the mechanical forces generated in
the grinding processes. For example, carbon nanotube and carbon onion are prepared by
enormous mechanical force using a planetary ball mill [73, 93]. Functional composites
are also made through the mechanical alloying method using the mechanical force in
many types of ball mill [32, 92]. In addition, tumbling ball mills are utilized as the
mechanochemical reaction field in order to achieve environmentally friendly synthesis
approach [48, 108].

Therefore, it is necessary to understand the grinding process in detail in order to
control particle size distribution of the ground products and mechanical forces in the
advanced synthesis. However, it is very difficult to clarify the grinding phenomena such
as fluid and particle motions, mechanical force acting on particles and walls, and overall

particle breakage in the grinding process because the grinding phenomena are extremely



fast and complex.

Recently, the grinding phenomena in a grinding process are understood by a
numerical simulation approach. Many researchers have analyzed the grinding process
using the numerical simulation and many valuable findings have been obtained for
understanding of the grinding process. However, there are huge drawbacks in the
numerical simulation of the grinding process. One of the most serious drawbacks is that
particles in the numerical simulation cannot breaks and splits into smaller particles,
namely fragments. Therefore, particle breakage phenomena in the grinding process have
not been analyzed by the numerical simulation approach yet. A particle breakage
mechanism in the grinding process and temporal changes in particle size distribution of
the ground products are not understood in detail.

The reason why the numerical simulation cannot treat the particle breakage is because
it is very difficult to decide whether the particle is broken or not in the numerical
simulation. So far, a lot of studies on single particle breakage have been reported.
According to the studies, relationship between external force acting on the particle and
strength of the particle is very important for the particle breakage. In addition, it is
somewhat revealed that how the particle splits into fragments after the particle breakage.
However, knowledge of the single particle breakage has not been applied to the
numerical simulation of overall particle breakage in the grinding process. In order to
overcome the big drawback in the numerical simulation of the grinding process, it is
necessary to model a fundamental breakage of single particle and expand the single
particle breakage to the numerical simulation of overall grinding phenomena in the
grinding process. Therefore, development of a novel method which can simultaneously
simulate the single particle breakages and overall grinding phenomena in the grinding
process is strongly expected.

Among many types of grinding processes, a dry impact pulverizer which is showed
Fig. 1.1.1 has been well used in many industries as offering many advantages such as
substantial reduction in particle size and relatively short processing time. The dry
impact pulverizer mainly consists of a high-speed rotating rotor with hammers and
concavo-convex-shaped stator in the grinding chamber. The starting materials are fed

into the grinding chamber through a hopper. The particles are accelerated by fluid flow
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Fig. 1.1.1. Schematic diagram of dry impact pulverizer.



derived from high-speed rotation of the rotor and impact against walls of the static
stator and the hammers. The impacted particles are broken and split into fragments. The
fragments pass through a screen and are collected as the final ground product. However,
control, optimization and design of the dry impact pulverizer are very difficult because
there are complexities of fluid flow, particle behavior, and its breakage in the grinding
chamber due to its fast motion through the complex geometries. In addition, the
dynamic characteristics of the dry impact pulverizer vary depending on the
characteristic of starting materials such as moisture content and electrostatic charge.
Therefore, elucidation of the grinding mechanism and development of a practical
system to ensure process controllability in the dry impact pulverizer are required.

This thesis is devoted to a numerical modeling of particle breakage in a dry impact
pulverizer in order to understand both the fundamental particle breakage mechanism
and the overall grinding mechanism in the dry impact pulverizer. A novel method which
can simulate simultaneously single particle breakages and overall grinding phenomena
in the dry impact pulverizer is proposed. This study is also dedicated to development of
a practical system for automatic control of the ground product size in the dry impact

pulverizer by using a fuzzy logic and on-line measurement technique.



I-2. Review of previous works

Grinding phenomena in the dry impact pulverizer are composed of enormous number
of single particle breakages. First of all, fundamental studies on mechanism of single
particle breakage by means of experimental and numerical methods are reviewed.
Second, theoretical analysis of grinding phenomena using a population balance model
and overall particle motion in many types of grinding processes using a numerical
simulation method are reviewed. Then, numerical simulation methods coupled with a
particle breakage model are reviewed. Finally, the studies on an automatic control

system of grinding process for accurate size control of ground product are reviewed.

1. Single particle breakage

Numerous researchers have analyzed single particle breakage. A single particle is
broken and splits into fragments when the particle receives an external force stronger
than the particle strength. Therefore, the single particle breakage process can be
generally described by particle strength, external force acting on the particle, and
fragment size distribution after the particle breakage. The studies on the single particle
breakage have been conducted by means of experimental and numerical approaches.
The experimental approaches are reviewed in the first half of this section, followed by
the review of the numerical approaches in the second half of this section.

The particle strength has been measured and analyzed experimentally by many
researchers. The particle strength of brittle materials such as ceramics, glass, and
alumina have been measured and described by Weibull distribution [24, 29, 49, 61, 63,
81, 88, 90]. The particle strength increases with a decrease in its particle size. This is
because the large particle contains larger cracks than the small particle [49, 88].

Impact stress acting on a particle strongly depends on the vertical impact velocity [64,
109]. In 1881, the elastic contact between spherical particle and flat wall was firstly
analyzed by Hertz [46]. Hunter [47] subsequently analyzed the stress acting on the
particle during the dynamic contact. Knight et al. [57] conducted particle impact test
under various impact velocities and analyzed the impact stress acting on the particle

using a theoretical model based on Hertz’s theory [47]. The relationship between the



impact stress and impact velocity of the particle was described. From these studies, it
was found that the impact stress strongly depends on the impact velocity, Young’s
modulus, Poisson’s ratio, particle size, and impact angle.

The fragment size distribution after a particle breakage was described by a breakage
function [65, 85, 104]. The breakage function means volume ratio in each fragment size.
Among them, a power-low function is widely used as the breakage function [71, 110]
because the experimental results of the fragment size distribution well obeyed a
power-low function [56, 59].

As studies on whole process of the single particle process, Kalman et al. analyzed a
particle attrition process in a pneumatic conveying system [53, 54, 55] and a particle
compression process in a compression tester [35, 39]. The particle compression tester
can change maximum compression force acting on the particle and compression speed.
In the studies, they proposed a fatigue model of particle strength [39] based on Griffith’s
theory [37]. They reported that it is important for particle breakage to reduce the particle
strength due to the repeated impacts against a wall. In addition, the fragment size
distribution after particle attrition through the pneumatic conveying was predicted [40]
using DEM (Discrete Element Method), CFD (Computational Fluid dynamics), and the
attrition model [74].

Peukert et al. [103, 104] proposed a particle breakage model based on Rumpf’s
theory [84]. They used material parameters, fyar and Wy min for modeling of particle
breakage. fuat and Wi, min indicate a particle breakage probability and threshold energy
of particle breakage, respectively. The particle breakage model was in good agreement
with experimental results of the particle breakage probability [101, 103, 104, 105] and
the fragment size distribution after the particle breakage [65, 70, 101, 103].

From these experimental studies, many stochastic models are proposed for single
particle breakage. And many relationships between impact velocity of a particle and
fragment size distribution after the particle breakage were understood. However, how
the particle is broken when the particle impacts against a wall and what is happen while
the particle breakage are not understood from the experimental approaches. Here,
numerical simulation approach becomes a strong analysis tool to clarify the mechanism

of single particle breakage.



The particle breakage was analyzed using a DEM (Discrete Element Method) model
by Cundall and Strack [28] and modified by Thornton et al. [100]. In this numerical
method, the agglomerated particle is made of spherical elements bonded each other by
adhesion force [99]. Ning et al. [72] used the agglomerated particle model in order to
analyze its breakage behavior under various impact velocities and impact angles. The
calculated results of the particle breakage were in good agreement with experimental
results of particle breakage of an agglomerated lactose particle. The number of the
broken bonds in the agglomerated particle increased with an increase in the impact
velocity [11, 67, 72, 91, 97]. The agglomerated particle was also used to analyze the
fragment size distribution after the particle breakage [11, 97]. The effect of surface
energy [91] and particle configuration [62] on the particle breakage, the impact force
acting on a wall when the particle impacts against the wall [97], and the breakage
behavior of a crystalline agglomerate [52] were also analyzed. Thornton et al. [98]
simulated the compression breakage process using the dense and loose agglomerated
particles. They showed that there was some rearrangement of the spherical elements
near the compression walls in case of the dense agglomerated.

Potapov et al. [79, 80] developed a simulation method of breakage behavior of a solid
particle. In this method, the solid particle is made of tetrahedral elements bonded each
other by linear springs. The liner spring is broken when the force larger than the von
Mises plasticity criterion [45] acts on the spring. The particle was impacted against a
wall to analyze its breakage behavior under various impact velocities and spring
strengths [76]. The width of size distribution of fragments after the particle breakage
increased with an increase in the impact velocity. This was because that at low impact
velocity crack radially propagates from the impact point to whole particle, which is
called as “Mechanism I crack”. On the other hand, at high impact velocity crack
propagate not only from the impact point but also from the “Mechanism I crack”, which
are called as “Mechanism II crack™ [77, 78]. This result showed the same tendency as
the experimental result [17]. Then, Herbst and Potapov [43] simulated the particle
motion and its breakage in a tumbling mill using the simulation method of breakage
behavior of a solid particle [79, 80]. Particle size distribution of ground products in the

tumbling mill was predicted. The predicted size distribution was in agreement with the



experimental results except the size range of fine particle [43, 44]. This method could
not have enough accuracy in order to analyze the grinding processes.

Additionally, Moreno et al. [68] investigated the effect of the impact angle on particle
breakage using the agglomerated DEM particle model [100]. The normal impact
velocity strongly affected to the number of fragments after the particle breakage. Tomas
et al. [87] simulated a particle impact against a wall using a DEM, FEM (Finite Element
Method), and experimental test. Wittel et al. [109] also used a DEM and FEM to
analyze the stress acting on a particle. These results of stress distribution inside a
particle calculated from DEM were similar to the results calculated from a FEM. The
calculated results of fragment size distribution after the particle breakage were well
described by a Weibull function with two parameters and showed good agreement with
the experimental results [2, 24, 25, 86].

Therefore, experimental and numerical analyses of single particle breakage have been
studied by many researchers. Impact velocity, impact angle, and mechanical properties
of the particle strongly affect in particle breakage phenomena such as propagation of
crack and fragment size distribution. However, using this knowledge, the particle

breakage in whole grinding process has not been analyzed in detail yet.

2. Modeling of grinding process

2.1. Population balance model

A population balance model [3, 41, 42] has been used since 1970’s to understand
temporal changes in particle size distribution in grinding processes. The population
balance model mainly consists of a probability function of particle breakage (selection
function) and a size distribution function of fragments after particle breakage (breakage
function). The selection function and breakage function are generally determined from
experimental test in each grinding machine. There are two types of the population
balance model: 1) linear time-invariant model [83], in which the grinding rate does not
change as time progress, and 2) linear time-variant model [4, 5], in which the grinding

rate linearly changes as time progress. The particle size distribution predicted from

10



these population balance models was well accorded with the experimental one in wet
grinding process. However, in general experimental operation, the grinding rate rapidly
decreases in later stage of the grinding operation because it is difficult to apply external
force on a particle due to decrease in its particle size and increase in fluid viscosity
around the particle in the later stage. The change of the grinding rate cause a difference
between the population balance models and the experiment results in later stage of
grinding operation [8]. Thus, Bilgili et al. proposed a nonlinear time-variant model and
applied it to some types of grinding machine [7, 9, 15]. The nonlinear time-variant
population balance model can analyze the temporal change in particle size distribution
of grinding products in a grinding chamber in detail and predict the particle size
distribution after the grinding operation accurately. However, fluid flow and individual
particle motion in a grinding process cannot be understood from the population balance
model. Moreover, parameter of selection and breakage functions must be determined

from the grinding operation experiment.

2.2. Numerical simulation of particle behavior in grinding process

Recently, numerical simulation has been used as a powerful tool for the analysis of
grinding processes because of the improvement of computer performance. Among them,
DEM, CFD, and DEM-CFD coupling model [102] are major simulation methods to
analyze the motion of fluid, particle, and media in a grinding process.

The fluid and particle motion in a grinding process are calculated using CFD if the
particle size is small and the particle phase is dilute. Anagnostopoulos et al. [1]
calculated the fluid and particle motion in a wheel mill with a classifier and analyzed
impact area and velocity of particles. Many researchers [6, 89, 106, 107] investigated
the fluid and particle behaviors in a coal pulverizer because the particle size of ground
coal significantly influenced efficiency of the coal combustion. For a jet mill, CFD was
used to investigate the effect of the grinding fluid pressure, material feed rate, and feed
fluid pressure on the grinding performance [95]. Impact condition between particles and
walls of the grinding chamber has an important role in grinding performance of the jet
mill. A fluid flow and particle motion in a dry impact pulverizer was also analyzed [18].

The location of particle impact against walls of the grinding chamber was investigated.

11



However, in order to analyze not only particle-to-wall contacts but also
particle-to-particle contacts, a DEM-CFD coupling model [102] should be used [94]. On
the other hand, media mills have been investigated by only the DEM simulation because
the media motion is not strongly influenced by the fluid motion. The media motion and
contacts between the media in the media mill are very important for grinding
mechanism of the mill. A stirred ball mill, which is one of the major media mills, was
analyzed by many researchers. They simulated fluid and media motion in the mill [10]
and compared the calculated results with the experimental analysis by PEPT (Positron
Emission Particle Tracking) [96]. They also investigated impact energy between each
media [51] and effects of media size [34], viscosity of slurry [50] on the motion of the
media in a stirred ball mill. In addition, the DEM simulation was also used in analyses
of the media motion and impact energy between media-to-media collisions in a
tumbling ball mill [27], single ball mill [58] and wet grinding processes [38, 69].
However, they did not consider the particle breakage in these simulation methods. So
far, grinding phenomena in grinding process have been understood from the impact

velocity, impact frequency, and impact energy etc.

2.3. Numerical simulation of particle breakage in grinding process

In terms of a concept of numerical modeling of the particle breakage, the numerical
simulation methods can be categorized into two approaches, i.e., an agglomerated
particle model [43] and a fragmentable particle model [14, 26]. In the agglomerated
particle model, individual particles are treated as an agglomerate which consists of
many small elements. In the fragmentable particle model, individual particles in a
grinding process are split into small fragments based on a probability distribution
function, i.e., a breakage function, when the particle is broken. Herbst and Potapov [43]
used the agglomerated particle model to simulate particle breakage in a tumbling ball
mill. The particle strength was obtained from the numerical simulation of breakage of
single agglomerated particle [79, 80]. However, the calculated particle size distribution
of the ground products did not show good agreement with the experimental ones,
especially, within the range of fine particle size [44, 60]. Djordjevic et al. also simulated

a motion and breakage of single agglomerated particle in an impact pulverizer [30].

12



From these studies, it is difficult for the agglomerate particle model to calculate fine
fragments after the particle breakage because the minimum size of the fragments should
be determined in advance.

On the other hand, the fragmentable particle model can simulate fine particles more
accurately than the agglomerated particle model, because the minimum size of the
fragments can be determined based on the impact conditions such as the impact velocity
and particle size. Cleary [26] first described a particle breakage in a grinding process by
the fragmentable particle model. He simulated particle breakages in a simple rotating
two-dimensional box. However, mass of the particle before and after the particle
breakage was not conserved.

Peukert [75] reported that if we want to understand the effect of material properties
on particle breakage in grinding process from the numerical simulations, we should
fully understand each breakage phenomena at micro, meso, and macro scale. He also
mentioned the breakage phenomena at micro, meso, and macro scale should be
simulated by MD (Molecular Dynamics), FEM, and DEM, respectively. But there is the
big problem in connecting these scales which have different length sizes more than
double figures. To connect these length scales, Kalman and his co-workers [12, 13, 56]
described the single particle breakage based on a probability distribution function, i.e., a
selection function and breakage function. Although they used the probability
distribution functions and DEM simulation in order to simulate individual particle
motion and its breakage in pneumatic conveying system, simulation results did not
show good agreement with the experimental one. Since then, the simulation method has
not been applied to a grinding process [13, 56]. Bruchmiiller et al. [14] also simulated
the particle motion and its breakage in a tumbling ball mill using the fragmentable
particle model. In the study, the particle strength and fragment size distribution after the
particle breakage were calculated from a model proposed by Vogel and Peukert [103].
However, Bruchmiiller et al. could not successfully simulate the grinding process
because the particle strength was not estimated properly.

Therefore, direct numerical method which can simultaneously simulate particle

motion and its breakage in grinding process has not been established yet.
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3. Control of grinding process

Control of particle size distribution of final ground products in dry grinding processes
1S an important issue because quality and performance of the final products are
significantly affected by particle size of the ground products. However, it is very
difficult to control the particle size of ground products even if the starting materials are
ground under the same operating conditions. This is because that dynamic characteristic
of the dry grinding process varies depending on the starting material properties such as
moisture content and electro static charge. When we control the particle size of the
ground products, dynamic characteristic of the dry grinding process should be
understood. In addition, a monitoring technique of the particle size distribution of the
grinding products is also essential. Thus, many investigations have been carried out for
modeling of the dynamic characteristic and establishing the monitoring technique in
order to control the particle size of the ground products. The wet tumbling ball mill is
used for grinding mineral ore and consumes large energy. Chen et al. used an expert
control method [21, 22] and model predictive control method [20, 23] for modelling the
dynamic characteristic of the tumbling ball mill. They used feed rate of starting
materials and water flow rate into grinding chamber, and water flow rate into classifier
as the operating variables in order to control the size of the ground products. Galan et al.
[33] introduced both feedback and feedforward control methods in a closed wet ball
mill. Ramasamy et al. [82] showed a model predictive control method can more
accurately control the particle size of ground products in a closed wet ball mill than a PI
control method. Gommeren et al. [36] conducted an on-line measurement of the particle
size in a jet mill and developed dynamic model of the jet mill. However, most of the
studies on control of grinding process focused on the modelling of the dynamic
characteristic in a closed wet ball milling process. There are few studies on the
development of practical system for controlling particle size in dry grinding process.
This is because that monitoring of the particle size of fine powders in dry system and
modeling of dynamic characteristics of the dry grinding process are very difficult.
Therefore, the development of a practical system for controlling a particle size of

ground products in the dry grinding process is strongly required.
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I-3. Scope of this thesis

The purpose of this thesis is to develop a numerical model which can simulate
simultaneously the particle motion and its breakage in a dry grinding process, clarify the
fundamental grinding mechanism, and develop a practical system for controlling
particle size of ground products in the dry grinding process. This thesis consists of five

chapters and each content is listed below.

Chapter I describes general background of this thesis. In the first part of this chapter,
the general introduction is presented. The second part provides a review related to this
thesis. The review consists of experimental and theoretical studies on single particle
breakage, modeling of grinding processes using population balance model and
numerical simulation method, and controlling the ground particle size of grinding
process. The third part of this chapter mentioned the main objective and contents of this

thesis.

Chapter II is devoted to numerical analysis of a dry impact pulverizer. First, a discrete
phase model and computational fluid dynamics coupling model (DPM-CFD coupling
model) is proposed in order to understand fluid and particle motion in the dry impact
pulverizer. Validity of the proposed model was confirmed by measured data of fluid
pressure in the grinding chamber and actual particle motion recorded by a high-speed
video camera. Velocity and frequency of particle impact against entire wall of the
grinding chamber are analyzed. The effect of the speed and geometries of the rotor on
the impact condition at various particle sizes was investigated. The impact energy is
calculated from the impact condition, which is compared with the measured median

diameter of final ground products.

Chapter IIT is concerned with a development of numerical simulation method of
particle motion and its breakage in a dry impact pulverizer. In this simulation method,
the DPM-CFD coupling model is combined with a proposed particle breakage model
which consists of three processes, i.e., particle strength, impact stress acting on the

particle, and fragment size distribution after the particle breakage. First, modeling of the

15



three processes is conducted using Griffith’s theory, Hertz’s theory, and breakage
function. The parameters of the three functions are obtained from two simple
experiments, i.e., a uniaxial compression test and impact breakage test. The particle
strength is measured from the uniaxial compression test. The fragment size distribution
after particle breakage is obtained from the impact breakage test. The three processes
could be modeled by the three functions as a function of the impact velocity and particle
size. The motion and impact velocity of the particle are calculated from the DPM-CFD
coupling model. In this proposed method, when the particle impacts against a vessel
wall, the impact stress is calculated from the Hertz’s theory as a function of the impact
velocity. At the same time, the particle strength as a function of particle size is
calculated from the Griffith’s theory. If the impact stress is larger than the particle
strength, the particle is broken and replaced with the smaller fragments. The size
distribution of fragments is obtained from the proposed breakage function. The motion
of the fragments is calculated again in the DPM-CFD coupling model. By repeating the
above calculations over the whole particles in the dry impact pulverizer, the grinding

phenomena can be simulated.

Chapter 1V is directed to the development of feedback control system based on a fuzzy
logic for controlling particle size of ground products in a dry impact pulverizer. First,
on-line measurement system for measuring particle size distribution of the ground
products suspended in dry system is developed. Validity of accuracy of the on-line
measurement system is investigated. A feedback control method based on fuzzy logic is
then established with consideration of dynamic characteristic such as a correlation
between the rotor speed in the dry impact pulverizer and particle size of ground
products. Finally, performance of the feedback control system is evaluated under
various desired values of the ground particle size, starting materials, and external

disturbances.

Chapter V summarizes the conclusions of this thesis.

16
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II-1. Numerical analysis of fluid and particle behavior in dry impact pulverizer

1. Introduction

Grinding phenomena in a dry impact pulverizer which consists of high speed rotating
rotor and a static concavo-convex stator is very complex because of high-speed air and
particle flows in a gap between the complicated geometries inside the grinding chamber.
The particles are mainly broken due to the impact against a wall of the rotor and stator.
Therefore, it is very important to understand the fluid and particle motion in the dry
impact pulverizer. However, it is difficult to experimentally analyze the complex fluid
and particle motion in the dry impact pulverizer.

Recently, numerical simulations have become powerful tools for the analysis of
complex fluid flow and individual particle motion in many particulate processes. A
coupling model of a computational fluid dynamics with a discrete phase model
(CFD-DPM coupling model) is often used in gas-solid two-phase systems if the particle
size is small and the particle phase is dilute. However, analysis of fluid and particle
motion in the dry impact pulverizer has not been reported anywhere.

In this chapter, the fluid flow and individual particle motion were numerically
analyzed using the CFD-DPM coupling model to investigate mechanism of the particle
impact in the dry impact pulverizer. In order to confirm validity of the proposed
numerical model, calculated result of the fluid pressure was compared with the
experimental one. Pressure and velocity of the fluid in the impact pulverizer were then
analyzed. The particle motion was numerically calculated and compared with the actual
particle motion recorded by a high-speed video camera. Velocities and frequencies of
the particle-to-wall impacts were then analyzed at various rotor speeds and particle

diameters, and then the grinding mechanism in the impact pulverizer was discussed.
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2. Dry impact pulverizer

Fig. 2.1.1 shows a schematic diagram of dry impact pulverizer (LM-05, Fuji Paudal
Co., Ltd.) used in this study. The impact pulverizer consists of a high-speed rotating
rotor having eight hammers with dimensions of 15 mm in width, 8 mm in height, and 8
mm in depth, a grinding chamber with a diameter of 119 mm and a depth of 30 mm, a
concavo-convex-shaped stator in the grinding chamber, a classification screen with
opening size of 0.7 mm in diameter, and a collection pot of ground products. The stator
which is a static part of internal grinding chamber surrounds the rotating rotor. A
clearance between the hammer tip and the stator protuberance is 0.5 mm. The maximum
rotating speed of the rotor is 267 rps, which is equivalent to the tip speed of 105.7 m/s.
The classification screen is installed between the grinding chamber and the collection
pot. A starting particulate material is continuously fed into the center of the grinding
chamber and ground between the high-speed rotating rotor and the static stator. The
ground particles which pass through the screen are collected in the pot as the final

ground products.
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Fig. 2.1.1. Schematic diagram of dry impact pulverizer used in this study.
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3. Numerical modeling

3.1. Modeling of fluid flow

The fluid flow and individual particle motion in the impact pulverizer were simulated
using a CFD-DPM coupling model. The fluid flow was calculated using the CFD. The
fluid flow in the impact pulverizer is extremely high-speed turbulent flow caused by the
high-speed rotating rotor with hammers. Therefore, in this CFD simulation, the fluid
was assumed to be a viscous and compressible fluid, and the fluid flow was considered
as turbulence and unsteady flow. The effect of the turbulent flow was described by a
governing equation of fluid flow by Reynolds averaging. In the Reynolds averaging, the
fluid velocity u is described by the averaged velocity # and fluctuating velocity #«' as

shown in the following equation:
u=u-+u (2.1.1)

Scholar variables ¢ such as fluid pressure and temperature are also described by the

averaged scholar variable @ and fluctuating scholar variable ¢’ as shown in the

following equation:
p=p+¢ (2.1.2)

Fluid flow was -calculated by solving the equation of continuity, the
Reynolds-averaged Navier-Stokes (RANS) equation, and the equation of energy. The

governing equations are as follows:

Equation of continuity

0 _
5p+V-(pu)=0 (2.1.3)
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Equation of motion (RANS equation)

% (pu)+V -(pun)=-Vp-V- [— (Vi) + pﬁ]+ pg (2.1.4)

Equation of energy
0 = - = P
a(pCpT)+ V(oC,Tit)=~V - |- by VT + pC, T 2.1.5)
where p, p, u, and g are fluid density, averaging fluid pressure, fluid viscosity, and

gravity, respectively. C,, T , and kg, are constant pressure specific heat, averaged

fluid temperature, and effective heat conductivity of fluid, respectively. The fluid

density is calculated by the following equation, which indicated state of an ideal gas:

Pyt P

where py, R, and M,, are standard pressure, molar gas constant, and molar mass of the
fluid, respectively. In this study, modified k-& turbulent model [12] was used as a

turbulent model. The Boussinesq approximation [6] was applied to solve the Reynolds’

stress term pu'u’ in Eq. (2.1.4) and the temperature transfer term pcpﬁ in

Eq. (2.1.5). The Reynolds’ stress term was calculated by the following equation:

pu'u' = —,ut(Vﬁ-l-(Vl_l)T —%(V-ﬁ)éj+§ pké (2.1.7)

where k and ¢ indicate the turbulent kinetic energy and unit tensor. s is the eddy

viscosity coefficient, which is expressed by the following equation:

k2
A =pCﬂ ? (2.1.8)

where ¢ is turbulent kinetic dissipation rate. C, indicates coefficient of eddy viscosity.
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Because C, was calculated at each computational fluid cell in each time step in the
modified k-& turbulent model, the modified k-¢ turbulent model could simulate a

swirling flow more accurately than a standard k-& turbulent model [7]. On the other
hand, the temperature transfer term pC pYTu' in Eq. (2.1.5) was calculated from the

following equations:

pC, T :—%(VT) (2.1.9)

t

where Pr; is Prandtl number of turbulence.
The turbulent kinetic energy k and turbulent kinetic dissipation rate ¢ were calculated

from the following equations.

Transport equation of turbulent kinetic energy

%(pk)w-(pkﬁ):V[[wf]Vk}Gk+Gb—pa—YM (2.1.10)

Transport equation of turbulent energy dissipation rate

82

%(pg)nLV~(p517)=V-[[u+g—;JV£}+pC1S£+pC2m (2.1.11)

where, Gy, Gp, and Y), are terms of generation of turbulent kinetic energy due to the
mean velocity gradients, generation of turbulent kinetic energy due to buoyancy, and
contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate, respectively. oy and o, are turbulent Prandtl numbers for & and &
respectively. C; and C, are the coefficients [12] of generation term of & and dissipation
ratio of & S and v are modulus of mean rate of strain tensor and fluid kinematic

viscosity. C; and § are calculated from the following equations:
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C, = maX[O.43, L] (2.1.12)

n+5
k
n=S— (2.1.13)
£
§=28;S; (2.1.14)
1({Ou; ou
S, =—| —L+—~
i 2(8)6[ 8xj] (2.1.15)

At the wall boundary, the fluid velocity gradients are high, requiring excessive fluid
cell refinements to calculate the turbulent kinetic energy dissipation rate ¢ in
Eq. (2.1.11) and the generation term of turbulent kinetic energy due to average fluid
velocity gradient Gy in Eq. (2.1.10) at the boundary. In order to alleviate such excessive
fluid cell refinements, the Launder-Spalding wall function [8] was used at both rotating
and stationary wall boundaries in this study. In this function, the dimensionless fluid
velocity U" at a node P of the fluid cell adjacent to a wall and the dimensionless
distance y" between the wall and the node P were used. U  and y are given by the

following equations:

U ) (2.1.16)

7,/p

)= P(Cﬂo‘skp )O'Syp (2.1.17)

Y7,

where Up, kp, and yp are the average fluid velocity at the node P, the turbulent kinetic

energy at the node P, and the distance between the wall and the node P, respectively.
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7, is the wall shear stress. If y* > 11.225 [8], the relation between U and y  was

described by the following equation:
* 1 *
U =—In(a, ") (2.1.18)
K

where x and a,, are the von Karman constant (= 0.4187) and the empirical parameter
(= 9.793) [8], respectively. On the other hand, if y° < 11.225, the relation between U"

and y* was described by the following equation:
U=y (2.1.19)

By using these relations between U~ and y', 7, in Eq. (2.1.16) was calculated. Therefore,

¢and Gy at the boundary were calculated from the following equations:

C 0A75k 1.5
eog Cu ke (2.1.20)
Kyp
oU
G o~r, =g, — v (2.1.21)

The fluid pressure and fluid velocity were solved by a SIMPLE algorithm [11]. The
convection term and diffusion term in Eq. (2.1.4) were discretized using a 1st-order
upwind difference scheme and a 2nd-order central-difference scheme, respectively. The
fluid pressure and velocity were calculated by the discretized equations. Then, the fluid
pressure and velocity was corrected by the discretized equation of continuity. A fluid
relaxation coefficient (= 0.3), and momentum relaxation coefficient (= 0.7) were used
for the calculation of the correction amount. By using the corrected fluid pressure and
velocity, equation of energy and equations of turbulent kinematic energy and turbulent

dispersion ratio which were discretized using a 1st-order upwind difference scheme
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were calculated. If the calculated fluid pressure, velocity, turbulent kinematic energy,
turbulent dispersion ratio, and fluid energy met convergence conditions, the time step
was advanced. If not, the calculation procedure as shown in above was calculated again.
The time-derivative terms in the governing equations were discretized using a 1st order

full-implicit method.
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3.2. Modeling of particle motion

The individual particle motion was calculated using the DPM. In the DPM, the
particles are treated as point mass, and the particle-to-particle impacts are not taken into
account. The particle phase in the dry impact pulverizer can be considered as a dilute
phase, because particle volume fraction in the pulverizer is generally less than 10 vol%
of air volume. The individual particle motion was calculated by solving the equation of

motion as follows:

(2.1.22)

where u, and p, are particle velocity and particle density, respectively. The fluid drag

force, F; is written as

C R
Fy =8 S () (2.1.23)
ppdp 24
d_|[u, —u
Re, _ iyl =] (2.1.24)
u
K K
C — 1 + 2 _|_K 2.125
‘" Re, Rel ( )

where d, and Re, are particle diameter, and particle Reynolds number, respectively. The
coefficient of fluid drag C,; was obtained from the empirical correlation of Haider and
Levenspiel [5]. Ki, K>, and K3 were determined from Re, [10]. The particle velocity
up"+1 at the new time-step n+1 was calculated from the particle velocity u," at the old

time-step n:
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At(u” +;Atup" -Vu”j+mg(pp_p)
n+tl n 2-p pP
u,” =u, + T (2.1.26)
1+ ——
27,

where At and 7, are time-step and particle relaxation time. 7, was calculated according

to the following equation:

2
7, Z%Z%% 2.1.27)
In the dry impact pulverizer, volume ratio of the particle phase to the air fluid phase is
very low. In addition, the size of the particle is relatively small. Therefore, a one-way
coupling model was used for the coupling between DPM and CFD. In the one-way
coupling model, the effect of the fluid motion on the particle motion was only
considered, while effect of the particle motion on the fluid motion was not considered.
The particles were rebound against the wall. The interaction between the particle and

wall was defined by the normal and tangential restitution coefficients, which were

calculated by following equations:
€, = € = (2.1.28)

where u;,, and u,; are impact velocity of particle to wall and rebound velocity of
particle from wall, respectively. The restitution coefficients were set as e, = 0.3 and
e; = 1 [13]. The size distribution of the particles was treated as mono-disperse. The
breakage and size reduction of the particles were not considered in the numerical

simulation.
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3.3. Modeling of geometry of dry impact pulverizer

Three-dimensional geometry for the numerical simulation was created from the CAD
data of the dry impact pulverizer using the GAMBIT (Ver. 2.4.6, Fluent Inc.). The actual
appearance and simulated geometry of the pulverizer are shown in Fig. 2.1.2a and
2.1.2b. Actual appearance and computational fluid cells of the grinding chamber are
also indicated in Fig. 2.1.2c and 2.1.2d. A cross section of the computational fluid cells
of the grinding chamber is shown in Fig. 2.1.2e. The computational fluid cells mostly
consisted of hexahedral elements in order to improve the calculation speed and stability.
The total number of the cells was 490,436. The computational fluid cells were
composed of three regions: (1) front cover with the inlet boundary of fluid, (2) grinding
chamber with the rotating rotor, and (3) stator and collecting pot with the outlet
boundary of fluid. The computational fluid cells in the region (2) were rotated with the
motion of the rotor, although the computational fluid cells in the region (1) and (3) were
stationary. The interface between the rotating cells and the stationary cells was treated

using a sliding mesh model [9].
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Cross section
of (d)

Fig. 2.1.2. Actua appearance and simulated geometry of impact pulverizer.
(a) Actual overall view of pulverizer. (b) Simulated geometry of
pulverizer. (c) Actua view of grinding chamber. (d) Computational fluid
cells of grinding chamber. (€) Cross section of computational fluid cells.
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3.4. Calculation conditions

Calculation conditions used in this simulation are listed in Table 2.2.1. In order to
reduce the total calculation time and to improve the calculation stability, the fluid
motion in the dry impact pulverizer was calculated in order of incompressible steady
calculation, incompressible unsteady calculation, and compressible unsteady calculation.
After converging the calculation of the fluid motion, 12 particles were continuously fed
into the grinding chamber per 1-timestep (8.33 us). The starting particles had an initial
velocity which was almost the same velocity as the actual grinding operation. Impact
velocity and impact frequency were analyzed when the number of particle in the
grinding chamber was almost constant. At this time, the number of the particles was

almost 48,000. The rotating speed of the rotor was set at 267 rps.
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Table 2.1.1 Calculation conditions

Fluid density (101.3 kPa, 288 K)
Fluid viscosity (101.3 kPa, 288 K)
Inlet pressure
Outlet pressure
Time step
Particle density
Restitution coefficient
Normal impact between particle-to-wall
Tangential impact between particle-to-wall
Number of fluid cells
Rotating speed of rotor
Particle diameter
Initial velocity of starting particles
x-direction
y-direction
z-direction

1.225

1.789 X 1073
101.3

101.3

8.33

1500

0.3

1.0

490,436
133,200,267
25,50, 100, 250

-1.6
—11.8
0
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4. Experimental

In order to validate our proposed numerical model, the fluid pressure and particle
motion in the impact pulverizer were experimentally investigated. A schematic diagram
of the experimental set-up is shown in Fig. 2.1.3. Geometry and size of the impact
pulverizer used in this experiment were the same as that used in the numerical
simulation. A pressure sensor (AP-12S, Keyence Corp.) was used for measurement of
fluid pressure at the inside of the grinding chamber. A pressure tap was installed at the
top of the grinding chamber. The front cover was made of a transparent acrylic plastic,
which allowed to observe the particle motion. The particle motion was recorded using a
high-speed video camera (Phantom V710, Vision Research Inc.). Recording speed of
the high-speed video camera was set as 100,000 frames per second. Spherical particles
made of sucrose and starch (Nonpareil-101, Freund Corp.) were used as the
experimental model particles. The size range of the model particles was between 500

and 710 pm.
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1. Motor 2. Bag filter 3. Collection pot
4. Front cover 5. Pressuretap 6. Pressure sensor

7. llluminationlamp 8. Light source 9. High speed video camera
10. Data analysis system

Fig. 2.1.3. Experimental set-up for measurement of fluid pressure and observation of

particle motion.
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5. Results and discussion

5.1. Validation of simulation model

In order to validate our proposed model, the calculated results were compared with
the experimental ones. Previous researches [1, 2] validated their proposed simulation
models by comparing the calculated fluid pressures in grinding processes with the
experimental one. In this study, the calculated fluid pressure in the grinding chamber
was compared with the experimentally measured one. The time averaged fluid pressure
as a function of the rotating speed of the rotor is shown in Fig. 2.1.4. The location of
measurement sensor of fluid pressure in the experiment was the same as that in the
numerical simulation. Seen from Fig. 2.1.4, the calculated results showed good
agreement with the experimental ones. This implies that validity of the simulation
model was quantitatively confirmed. The fluid pressure slightly increased with an
increase in the rotating speed, because the fluid was compressed by the high-speed

moving hammers at circumference of the grinding chamber.
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Fig. 2.1.4. Comparison of calculated fluid pressure and experimental fluid pressure

in dry impact pulverizer.
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5.2. Fluid pressure in grinding chamber

Fig. 2.1.5 shows calculated static fluid pressure distribution in the grinding chamber
at a cross section of the rotational axis. The data was obtained after the outlet mass flow
rate of the fluid from the exhaust reached almost constant. The fluid pressure at
circumference of the grinding chamber was higher than in other areas. Especially, the
fluid pressure in the concaves of the stator when the hammer tips approached to the
concave were extremely high. This meant that the fluid in the concaves was strongly
compressed by the hammers. By contrast, the fluid pressure near the center of the
grinding chamber was lower than the standard atmospheric pressure (101.3 kPa). This
negative pressure caused the intake flow into the grinding chamber. The radial gradient
of fluid pressure from center to circumference of the grinding chamber was formed by
centrifugal force generated by the fluid rotational motion. Fig. 2.1.6 indicates
distributions of the static fluid pressure at the top of grinding chamber under various
rotating speeds, R. At higher rotating speeds, the fluid was more compressed. Variation
of the fluid pressure in the concaves generated when the hammer tips passed over the

concave also increased with an increase in the rotating speed.

5.3. Fluid velocity in grinding chamber

Fig. 2.1.7 shows a calculated fluid velocity distribution in the grinding chamber at the
rotating speed of 267 rps. The fluid in the grinding chamber mainly swirled around the
rotational axis of the rotor. The fluid velocity at the circumference of the grinding
chamber was higher than that in other areas. This was because that the fluid in front of
the hammers was strongly compressed by high-speed motion of the hammers. The fluid
velocity and flow pattern in concaves of the stator greatly differed from those in other
area. In the concaves, the fluid velocity was much lower than the tip speed of the
hammers. The swirling flows inside the concaves were generated by passing of the

high-speed hammers over the concaves.
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Fig. 2.1.5. Pressure distribution in grinding chamber.
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Fig. 2.1.6. Fluid pressure distributions at top of grinding chamber in various rotating

speeds.

48



Fluid velocity [m/s]
120

90
60
30

Cross section of grinding chamber
(Vector lengths are fixed)

Fig. 2.1.7. Fluid velocity distribution in grinding chamber.
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5.4. Particle behavior in grinding chamber

Fig. 2.1.8 indicates a calculated result of individual particle motion in the grinding
chamber. Particles were continuously fed into the chamber with the rotor rotating. In the
Fig. 2.1.8, particles are colored according to its velocity, and the size of the particle is
enlarged by 3 times in order to clearly visualize. The particles were initially transported
from center to circumference of the grinding chamber, and then accelerated by the fluid
drag force, caused by the rotating hammers. The particles mostly existed at the
circumference because of the centrifugal force acting on the particles. The residence
time of the particles in the grinding chamber was about 0.03 s, calculated from the
numerical simulation. The solid volume ratio, which was calculated from the particle
phase volume divided by the continuous phase volume, was less than 3.4%. Therefore,
it was reasonable that the solid flow was regarded as a dilute phase.

Fig. 2.1.9 describes a typical particle motion in a concave of the stator when a
hammer passed over the concave. Distributions of the fluid pressure and fluid velocity
are also indicated in the background. Time interval between snapshots was 33.3 ps. It
should be noted that particles in front of the hammer were accelerated only by the fluid
drag force but not by the impact with the hammer (Fig. 2.1.9a). The particles then
moved into a concave of the stator with a velocity higher than the tip speed of hammers
(Fig. 2.1.9b). The particles impacted with the inner wall of the concave (Fig. 2.1.9¢),
and then the particles rebounded (Fig. 2.1.9d). The fluid pressure in the vicinity of the
impact location by the particles was remarkably compressed. Fig. 2.1.10 shows the
actual particle motion in a concave recorded by the high-speed video camera. The time
interval of the recording was 40 ps. The particle motion in the concave was similar to
the calculated ones. The impact location of the recorded particle on the inner wall of the
concave was very similar to the calculated results. And, the actual particle velocity
obtained from the experimental results was 41.7 m/s at a rotating speed of the rotor,
133 rps. The particle velocity in the calculated results at the same rotating speed was
from 40 to 70 m/s. This indicated that the particle velocity in the experimental results
was in good agreement with the calculated one. From these results, it was found that the
particles were accelerated only by the fluid drag force without the contact with the

hammer and then particles impact with a wall of the stator.
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Fig. 2.1.8. Calculated result of particle behavior in grinding chamber (Size of the
particles is enlarged by 3 times.).
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Fig. 2.1.9. Calculated results of particle behavior around hammer tip and concave of
stator (R =267 rps, Tip speed of hammer = 105.7 m/s, Size of the particles

is enlarged by 3 times.).
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Particle

Fig. 2.1.10. Experimentally observed impact behavior of a particle (R = 133 rps).
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5.5. Effects of operating parameters on velocity and frequency of particle impact

The rotating speed and the particle size of starting materials are the critical operating
parameters in the impact pulverizers [3]. Thus, the velocities and frequencies of particle
impact against the entire wall of the grinding chamber were numerically analyzed in
detail at various rotating speeds and particle sizes. Especially, the particle impact against
the two kinds of walls: (i) inner walls of concaves of the stator and (ii) front walls of
hammers were investigated, as shown in Fig. 2.1.11. Number of the particles was set as
4000 in this investigation. In order to obtain the accurate calculation results, the data of
the particle impact was sampled out after the calculation in the computing time longer
than the particle residence time.

Fig. 2.1.11 shows velocity distributions of the particle impact against the entire walls,
stator walls, and rotor walls at the different rotating speeds. The particle diameter was
250 um. The vertical axis and horizontal axis indicates the number of particle-to-wall
impacts per second and the impact velocity of particle-to-wall in the normal direction,
respectively. The impact velocities less than 5 m/s were not shown in Fig. 2.1.11,
because the impacts with such low impact velocity could not contribute to the grinding
of particles. The results indicated that velocity distributions of the particle impact were
bimodal at any rotor speeds. The maximum impact velocities of the particle in any rotor
speeds were higher than the tip speed of hammers by 1.4 times. The maximum impact
velocity and a width of the distribution increased with an increase in the rotor speed.
Grand and Kalman [4] reported in their experimental results that the size of ground
particles decreased and width of the particle size distribution of the ground particles
became broader under higher rotor speeds. Therefore, the calculated results reflected
characteristics of the experimental ground products. The bimodal velocity distributions
of the particle impact in the impact pulverizer were classified into the two-types, i.e.,
high-speed impact and low-speed impact. In the region of high-speed impact, most of
the particles were accelerated by the hammer and impacted against the stator. The
number of particle impacts against the hammers was very small as compared to the one
with the entire wall of the grinding chamber. Therefore, the particle impact at a velocity
higher than the tip speed of hammers mainly occurred on the stator wall. This implied

that the particles were mostly broken by the impact against the stator wall.
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Fig. 2.1.11. Velocity distributions of particle impact against inner walls of grinding

chamber.
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Fig. 2.1.12 shows number fraction of particle-to-stator impacts in different particle
sizes. The rotating speed of the rotor was 267 rps. The sizes of particles used were 25,
50, 100, and 250 pum. The ordinate axis indicates the number fraction of the
particle-to-stator impact against all impacts with the entire wall. The fraction of
low-speed impact (lower than 70 m/s) was almost the same regardless of the particle
size. However, the fraction of particle-to-stator impact at a velocity faster than the tip
speed of hammers (105.7 m/s) was decreased in smaller particle sizes. Generally, a
smaller particle moving along with a streamline of fluid flow is more difficult to deviate
from the streamline, because an inertial force of a particle decreases with a decrease in
size of the particle. The calculated results showed that the number fraction of particles,
which were deviated from the swirling main streamline in the grinding chamber and
moved into the concaves, decreases when the particle size was smaller.

Fig. 2.1.13 shows temporal changes in particle velocity before the particle impact
against the stator wall under various particle sizes. The particles in red circles of
snapshots from I to IV correspond to I to IV in the below graph. The graph indicates the
number averaged particle velocity before the particle impact against the stator wall at a
velocity higher than 70 m/s. In the 250 um, the particle velocity began to increase at
0.017 m, because the particles were accelerated by the fluid drag force when a hammer
approached the particles. The particle velocity then began to slightly decrease from
0.007 m at which particles moved into a concave of the stator. This was because that the
particles having high-speed velocities were subjected to the fluid resistance force in the
concave in which the fluid velocity is very low. The fluid resistance force led to
decrease of the particle velocity. The particle velocity in the concaves more decreased
when the particle size was smaller. Generally, the fluid resistance force acting on a
single sphere increases with the square of the particle size as indicated from Eq. (2.1.23).
By constant, an inertia force of the particle is proportional to the particle mass, which is
the cube of the particle size. Therefore, the velocity of particle impact against the stator
wall decreased with a decrease in the particle size.

These calculated results showed that the frequency and velocity of the particle
impacted against the stator wall decreased with a decrease in the size of the particles.

This implied that the ground limitations existed because of the decrease of the
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frequency and velocity of particle impact when the particle size was smaller. It was
concluded that the fluid flow was important factor for the velocity and frequency of

particle impact, which determined performance of the impact pulverizers.

6. Conclusions

The fluid flow and individual particle motion in an impact pulverizer were
numerically analyzed using a CFD-DPM coupling model. First of all, calculated fluid
pressure and particle motion in the grinding chamber was compared with the
experimental ones, and both results showed good agreement. It was found that the fluid
in the grinding chamber mainly swirled in the direction of hammer rotation, and the
fluid velocity in front of the hammers was higher than the tip speed of hammers. The
velocities and frequencies of particle impact against the entire wall of the grinding
chamber were also analyzed under various rotor speeds and particle sizes. It was shown
that a maximum impact velocity of the particle increases, and a width of the impact
velocity distributions become broader with an increase in the rotor speed. As the particle
size was smaller, it was also found that the particle impacted against the stator wall was
not likely to occur, and a decrease of the impact velocity was observed despite the same
rotating speed of the rotor. The calculated results implied that the ground limitations
existed because of the decrease of the frequency and velocity of particle impact when
particle size was smaller. Consequently, the particle impact mechanism in an dry impact

pulverizer was clarified via the numerical simulation using CFD-DPM coupling model.

Nomenclature
Ay : Empirical parameter in Eq. (2.1.18) -]
G : Coefficient of ¢ generation term in Eq. (2.1.11) -]
G : Coefticient of ¢ dispersion term in Eq. (2.1.11) -]
Cq : Coefficient of fluid drag -]
G : Heat capacity at constant pressure [J/(kg'K)]
C, : Coefficient of eddy viscosity in Eq. (2.1.8) -]
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dy
€n
€t
Fyq
Gy
G
4
K,
K>
K;
k
kp

ktherm

: Particle diameter

: Reflection coefficient in normal direction
: Reflection coefficient in tangential direction
: Drag force coefficient

: Generation term of k due to buoyancy

: Generation term of & due to average fluid velocity gradient
: Gravity acceleration

: Constant in Eq. (2.1.25)

: Constant in Eq. (2.1.25)

: Constant in Eq. (2.1.25)

: Turbulent kinetic energy

: Turbulent kinetic energy at node P

: Thermal conductivity

: Molar mass of fluid

: Mass of particle

: Prandtl number of turbulent

: Fluid pressure

: Average fluid pressure

: Standard fluid pressure

: Rotating speed of rotor

: Molar gas constant

: Reynolds number of particle

: Modulus of mean rate-of-strain tensor

: Fluid temperature

: Average fluid temperature

: Fluctuant fluid temperature

: Time

: Time step

: Dimensionless fluid velocity at node P

: Average fluid velocity at node P

: Fluid velocity
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u : Averaged fluid velocity

u' : Fluctuant fluid velocity

u : Velocity of particle impacts against stator wall

U : Fluid velocity to direction of i (i = x, y, z)

ump  : Impact velocity of particle to wall

ur - Rebound velocity of particle from wall

up, : Particle velocity

Wo : Mass of particles in grinding chamber

Xi : Fluid length of direction of i (i = x, y, z)

Yur : Dilatation dissipation term

y : Dimensionless distance between wall and node P

Vp : Distance between wall and node P
Greek letters

1) : Unit tensor

£ : Turbulent kinetic energy dissipation rate

1) : Scholar variable

7 : Averaged scholar variable

o' : Fluctuant scholar variable

K : von Karman constant

y7, : Fluid viscosity

A : Eddy viscosity

v : Fluid kinematic viscosity

P : Fluid density

Po : Particle density

Ok : Turbulent Prandtl numbers for &£

o; : Turbulent Prandtl numbers for &

% : Particle relaxation time

Ty : Wall shear stress
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I1I-2. Numerical simulation for equipment design in dry impact pulverizer

1. Introduction

Equipment geometry in the dry impact pulverizer drastically changes the grinding
performance. Thus, it is important to understand the effect of the equipment geometry
on the grinding performance and to optimize the geometry in order to make the desired
ground products and to operate the grinding process with low power consumption.
However, the optimization of the geometry has been conducted by a try-and-error
method or expert’s knowledge. Austin [1] calculated a power consumption of a dry
impact pulverizer from the rotor geometries. It is somewhat useful for the simple
geometry, but it is difficult to analyze the complex geometries in impact pulverizers
used in actual industries. Recently, numerical simulation is used to analyze the effect of
the geometry on the grinding performance. The correlation between the geometry in
grinding processes and the fluid flow and impact energy of particle are numerically
investigated [3, 4, 5, 6]. However, there is no study which investigates the correlation
between mean diameter of ground products and impact energy under various geometries
in dry impact pulverizer.

In this study, effect of the rotor geometry on particle impacts against stator walls in a
dry impact pulverizer was numerically investigated. Calculated results were compared
with the experimental results. The effects of geometries such as the number of hammers

and clearance between the rotor and stator were analyzed.
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2. Numerical analysis

2.1. Numerical model

Fluid flow and particle motion in the dry impact pulverizer under various rotor
geometries were numerically analyzed using the CFD-DPM coupling model. Numerical
model and calculation conditions were most of the same as those used in the previous
section (see II-1. 3.). A particle was fed into the grinding chamber per 8.33 us
continuously. Impact velocity and impact frequency were analyzed when the number of
particle in the grinding chamber was almost constant. At this time, the number of

particle was 4,000. The rotating speed of the rotor was set at 267 rps.

2.2. Geometric conditions

In order to investigate the effect of equipment geometry of the rotor in dry impact
pulverizer on the grinding performance, various geometries of the rotor were used as
shown in Fig. 2.2.1. In this study, the number of hammers installed on the rotor,
clearance between the hammer tip and stator wall were changed. The effects of the
geometric conditions on the frequency and velocity of particle impact against the wall in
the dry impact pulverizer were numerically analyzed. Table 2.2.1 summarizes the

combination of the number of hammers and clearance used in this study.

2.3. Particle impact energy against wall

The grinding performance can be investigated using impact energy. In the dry impact
pulverizer, the particle breakage is mainly caused by the impact against the stator wall.
The impact energy E; of particles against the stator walls was calculated from the
velocity and frequency of the particle impacts against the walls per unit time. The

impact energy was obtained by the following equation:
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Fig. 2.2.1. Geometric conditions of simulation.

Table 2.2.1 Combination of number of hammers and clearance

Number of hammers, Clearance,
Run No. Ny [-] b [mm]

0.5
0.7
1.0
0.5
0.5
0.5
0.5
0.5
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where n, mp, uy, t, and W, are number of particle impacts against the stator walls,
particle mass, velocity of particle impacting against the stator walls, simulation time,
mass of the all particles in grinding chamber, respectively. E; was calculated from the

particle impacts for the time taken for one revolution of the rotor.

3. Experimental

Grinding operation was conducted using the dry impact pulverizer (see Fig. 2.1.1) in
order to compare the calculated results with experimental ones. In the grinding
operation, the effects of the number of hammers and clearance on the median diameter
of ground products were experimentally analyzed. Geometry of the rotor used in this
experiment is shown in Fig. 2.2.2. A lactose hydride powder (Pharmatose 80M, DMV
International, dsp = 254 um), which is a common pharmaceutical excipient, was used as
starting material. The median diameter of the lactose was 254 um. Grinding conditions
were similar to the calculated ones. The feed rate of the starting material was 30 g/min.
In this case, the particle residence time in the grinding chamber was less than a few
second. The total operating time was 5 min. The median diameter of the ground
products were measured by a laser diffraction particle size analyzer (SALD-2100,

Shimadzu Co., Ltd.).
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Fig. 2.2.2. Geometric conditions of experimant.

67



4. Results and discussion

4.1. Effect of number of hammers on grinding performance

Fig. 2.2.3 shows velocity distribution of fluid flow in the dry impact pulverizer under
various numbers of hammers. The clearance was 0.5 mm. When the rotor with 6
hammers was used, the fluid only near the hammers in the circumference of the
grinding chamber moved at a speed higher than 100 m/s. On the other hand, when the
rotor with more than 8 hammers was used, the fluid uniformly moved in the
circumference at a speed higher than 100 m/s. Fig. 2.2.4 indicates velocity distribution
of particle impact against stator walls of grinding chamber under various numbers of
hammers. The stator walls were shown in Fig. 2.1.11. The velocity distributions showed
bimodal distributions. This was because the velocity more than 60 m/s indicated the
impact of the particles took place at the concave of stator by high-speed moving
hammer. On the other hand, the velocity less than 60 m/s showed the impact of the
particles suspended inside the concave. With an increase in the number of hammers at a
range from 6 to 12, impact frequency at a range of impact velocity from 120 to 150 m/s
was increased because the fluid velocity in the circumference of the grinding chamber
increased as shown in Fig. 2.2.3.

Fig. 2.2.5 describes number of particle impacts against the stator wall per unit time as
a function of number of hammers. The number of particle impact significantly increased
with an increase in the number of hammers from 6 to 8. When the number of hammers
increased to more than 8, the number of particle impact gently increased. This was
because that the fluid velocity in the circumferences of the grinding chamber increased
with an increase in the number of hammers. Therefore, it was found that the fluid
velocity distribution in the grinding chamber was determined by the number of hammer
and strongly affected the particle impact conditions.

Fig. 2.2.6 shows correlation between the number of hammers and impact energy. The
impact energy increased with an increase in the number of hammers from 6 to 8. This is
because of the increase in the frequency and velocity of the particle impacts. The impact
energy then increased again with an increase in the number of hammers from 10 to 12

because of the increase in the impact velocity.
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Fig. 2.2.3. Velocity distributions of fluid in impact pulverizer under various numbers
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Fig. 2.2.7 indicates correlation between the number of hammers and median diameter
of ground products obtained from the experiment. The median diameter decreased with
an increase in the number of hammers. This experimental result showed the same

tendency as the calculated results of the impact energy.

4.2. Effect of clearance on grinding performance

Fig. 2.2.8 shows velocity distribution of fluid flow around a hammer under various
clearances. The number of hammers was 8. The fluid velocity around a hammer slightly
increased with a decrease in the clearance. This was because that the fluid was pressed
into the stator wall and the transmission efficiency of the kinematic energy of the rotor
from the rotor to the fluid was improved by decreasing the clearance. Fig. 2.2.9
indicates velocity distribution of particle impact against stator walls of grinding
chamber under various clearances. With a decrease in the clearance at a range from 1.0
to 0.5 mm, impact frequency at a range of impact velocity from 120 to 150 m/s was
slightly increased because the fluid velocity around the hammers increased.

Fig. 2.2.10 describes number of particle impact against the stator walls per unit time
as a function of clearances. The number of particle impact increased with a decrease in
the clearance. This is because that by using a rotor with smaller clearance the more
particles in front of hammer could impact against the stator wall when a hammer pass
over a concavo of the stator.

Fig. 2.2.11 shows a correlation between the clearance and impact energy. The impact
energy increased with a decrease in the clearances. Especially, the impact energy
drastically increased when the clearance changed from 0.7 to 0.5 mm.

Fig. 2.2.12 indicates correlation between the clearance and median diameter of
ground products obtained experimentally. The median diameter decreased with a
decrease in the clearances. This experimental result showed the same tendency as the

impact energy.
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Fig. 2.2.8. Velocity distributions of fluid in vicinity of hammer tip in impact

pulverizer under vairous clearances; (a) clearance = 0.5 mm,

(b) clearance = 0.7 mm, (c) clearance = 1.0 mm.
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Fig. 2.2.13 shows a correlation between the calculated impact energy and median
diameter of ground products experimentally obtained under various geometries of the
rotor. The median diameter decreased with an increased in the impact energy. Here, the

results were fitted by the following equation based on Bond’s law [2]:

E =G,/ Jdy -1/ Jd ) 222)

where dpso 1s median diameter of starting material powders. In this study, the dsso was
254 um. Cp is a coefficient. The coefficient is used as a fitting parameter. It was found
that the correlation of the impact energy with the median diameter could be described
by the Eq. (2.2.2). Only in the geometry of the rotor with 6 hammers, the median
diameter obtained from the experiment was smaller than the one estimated from the
Eq. (2.2.2). This was because the fluid velocity in grinding chamber using the rotor with
6 hammers was so small among other types of the rotor. Thus, the particle residence
time in the grinding chamber using the rotor with 6 hammers was indicated larger
residence time than the other types of the rotor. Therefore, the median diameter of
ground products in the dry impact pulverizer can be predicted from the impact energy

using the negative correlation based on the Bond’s law.
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5. Conclusions

The effects of the equipment geometry of the dry impact pulverizer were numerically
analyzed using a CFD-DPM coupling model. Especially, the number of hammers and
clearance of the rotor were focused. The frequency and velocity of particle impact
against the stator walls were analyzed under various geometries of the rotor. The fluid
velocity in the grinding chamber and the number of the particle impact increased with
an increase in the number of hammers. The number of the particle impact also increased
with a decrease in the clearance. The impact energy showed same tendency with the
experimental results. The excellent correlation based on Bond’s law between the impact
energy and median diameter of ground products has been obtained. The median
diameter of ground products can be estimated from the impact energy using the
correlation. This simulation method revealed the effects of the equipment geometry on
the grinding performance. It is also expected that the simulation method can be a strong

tool for the control and the optimization of equipment geometry in the dry impact

pulverizer.
Nomenclature
bc : Clearance [m]
Cs  : Coefficient of Eq. (2.2.2) [T-m®/(kg's)]
drso : Median diameter of starting materials [m]
ds : Median diameter of final ground products [m]
Er : Impact energy [J/(kgs)]
my, : Mass of particle [kg]
n : Number of particle impacts against stator wall -]
Ny : Number of hammers -]
t : Simulation time [s]
ui : Velocity of particle impacts against stator wall [m/s]
Wo : Mass of all particles in grinding chamber [kg]
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Development of simulation method of

particle breakage in dry impact pulverizer
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1. Introduction

Particle size distribution of ground products in a grinding process is important
because the particle size distribution influences very much on the quality and
performance of the end products in many industries. Therefore, the particle grinding
phenomenon such as particle breakage and temporal changes in the particle size
distribution in the grinding process should be understood.

To understand the particle grinding phenomena in the grinding process, two main
phenomena should be understood. The first phenomenon is how the particles behave in
the grinding equipment and how much impact stress the particles receive. The second
phenomenon is how the particles are broken and split into the smaller particles, namely
fragments. The numerical simulation technique has been used for analyzing each
grinding phenomena, i.e., the two phenomena have been analyzed separately. Thus, the
particle grinding phenomenon in the grinding process could not be understood in detail.

In this chapter, a novel simulation method to simultaneously calculate particle motion
and its breakage in a dry impact pulverizer was developed. First, a new particle
breakage model consisting of particle strength, impact stress acting on the particles, and
fragment size distribution after the particle breakage was proposed. A uniaxial
compression test and impact breakage test were conducted in order to decide parameters
of the proposed particle breakage model. The motion of particles in the dry impact
pulverizer was calculated using the DPM-CFD coupling model. Then, the proposed
particle breakage model was coupled with the DPM-CFD coupling model. The temporal
changes in particle size distribution in the grinding chamber were analyzed. The validity
of the proposed method was investigated. The size limitation of ground products in the
dry impact pulverizer was also discussed. The calculated results were compared with
the experimental ones under various operating conditions such as particle size of

starting materials and rotating speed of the rotor.
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2. Particle breakage model

2.1. Overview of the particle breakage model

In this study, the particle breakage in a grinding process was described by three
components; the particle strength, the impact stress acting on the particle, and the
fragment size distribution after the particle breakage.

Fig. 3.1.1 shows a schematic of a proposed particle breakage model. When a particle
impacts against a wall at an impact velocity up, the particle receives an impact stress o.
If the impact stress oj is higher than the particle strength os (o1 > o%), the particle is
broken. The particle then splits into multiple smaller fragments having different sizes of
d; (i=1, 2,3, ). The breakage process will be repeated in the grinding chamber. The

proposed three components are explained in detail below.

2.2. Particle strength
The particle strength is defined by Griffith’s theory [3]. Schematic diagram of the
Griffith’s theory shows Fig. 3.1.2. The particle strength os is calculated by the following

equation:

0.5
asz(%j G.1.1)
where yand C express a surface energy per unit area and half-length of a crack which is
an onset of a particle breakage, respectively. The particle strength has a distribution
even if the size and properties are the same, because the crack length is not uniform and
has its distribution. In a preliminary investigation, it was found that the particle
strengths measured experimentally can be well expressed by Griffith’s theory under an
assumption that distribution of the crack length obeys a log-normal distribution.

Therefore, the crack length C can be described by the following log-normal distribution:

f(C)= mexpl—%(%J ] (3.12)

84



Particle strength, og © 4 o

u
/ o9’
d.’ 00°
205
ﬁ O\/of Fragment size

/> o distribution
Impact stress, o 9~ 05

NN % ANNANNN

d: Particle diameter

u,; Impact velocity

Fig. 3.1.1. Schematic of particle breakage model.

85



Mechanical energy Surface energy

9 o of a crack
u —"C0% E5"A U, = 4CSy
Tensile stress
Particle
P N— _I ............... . Crack
7 S
— i
2 e
b l _________ _ii .........
OA
2 2
U=-U,_ +U, =-"C9% ,acs,
avu
Yo
ac — Particle strength
Bl
o, =| ——
nC

Fig. 3.1.2 Schematic of Griftith theory.

86



where £ and S, indicate mean and standard deviation of the crack length, respectively.
Therefore, once the two parameters £ and S; in Eq. (3.1.2) are determined, the particle

strength can be calculated by using Egs. (3.1.1) and (3.1.2).

2.3. Impact stress
When an elastic spherical particle impacts against a wall at the impact velocity u,
maximum impact load Fj acting on the particle can be calculated by the following

equation [5] derived from Hertz’s theory:

0.6 0.4 2
5
FIZ(%) (%j @j u? (3.1.3)

where p, and d describe particle density and particle diameter, respectively. k is the

material mechanical property which is defined by the following equation:

2 2
I-v, +1—v2
El EZ

k= (3.1.4)

where £ and v are the Young’s modulus and Poisson's ratio, respectively. The subscripts
of 1 and 2 mean the wall and particle, respectively. By dividing Eq. (3.1.3) by the
particle projected area, the impact stress acting on the particle can be described as

follows:

0.6 0.4
5p, 4 12
o, = (Tp] (%) u, (3.1.5)
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2.4. Fragment size distribution after particle breakage
The fragment size distribution after the particle breakage can be described by a
breakage function [7, 10]. In this study, a power-low function, which is a well-known

breakage function [8, 12], was used:

Bz(i] (3.1.6)

where d; and d, are the particle size of a fragment and mother particle before the
breakage, respectively. a is a parameter which determines width of the fragment size
distribution. B means volume ratio of fragments which are smaller than d; in the all

fragments.
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3. Numerical simulation

3.1. Numerical simulation of fluid and particle motion
A dry impact pulverizer shown in Fig. 2.1.1 of the previous chapter was used. Fluid
flow and particle motion in the dry impact pulverizer were numerically analyzed using

the DPM-CFD coupling model (see 1I-1. 3.).

3.2. Implementation of particle breakage model into DPM-CFD coupling model
Fig. 3.1.3 shows a flow chart of the proposed simulation method. First, the fluid flow
and particle motion in the impact pulverizer were calculated using the DPM-CFD
coupling model. When a particle impacts against a wall of the grinding chamber, the
impact stress acting on the particle (oy) was calculated from Eq. (3.1.5) using the
particle impact velocity (up). The particle strength (o) was then determined. In order to
calculate the particle strength (og), two parameters s and S. in Eq. (3.1.2) were initially
calculated from diameter of the impacted particle (d). A crack length C of the impacted
particle was then calculated based on the Eq. (3.1.2) with the calculated s and S.. In the
numerical simulation scheme, the crack length C was determined from generated
random numbers obeying the log-normal distribution of the Eq. (3.1.2). A Box-Muller
transform method [1] was used to generate the random numbers. This transform method
can calculate random numbers obeying normal distribution functions from uniform
random numbers. The uniform random numbers were calculated using a Mersenne
Twister algorithm [6]. By substituting the crack length C into Eq. (3.1.1), the particle
strength (os) was finally determined. The mechanical properties of the wall and particle
in Egs. (3.1.4) and (3.1.5) are shown in Table 3.1.1. If the impact stress is smaller than
the particle strength (o7 < o3), the particle is not broken and rebounds from the wall as
the elastic collision. The restitution coefficient was 0.95 [2]. On the other hand, if the
impact stress is larger than the particle strength (o1 > o3), the particle is broken and
splits into fragments. The fragment sizes are calculated based on the breakage function
shown in Eq. (3.1.6). The parameter @ in Eq. (3.1.6) was calculated as a function of the
particle impact velocity. The correlation between the parameter a and the particle impact

velocity was obtained from the experimental results of an impact breakage test. In order
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Table 3.1.1 Material properties

Provert Particle Wall
perty (glass beads) (SUS-304)
Young’s modulus, £ [GPa] 71 200
Poisson’s ratio, v[—] 0.25 0.25
Density, p [kg/m3] 2500
Surface energy, y[J/m?] 4,111

Table 3.1.2 Calculation conditions

Fluid viscosity 1.789 X 10>  [Pas]
Inlet pressure 101.3 [kPa]
Outlet pressure 101.3 [kPa]
Rotating speed of rotor 133,200,267 [rps]
Time step 8.33 [us]
Particle diameter

of starting materials 210,500,690 [um]
Particle density 2500 [kg/m3]
Restitution coefficient 0.95 [—]
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to calculate the fragment sizes, the breakage function should be converted from a
volume basis to a number basis. The number based breakage function N converted from

Eq. (3.1.6) is expressed as follows [4]:

d > —q%3
=" 3.1.7
a7 —dy e

where dy and dy,;, are the diameter of a particle before the breakage and the minimum
diameter of fragments, respectively. In this study, dmi, was defined as the d; at B = 0.01
in Eq. (3.1.6) in order to achieve both better accuracy of calculated fragment size and
lower computing cost, although a particle smaller than dp,;, might be generated in an
actual particle breakage. The sizes of the individual fragments d;(i = 1, 2, 3, ) were
calculated one-by-one from Eq. (3.1.7). The maximum total number of the fragments
after the single particle breakage was set as 30. This maximum number of the fragments
was also preliminary optimized in order to achieve both better accuracy of calculated
fragment size and lower computing cost. The individual fragments were generated until
whether the total volume of the fragments reached to the 98 vol% of the impacted
original particle, or the total number of the fragments reached to 29. Only one fragment
was then finally generated, and its size was determined to conserve the mass balance
before and after the particle breakage. According to this simulation procedure, the
particle motion and its breakage in the grinding process can be simulated

simultaneously.
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3.3. Calculation conditions

The fluid flow and particle motion in the impact pulverizer were calculated by means
of a commercial software (Fluent v12.0, ANSYS Inc.). The proposed particle breakage
model was implemented into the software using a UDF (User Define Function). The
calculation conditions are listed in Table 3.1.2.

After a converged (quasi-steady) fluid flow was simulated without particles, a single
particle was fed into the center of the grinding chamber every 8.33 ps. As a standard
model particle used in the calculation, glass beads that have a diameter of 500 um were
used. The material properties of the particle and wall are listed in Table 3.1.1. The
standard rotating speed of the rotor in the grinding chamber was 267 rps. All
computations were performed using a work station (VT64 WorkStation9500, Intel Xeon
X5690 3.46 GHz, Visual Technology). It took about 36 h to calculate the converged
fluid flow without the particles and 10 days to simulate the fluid motion, particle motion,

and its breakage for 15 ms when one core was used.
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4. Experimental

4.1. Model particle
Lime soda glass beads (Toshin Rikou Co., Ltd.) with spherical shape and a typical
brittle property were used as a model particulate material. The material properties are

shown in Table 3.1.1.

4.2. Uniaxial compression test

In order to obtain the parameters S, and ¢ in the crack length distribution shown in
Eq. (3.1.2), single particle strengths were measured by a particle strength tester (Grano
3.01, Okada Seiko Co., Ltd.). Fig. 3.1.4 shows a schematic of the tester. A single
particle is broken by compression with the indenter. The tester can measure the
compression load and the displacement of the indenter when a particle is broken. The
moving velocity of the indenter was set as 100 um/s. The particle strength was
calculated by dividing the particle breakage compression load Fs by the projected area

of the particle when the particle was broken:

F

_ ”dza/4 (3.1.8)

Oy

The original particles were sieved into size ranges of 106-125, 180-212, 425-500, and
650-710 um. The particle strengths of 100 particles within each size range were

measured.

4.3. Impact breakage test

Impact breakage test was conducted to obtain the parameter a in Eq. (3.1.6). In this
test, fragment size distribution after the particle breakage was measured. Fig. 3.1.5
shows a schematic of the experimental apparatus. The apparatus consists of a
high-speed rotor (¢ = 119 mm) covered with a box, pneumatic conveying unit to
transport original particles to the impact point, and a bag filter to collect particles after

the impact against a hammer. The original particles were transported to the impact point,
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and impacted against the hammer only once. The impact velocity can be changed up to
100 m/s by adjusting the rotating speed of the rotor. When the particles impacted against
the hammer wall, the direction of the particle motion is changed, and the particles are
collected to the bag filter. Thus, this experimental apparatus can collect only the
impacted particles including both broken and unbroken particles. The original particles
used in this test were the glass beads shown in Table 3.1.1 and sieved into a size range
of 425-500 um. The size distribution of the collected particles was measured by a sieve

analysis.

4.4. Grinding by dry impact pulverizer

In order to compare the calculated result of the particle size distribution of a ground
product with the experimental one, a grinding experiment was conducted using the dry
impact pulverizer shown in the previous chapter. Feed rate of the glass beads was
30 g/min. Size and geometry of the impact pulverizer and diameter and density of the
particle used in the experiment were the same with those in the numerical simulation.
The particle size distribution of the final ground product was measured by a sieve

analysis.
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5. Results and Discussion

5.1. Effect of particle size on particle strength distribution

Fig. 3.1.6 shows a cumulative number frequency of particle strength under various
particle diameters. Even when the diameter and the material properties of the original
particles were the same, the particle strength was not uniformly distributed. This was
because that length of a crack which was an onset of a particle breakage had a
distribution. With a decrease in the particle diameter, the particle strength was increased.
Curves in Fig. 3.1.6 show the fitting results by the Griffith’s theory under the proposed
assumption that the crack length has a log-normal distribution, as shown in Egs. (3.1.1)
and (3.1.2). It was found that the two equations well described the experimental results
of the particle strength under various particle diameters. Fig. 3.1.7 shows crack length
distributions under various particle diameters, calculated by Eq. (3.1.2). With a decrease
in the particle diameter, the calculated crack length was decreased. This result well
explained the reason why the smaller particles showed higher strength, as shown in
Fig. 3.1.6. Width of the crack length distribution was almost the constant regardless of
the particle diameter. Fig. 3.1.8 shows correlations of the parameters S, and s in
Eq. (3.1.2) with the particle diameter d. It was found that the mean of the crack length
(&) strongly depended on the particle diameter, while the standard deviation of the
crack length S was almost constant. From these correlations, empirical equations of the

parameters S; and £ as a function of particle diameter d were proposed:

/,lc :e—2.68+1.511na’ (31.9)

S, =1.59 (3.1.10)

By using Egs. (3.1.9) and (3.1.10), the particle strength at any particle diameter can be

calculated.
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5.2. Effect of impact velocity on fragment size distribution

Fig. 3.1.9 shows mass-based fragment size distributions under various impact
velocities. At the lowest impact velocity (25 m/s), more than 90% of the fragment
particles were coarse fragments larger than 400 um. This result indicated that at this
lowest impact velocity the particles were mainly broken by the attrition. However, with
an increase in the impact velocity, frequency of the coarse fragment particles was
decreased. This result showed the particles were mainly broken by the volume grinding
at the higher impact velocity. This was because that the crack could widely propagate
and reach to inside of the particle [9] at the higher impact velocity. Therefore, it was
found that the fragment size distribution strongly depended on the impact velocity and
should be modeled as a function of the impact velocity. The curves in Fig. 3.1.9 indicate
the fitting results by the breakage function shown in Eq. (3.1.6). The fitting results well
described the experimental results at the higher impact velocities, although the fitting
results were slightly different to the experimental results at the lower impact velocities.
This was because that the breakage function used in this study described size
distribution of fine fragments more accurately than the coarser fragments [12].
Nevertheless, the breakage function well described the experimental results in the range
of the impact velocities within 25 and 100 m/s. Thus, the breakage function shown in
Eq. (3.1.6) was found to be used to calculate the fragment size distribution after the
particle breakage.

Fig. 3.1.10 shows a correlation of the parameter a in Eq. (3.1.6) with the impact
velocity of the particle u,. With an increase in the impact velocity, the parameter a was
decreased. This meant that width of the fragment size distribution became wider with an
increase in the impact velocity. The parameter a strongly depended on the impact

velocity up. An empirical equation of the correlation between the a and u,, was obtained:

a=2684u"% (3.1.11)

By using this equation, a breakage function could be determined as a function of the

impact velocity.
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5.3. Simulation results of particle breakage in an impact pulverizer

The proposed particle breakage model, which can calculate the particle strength, the
impact stress acting on the particle, and the fragment size distribution after the particle
breakage, were implemented into the DPM-CFD coupling model to simulate the motion
and the breakage of whole particles in the impact pulverizer. Fig. 3.1.11 shows
snapshots of particles in the grinding chamber at different grinding times. ¢ = 0 ms
means the starting time of the particle breakage. The particles are colored according to
its particle size, and the size of the particle is enlarged by 2 times in order to clearly
visualize the particles. The particles were initially transported from center to
circumference of the grinding chamber. With an increase in the grinding time, the
particles were broken and many fragments were generated, resulting in a drastic
increase in number of the particles. The total number of the particles reached to about
3,340,000 at ¢ = 15.0 ms, which was more than 1700 times as much as total number of
the starting material particles (500 um) which were fed into the grinding chamber.

Fig. 3.1.12 shows temporal change in the number-based particle size distribution in
the grinding chamber. Fig. 3.1.13 shows the number-based particle median diameter as a
function of the grinding time. At the early stage of the grinding operation, the grinding
rate was very high. Even for a short grinding time (¢ = 1.7 ms), the particle size
distribution quickly shifted to the smaller particle size and the particle median diameter
decreased to less than one-fiftieth of the original particle size. At the early stage of the
grinding, the strength of the most of the particles was much smaller than the impact
stress. Thus, the most of the particles impacting against the stator wall could be broken.
After t = 6 ms, however, the particle size distribution was almost unchanged. This was
because that the particle strength increased with a decrease in the particle size. In
addition, the impact stress was decreased with a decrease in the particle size. This leads
to difficulties of the particle breakage. The calculated median diameter showed similar

propensity with an actual grinding phenomena, namely, a grinding limit.
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5.4. Analysis of particle breakage in grinding chamber

Fig. 3.1.14 shows snapshots of the particles just before the particle breakage. The
particles are colored according to its particle size, and the size of the particle is enlarged
by 6.5 times in order to clearly visualize. At ¢t = 1.7 ms, most of the starting material
particles (500 um) were broken at the bottom-right of the grinding chamber. Then, at
t = 5.0 ms, particles smaller than the starting material particles were broken at the
top-right. These smaller particles were the fragments generated at ¢+ = 1.7 ms.
At ¢t = 8.3 ms, the particles smaller than 100 um were broken at the top-left. These
particles were the generated fragments at # = 5.0 ms. After £ = 11.7 ms, distribution of
the particles just before the particle breakage showed almost steady state. The particle
size before the breakage was decreased with a counterclockwise direction beginning at
the bottom-right of the grinding chamber. Most of the starting material particles were
firstly broken at the bottom-right and pulverized to the fragments smaller than 100 um
while the particles revolved along the stator for one-revolution. This simulation result
revealed that where the particle is broken in the grinding chamber and how much size
the particles have just before the breakage.

Fig. 3.1.15 shows number-based size distributions of the particles just before the
particle breakage. The size of the particles was decreased with an increase in the
grinding time because smaller fragments were more generated. However, the size did
not show smaller than 40 um. This size limitation of broken particles was determined
from balance between the attainable maximum impact stress acting on the particle and
the particle strength. The attainable maximum impact stress was determined from the
type of the grinding equipment and the operation conditions. Therefore, the particles
smaller than about 40 um were not broken, because the attainable maximum impact
stress derived from intrinsic performance of the impact pulverizer could not exceed the
strength of the particles smaller than 40 um particle. Accordingly, the size limitation of
the particles which can be broken was well expressed in the proposed simulation

method.
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5.5. Comparison of simulation results with experimental results

The particles in the grinding chamber are discharged thorough the classification
screen and collected in the collection pot as the final ground product. Fig. 3.1.16
indicates a temporal change in calculated size distribution of the particles in the
collection pot. In the early stage of the grinding, the particle size distribution of the final
ground product was changed because amount of the recovered particles was tiny.
However, with a further increase in the grinding time, the particle size distribution
reached to constant regardless of the grinding time. Thus, the calculated results at
t = 18.3 ms were compared with the experimental ones.

Fig. 3.1.17 shows particle size distributions of the starting material and final ground
product to compare the numerical simulation result with the experimental result. In this
figure, the red plots with the dashed line indicate particle size distribution of the starting
material used in the experiment. The blue plots with the dashed line show particle size
distribution of the final ground product collected in the collection pot obtained in the
experiment. The red solid line indicates an input value of the particle size distribution of
the starting material for the numerical simulation. The blue solid line shows the
calculated result of particle size distribution of the final ground product. In the ground
products, the calculated mass fraction at the size range larger than 100 um was lower
than the experimental one, while the calculated mass fraction at the size range smaller
than 50 um was higher than the experimental mass fraction. This was due to a
characteristic of the breakage function (Eq. 3.1.7), in which the smaller fragments were
more likely to be generated rather than the larger fragments, when the maximum
number of the fragments was small. In this study, the maximum number of the
fragments was set as 30. This condition was preliminary optimized in order to achieve
both better accuracy of calculated fragment size and lower computing cost. Nevertheless,
the calculated particle size distribution of the final ground product showed acceptable
agreement with the experimental one. In summary, the prediction of the particle size
distribution of the final ground product in a grinding process is possible using the

proposed simulation method.
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5.6. Effect of particle size of starting material on size of final ground products

Fig. 3.1.18 indicates temporal changes in median diameter of particles in grinding
chamber under various particle diameters of starting materials, Dy In all the particle
diameters of starting materials, the median diameter decreased and became almost
constant from ¢ = 6 ms. The constant value of the median diameter was approximately
2 um regardless of particle diameter of starting materials. This was because that
particles were broken and splits into fragments, and most of them had a diameter of
about 2 um due to high-speed impact velocity more than 100 m/s.

Fig. 3.1.19 shows comparisons between experimental results of particle size
distribution of the final ground products and the calculated ones under various particle
diameters of the starting materials. Only at Dy = 690 pm, the calculated particle size
distribution were less than the experimental one. This was because that maximum
number of the fragments was not enough for modeling of breakage of large size particle.
This problem will be solved by an increase in the number of fragments after the particle
breakage. At Dy = 210, 500 um, however, the calculated particle size distribution

showed good agreement with the experimental ones.

5.7. Effect of rotating speed of rotor on size of final ground products

Fig. 3.1.20 indicates temporal changes in median diameter of particles in grinding
chamber under various rotating speed of the rotor, R. The median diameter drastically
decreased from # = 0 to 6 ms and became constant. The constant value of the median
diameter increased with a decrease in the rotating speed. The minimum size of the
fragments after the particle breakage increased due to a decrease in the impact stress
acting on the particle when the rotating speed was low. Therefore, the constant value of
the median diameter increased with a decrease in the rotating speed.

Fig. 3.1.21 shows comparisons between experimental results of particle size
distribution of final ground products and calculated ones under various rotating speeds.
The calculated particle size distributions were in good agreement with the experimental
ones. Therefore, it is confirmed that the proposed simulation method could simulate
particle motion and its breakage under various operating conditions such as particle

diameter of the starting materials and rotating speed of the rotor.
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6. Conclusions

A novel simulation method to simultaneously calculate the particle motion and its
breakage in a dry impact pulverizer was developed. The particle strength which was
obtained from a uniaxial compression test could be well described by Griffith’s theory
under the assumption that the crack length obeys a log-normal distribution. The size
distribution of the fragments which was obtained from an impact breakage test was
described by a power-low function. The parameter of the power-low function could be
expressed as a function of the impact velocity. The calculated results of particle motion
and its breakage phenomenon using the proposed simulation method showed similar
results to that in actual grinding behavior such as a particle size reduction, increase in
number of the particles, and size limitation of the particles which can be broken. The
simulation results also exhibited clearly where and how the particles were broken in the
grinding chamber. When only large particles were used as starting materials, the
calculated particle size distribution of the final ground product was less than
experimental result. However, under other various operating conditions, the calculated
particle size distributions showed good agreement with experimental ones. The
proposed simulation method enables us to fully understand the grinding phenomenon in

many kinds of grinding process and also predict a particle size distribution of the final

ground product.

Nomenclature
a : Parameter in Eq. (3.1.6) -]
B : Volume ratio of fragments smaller than d; (Breakage function) [-]
C : Half-length of crack [m]
d : Particle diameter [m]
d; : Particle diameter of fragments (i= 1, 2, 3, ) [m]
do : Particle diameter of mother particle before breakage [m]
dmin  : Particle diameter of minimum fragments [m]
Dy : Particle diameter of starting materials [m]
E : Young’s modulus [Pa]
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Fi : Maximum impact load [N]
Fy : Compression load at particle breakage [N]
f(C) :Crack length distribution -]

k : Parameter defined by Eq. (3.1.4) [1/Pa]
N : Number ratio of fragments smaller than d; -]

R : Rotating speed of rotor [rps]
Se : Standard deviation of crack length -]

t : Grinding time [s]

f : Mechanical energy [J]
Uy : Surface energy of a crack [J]
Up : Velocity of particle impact [m/s]
Greek letters

y : Surface energy [J/m?]
e : Mean of crack length [m]

v : Poisson’s ratio -]
Po : Particle density [kg/m’]
Oy : Tensile stress [Pa]
o1 : Maximum impact stress [Pa]
Os : Tensile strength of particle [Pa]

Subscripts

c : Crack length

I : Impact

p : Particle

S : Strength
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Chapter 1V

Development of a novel particle size

control system for dry impact pulverizer
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1. Introduction

In a dry grinding process, it is required to maintain particle size of the ground
products at a desired value of usage. However, particle size of the ground products
varies even if the starting materials are ground under the same grinding conditions. This
is because that characteristics of the dry grinding processes vary depending on the
external environment of the grinding operation and physical properties of powders such
as particle size, moisture content, and electro static charge. Therefore, it is necessary to
fully understand particle behavior and particle breakage mechanism in the dry grinding
process for making a dynamic model of the dry grinding process in order to control the
particle size of the ground products in the dry grinding process.

In the previous chapters, numerical simulation clarified that how particles behaved
and were broken in a dry impact pulverizer. A key factor involved in the grinding
phenomena was understood from the calculated results. In this chapter, by using the
knowledge of the calculated results, modeling of the dry grinding process for
automatically controlling particle size of the ground products was conducted.

So far, in order to control the particle size in the grinding processes, automatic control
methods e.g., PID (Proportional Integral Derivative) control have been employed [2].
However, the conventional control methods should change parameters in its control
model depending on the starting materials. On the other hand, a fuzzy control method is
a useful scheme because the fuzzy control logic [5] is based on a linguistic algorithm.
The fuzzy control can be easily adapted to variations of the starting materials without
significant modification of the linguistic algorithm [3, 4]. Thus, the fuzzy control is
expected to be applicable to control particle size in the dry grinding processes.

In this chapter, a practical system for controlling particle size of the ground products
in a dry impact pulverizer has been developed. This system consists of a dry impact
pulverizer, an on-line particle size measurement unit, and a fuzzy controller using a
fuzzy logic based on a linguistic algorithm employing IF-THEN rules. First of all,
validity of the on-line measurement of particle size of the ground products was
confirmed. Then, performance of the system was experimentally investigated under
various conditions such as desired particle sizes, starting materials, and disturbances.

Accuracy of the particle size control was also investigated.
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2. Experimental

2.1. Experimental apparatus

Fig. 4.1.1 shows a schematic diagram of the developed system for controlling
particle size of the ground products in the dry impact pulverizer. The dry impact
pulverizer shown in Fig. 2.1.1 was also used. A starting material was continuously fed
into the center of the chamber and ground by the interaction of a high-speed rotating
rotor and stator. The ground particles passed through the classification screen and were
collected as the final ground products in a collection pot. A part of the ground particles
was sampled out to measure the particle size distribution at on-line by an aspirator using
a compressed air through a sampling tube connected between the classification screen
and collection pot. The particles were transported into a laser diffraction particle size
analyzer (LA-950, Horiba Ltd.) by a pneumatic conveyor. It takes a few seconds to
transport the sampled particles from the sampling point to the measuring point.
However, more than 10 seconds are needed until the ground particle size is stabilized
when rotating speed of the rotor was changed. The particle size distribution of products
was continuously measured and sent to a fuzzy controller. The fuzzy controller
determined the value of the manipulated variable (rotating speed of the rotor) which was
automatically adjusted to an appropriate value. In the experiments, lactose hydrates
(Pharmatose 80M, DMV International, dso = 254 um and Pharmatose 50M, DMV
International, dso = 312 um) which are widely used as a pharmaceutical excipients and a
(-valine (Ajinomoto Co., Ltd., dsp = 206 um) which is an active pharmaceutical

ingredient of amino acid formulation were employed as model starting materials.
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2.2. Validation of on-line measurement

Fig. 4.1.2 indicates a median diameter of the ground products as a function of a
rotating speed of the rotor under various materials measured by both on-line and off-line
measurements. In this figure, off-line values were obtained by measuring the median
diameter of products in collection pot using a laser diffraction particle size analyzer
after the grinding operation. In all of the materials, on-line data showed close agreement
with the off-line data regardless of the starting materials. It was found that the
developed on-line measurement unit could measure the median diameter accurately
from fine to large.

The median diameter decreased with an increase in rotating speed of the rotor. This
tendency between the median diameter and the rotating speed was almost the same as
the calculated results in chapter III, section 5.7. It was because that the particles in the
grinding chamber impacted against a wall at a high speed. This consideration was
validated from the calculated results in chapter II-1, section 5.5. The median diameter
decreased drastically with an increase in the rotating speed at the range of relatively low
rotating speed, and slightly decreased at the range of relatively high rotating speed. The
relationship between the median diameter and the rotating speed varied according to the
starting materials (see Fig. 4.1.2). It was found that the dynamic characteristics of the
dry impact pulverizer varied depending on the starting materials. This means that a
case-by-case optimization is required if a conventional control method such as PID
control is used. Thus, a fuzzy control, which requires no tuning parameters unlike the

conventional control methods, is adapted in this study.
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3. Design of fuzzy controller

Fig. 4.1.3 shows a block diagram of a developed feedback control system for
controlling median diameter of the ground products. It is necessary for the control to
consider not only the deviation, 4dsy between a desired dsoq and measured ds) median
diameter of the ground products but also the current rotating speed of the rotor, R. This
is because a change rate of the median diameter depends on the rotating speed (see
Fig. 4.1.2). Therefore, the control system was decided to be composed of a two-inputs
and one-output controller. The two-inputs were a normalized deviation, E and

normalized rotating speed of the rotor, R . They were defined as follows:

Adsozm normalized to —1-—+1 (4.1.1)
dSOd

= R .

R=—— nommlized to 0—>+1 (4.1.2)

X

where R is a current rotating speed of the rotor and Ry, is @ maximum rotating speed of

the rotor (Rmax = 267 rps). If the absolute value of the Ad, was larger than 1, it was

identified as 1. The one-output was the normalized variation of the rotating speed AR,
which was normalized by 50 rps. The AR was derived from a fuzzy reasoning. The
fuzzy reasoning is described below.

Fig. 4.1.4 indicates membership functions used in the fuzzy reasoning. Membership
functions are generally used to convert the process variables to ambiguous expressions.
Triangular representation was used for the input variables of ESO and AR . In this
study, the following seven fuzzy variables were used: NL (Negative Large), NM
(Negative Medium), NS (Negative Small), ZR (Zero), PS (Positive Small), PM
(Positive Medium), PL (Positive Large). The shape of member ship function of ESO
was decided to define control range as £ 5% of the desired set-point value. In the
control method using the membership function, the control range and control speed of
the median diameter can be modified easily by changing the membership function and

the normalization.
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Table 4.1.1 shows production rules for controlling the median diameter. 25 rules
were used for the fuzzy reasoning. Those rules were designed by the experiences,
experimental results (see Fig. 4.1.2), and numerical results. For example, at the low
rotating speed the rotating speed should be changed mildly when the deviation between
the desired and current median diameter was large. Another example, at the high
rotating speed the rotating speed should be change largely even if the deviation between
the desired and current median diameter was small. The rotating speed maintained the
same value when the Ad., was zero in the membership function. Controlled variable
was calculated using the membership function and production rules. The fuzzy
reasoning was conducted by a min-max method [1]. The results of the fuzzy reasoning
was defuzzified and then the AR was obtained. The developed system has a delay
time such as changing time of the rotating speed of the rotor and transporting time of
the ground particles from the grinding chamber to the measurement point through the
sampling unit. The system also takes at least 10 s to measure particle size distribution in
the laser diffraction particle size analyzer. Therefore, in order to control the system
stably, the interval of the particle size measurement and output of the control variable

was set as 14 s.
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Table 4.1.1 Production rules for fuzzy control

No. Ads;, R AR
1 ZR ZR
2 PS ZR NS
3 PS NS
4 PM NS
5 PL NM
6 PM ZR NS
7 PS NM
8 PM NM
9 PL NL
10 PL ZR NM
11 PS NM
12 PM NL
13 PL NL
14 NS ZR PS
15 PS PS
16 PM PS
17 PL PM
18 NM ZR PS
19 PS PM
20 PM PM
21 PL PL
22 NL ZR PM
23 PS PM
24 PM PL
25 PL PL
ZR ; Zero
NS ; Negative Small PS ; Positive Small

NM ; Negative Medium PM ; Positive Medium
NL ; Negative Large PL ; Positive Large
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4. Results and discussion

4.1. Particle size control of ground products

Fig. 4.1.5 shows temporal change in median diameter of ground lactose under the
fuzzy control. The figure also shows temporal changes in controlled rotating speed of
the rotor. The different desired set-point values (dsoq = 23, 25, 27, 30, 33, 42 um) were
used. For all cases, at the beginning of the control (¢ = 0 s), the median diameter was
changed and then maintained at the desired set-point value. The rotating speed was
automatically changed considering the current rotating speed and the deviation between
desired and current median diameter. Afterward, the median diameter was maintained
within £5% of each desired set-point value. Regardless of the desired set-point value,
the system could control the median diameter within a short time.

Fig. 4.1.6 shows temporal change in median diameter of ground /-valine. The
different desired set-point values (dsoqg = 32, 35, 40 um) were used. Even if the /-valine
was used, the developed system could control the median diameter of ground products
very well without changing either the IF-THEN rules or the membership functions.

Fig. 4.1.7 illustrates accuracy of the control. In this figure, the on-line measurement
indicates the average of controlled median diameter measured by on-line unit. The
off-line measurement shows the median diameter of ground products in the collection
pot after the controlled grinding operation. The results indicated that the median
diameters obtained from both the on-line and off-line measurements were regulated
within £10% of the desired set-point value. Therefore, it was found that the developed

system and technique could control the median diameter of ground products accurately.
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4.2. Particle size control under external disturbance

Fig. 4.1.8 indicates control results with an external disturbance. As the external
disturbance, the feed rate of lactose powder was changed from 28 to 80 g/min (a) and
from 28 to 60 g/min (b) under the same desired set-point value (30 um). When the feed
rate increased at 1 = 0 s, the median diameter was increased at ¢ = 14 s. This was because
the number of collision per mass of powder decreased due to the increase in the mass of
powders in grinding chamber. When the larger amount of the feed rate changed at 1 = 0 s,
the larger median diameter was obtained at 1 = 14 s. This was because the particles
received less chance to be ground when the feed rate was large. The developed system
automatically detected the deviation from +5% of the desired set-point value at r = 14 s.
The system then increased the rotating speed at that time. By the control of the rotating
speed, the median diameter was decreased and maintained at the desired set-point value
appropriately. Those experimental results imply that the developed system can stably

control the median diameter even under the external disturbance.
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5. Conclusion

A novel practical system for controlling the particle size of ground products in a dry
impact pulverizer was developed. The system accurately measured the particle size of
ground products with an on-line laser diffraction particle size analyzer. Also, fuzzy
controller consisting of membership functions and linguistic IF-THEN rules was
developed with consideration of the complex dynamics and characteristics of the dry
impact pulverizer. The developed system could accurately control the median diameter
within £10% of the desired set-point values even if the different starting materials were
used. In addition, the system automatically detected change in the median diameter
when it is subjected to the external disturbance, such as the feed rate changes. Therefore,
it was found that the developed feedback control system with the fuzzy logic was a

useful method for controlling the median diameter of ground products in the dry impact

pulverizer.

Nomenclature
dso : Median diameter [m]
dspa  : Desired median diameter [m]
Adsy  : Deviation between desired and current median diameter [m]

Ads, :Normalized deviation between desired and current median diameter

(-]

F : Feed rate of starting materials [kg/s]

R : Rotating speed of rotor [rps]

R : Normalized rotating speed of rotor -]

Rmax  : Maximum rotating speed of rotor [rps]

AR : Variation between desired and current rotating speed of rotor  [rps]

AR : Normalized variation between desired and current rotating speed of rotor
(-]

t : Control time [s]
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This thesis has been devoted to a numerical modeling of particle breakage and a
control of particle size in a dry impact pulverizer. The main objectives of this thesis

were as follow:

(1) understanding and analyzing fluid flow and particle motion in the dry impact
pulverizer by using numerical simulation

(2) development of a novel method which can simultaneously simulate single particle
breakage and overall grinding phenomena in the dry impact pulverizer

(3) elucidation of fundamental particle breakage mechanism and overall grinding
mechanism in the dry impact pulverizer

(4) development of a practical system for automatic control of ground product size in

the dry impact pulverizer

The main results and obtained findings are summarized in below:

In Chapter II, fluid and particle motion in a dry impact pulverizer was numerically
analyzed.

The fluid and particle motions in the dry impact pulverizer were calculated by a
discrete phase model and computational fluid dynamics coupling model (DPM-CFD
coupling model). Validity of the simulation model was confirmed by measuring fluid
pressure in the grinding chamber and actual particle motion recorded by means of a
high-speed video camera. It was found that particles received kinematic energy from the
fluid flow which was accelerated by the rotating rotor in the grinding chamber. The
particles then mainly impacted against a stator wall of the grinding chamber. The
velocity and frequency of the impacted particles decreased with a decrease in its particle
size. The velocity and frequency were increase with an increase in the rotating speed of
the rotor.

The impact energy was calculated from the velocity and frequency of impacted
particles against entire wall of the grinding chamber. The impact energy well explained
experimental results of median diameter of the ground products under various

geometries of the rotor. The number of hammer installed at the rotor and clearance
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between tip of the hammer and stator wall of the grinding chamber was changed. The
excellent correlation between the calculated results of the impact energy and the
experimental results of the median diameter has been obtained. The effect of the
geometries and the operating conditions on the grinding performance can be predicted

in advance from the calculated results of the numerical simulation.

In Chapter III, a novel simulation method of particle motion and its breakage in a dry
impact pulverizer was developed.

In this proposed method, in order to propose a particle breakage model, the single
particle breakage was divided into three processes, i.e., particle strength, impact stress
acting on the particle, and fragment size distribution after the particle breakage. The
particle strength described by Griffith’s theory with an assumption that length of cracks
in a particle obeyed a log-normal distribution was actually measured by a uniaxial
compression test. The particle strength was calculated from the Griffith’s theory as a
function of the particle size. The size distribution of fragments measured by an impact
breakage test was well expressed as a power-low function. The size distribution of the
fragments was calculated from the power-low function as a function of particle size and
particle impact velocity. By the proposed simulation method, the particle breakage
phenomena in the dry impact pulverizer such as a decrease in its size and increase in
number after the particle breakage were successfully calculated. Validity of the
proposed simulation model was confirmed by the comparison between the experimental
and calculated results. The calculated results of particle size distribution of the final
ground product showed good agreement with the experimental result. The calculated
results exhibited clearly where and how the particles were broken in the grinding
chamber. By this method, particle size distribution of the final ground products in the

dry impact pulverizer can be predicted.

In Chapter IV, a novel feedback control system based on a fuzzy logic for controlling
particle size of the final ground products in a dry impact pulverizer was developed.
Particle size distribution of the final ground products was measured by a developed

on-line measurement system. The particle size continuously measured by the on-line
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system was in good agreement with the one measured manually after the grinding
operation. The dynamic characteristics of the dry impact pulverizer were clarified from
the correlation between the median diameter and rotating speed of the rotor. Based on
the fuzzy logic, two-input and one-output controller was established for controlling
median diameter of the final ground products. The linguistic algorism employing
IF-THEN rules were developed with considering the dynamic characteristic of the dry
impact pulverizer. The developed system could accurately control the median diameter
within £10% of the desired set-point values even if the different starting materials were
used. In addition, the system automatically detected change in the median diameter,
when it is subjected to the external disturbance, such as feed rate change. The system
can be very useful for many industries, in which most of the operations have still relied

upon the expert experience.
The author hopes that this thesis can contribute to the better understanding of the

grinding mechanism, optimal designing, and the innovative progress of grinding

process.
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