Digital copy produced with permission of the author.

Julkaisu digitoitu tekijan luvalla.

LAPPEENRANNAN TEKNILLINEN KORKEAKOULU
LAPPEENRANTA UNIVERSITY OF TECHNOLOGY

TIETEELLISIA JULKAISUJA 62
RESEARCH PAPERS

RITVA TUUNILA

ULTRAFINE GRINDING OF FGD AND PHOSPHOGYPSUM

WITH AN ATTRITION BEAD MILL AND A JET MILL:
OPTIMISATION AND MODELLING OF GRINDING AND
MILL COMPARISON

ISBN 978-952-214-756-1 (PDF)



LAPPEENRANNAN TEKNILLINEN KORKEAKOULU UDK 621.927:
LAPPEENRANTA UNIVERSITY OF TECHNOLOGY 662.613-492

TIETEELLISIA JULKAISUJA
RESEARCH PAPERS

62

RITVA TUUNILA

ULTRAFINE GRINDING OF FGD AND PHOSPHOG YPSUM

WITH AN ATTRITION BEAD MILL AND A JET MILL:

OPTIMISATION AND MODELLING OF GRINDING AND
MILL COMPARISON

Thesis for the degree of Doctor of Technology to be
presented with due permission for public examination
and criticism in Auditorium of the Student House of
Student Union at Lappeenranta University of
Technology, Lappeenranta, Finland on the 22nd of
December, 1997, at 12 o’ clock noon.

Lappeenranta 1997



ISBN 951-764-174-5
ISSN 0356-8210



ABSTRACT

Fine powders of minerals are used commonly in the paper and paint industry, and
for ceramics. Research for utilizing of different waste materials in these applications
is environmentally important.

In this work, the ultrafine grinding of two waste gypsum materials, namely FGD
(Flue Gas Desulphurisation) gypsum and phosphogypsum from a phosphoric acid
plant, with the attrition bead mill and with the jet mill has been studied. The
“objective of this research was to test the suitability of the attrition bead mill and of
the jet mill to produce gypsum powders with a particle size of a few microns. The
grinding conditions were optimised by studying the influences of different
operational grinding parameters on the grinding rate and on the energy consumption
of the process in order to achieve a product fineness such as that required in the
paper industry with as low energy consumption as possible.

Based on experimental results, the most influential parameters in the attrition
grinding were found to be the bead size, the stirrer type, and the stirring speed. The
best conditions, based on the product fineness and specific energy consumption of
grinding, for the attrition grinding process is to grind the material with small
grinding beads and a high rotational speed of the stirrer. Also, by using some
suitable grinding additive, a finer product is achieved with a lower energy
consumption. In jet mill grinding the most influential parameters were the feed rate,
the volumetric flow rate of the grinding air, and the height of the internal
classification tube. The optimised condition for the jet is to grind with a small feed
rate and with a large rate of volumetric flow rate of grinding air when the inside
tube is low. The finer product with a larger rate of production was achieved with the
attrition bead mill than with the jet mill, thus the attrition grinding is better for the
ultrafine grinding of gypsum than the jet grinding.

Finally the suitability of the population balance model for simulation of grinding
processes has been studied with different S-, B-, and C-functions. A new S-function
for the modelling of an attrition mill and a new C-function for the modelling of a
Jjet mill were developed. The suitability of the selected models with the developed
grinding functions was tested by curve-fitting the particle size distributions of the
grinding products and then comparing the fitted size distributions to the measured
particle sizes. According to the simulation results, the models are suitable for the
estimation and simulation of the studied grinding processes.
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1 INTRODUCTION

Grinding is a common and important unit operation process in mineral industries,
which can be a batch process or a continuous process. Continuous grinding in-
volves the transport of powder from inlet to outlet concurrently with the grinding
action. Better output is achieved with the continuous mill, but the particle size
distribution of the product is wider than that from a batch process. This is caused
by a bigger dispersion of the particles in the continuous mill.

The degree of grinding is dependent on the characteristics of the mineral to be
ground. Every mineral has its specific particle size, bearing, and relative amount.
In the mineral industry the 'coarse’ grinding (after crushing) is done with rod and
ball mills. However the fineness of the product achieved with these mills is not
enough for, for example the paper or paint industry. For this reason, the material
has to be ground to a smaller particle size with fine grinders, for instance an
attrition mill or a fluid energy mill. Different fine grinding mills are depicted
widely by Haese (1991) and Hixon (1991). In Table 1.1 given by Prasher (1987) the
different types of machinery that are involved as the product becomes smaller are

shown.

As shown in Table 1.1, the specific energy consumption increases steeply as the
finer stages of size reduction are reached. It is quite clear that at the present time,
when the cost of fuel is increasing all the time, much work has to be done to reduce
the specific energy consumption of size reduction in every stage. Especially in fine
grinding stages even a slight decrease in specific energy consumption causes

significant economical advantages.



Table 1.1  Classification of grinders by product size.

Stage of reduction Typical machine Product size Specific energy
80% pass. pm kWh/tonne

Primary crushing Compression or 0l-1m 01-2
impact crusher

Secondary crushing Compression or I-10cm 01-2
Impact crusher

Coarse grinding Rod mill 0.1-1cm 2-4

Fine grinding Ball or vertical 0.1 -1 mm 5-20
spindle mill

Very fine grinding Tube mill 10 - 100 pm 20 - 100

Ultrafine grinding Attrition or fluid
energy mill I-10pum 100 - 1000

The interest for utilizing the synthetic gypsum which comes as a waste product
from power plants and from phosphoric acid plants is rising due to the environmen-
tal aspects. Some studies have already been done about the suitability of a waste
gypsum paper coating (Niemel4, Tuunila and Ry6so (1994)). However, the use of
these materials for example in the paper industry requires comminution to the
fineness of a few microns. The selection of good and suitable equipment for the

grinding and optimisation of the process is important due to economical aspects.

The influence of different grinding parameters on batch attrition grinding has
recently been presented by Stadler et al (1990), Mankosa et al. (1989) and Zheng
et al. (1996). Some studies about the parameters affecting horizontal jet mill
grinding are given in Ahlbus (1987) and Yoon (1994). Simulation models for jet
mill grinding have been presented in Rajendran Nair and Ramanujam (1986) and
Gommeren et al.(1996).



Holt (1981) has made a question “does the comminution method have any
influence on the particle shapes of the product”. Nevertheless, only a few studies
have considered the particle shapes formed in comminution, although it is known
that different grinding mechanisms produce different kinds of particles and the
particle shape has effects on further processing. One article has been presented
about the particle shapes of coal produced in Szego mill in different conditions
(Trass et al. (1995)).

"The aim of this work is to study experimentally the ultrafine grinding of FGD
gypsum and phosphogypsum wet in the attrition bead mill and dry in the jet mill.
Another objective is to develop suitable grinding functions for simulating fine
grinding with attrition bead mill grinding and with jet mill. As a result of this study
a suggestion for the mill selection for gypsum grinding will be made. The more
detailed goals of this work can be divided as follows:

1. To identify the influence of the different parameters of the attrition bead mill
and of the spiral jet mill on the product fineness from the process, and to
find the most important parameters for both mills. Then the influences of the
most influential parameters on the specific energy consumption of the
studied processes will be identified. This will give guidelines for which
operational parameters should firstly be taken into account in designing,
optimising and controlling these processes for different purposes. There are
many articles from other researchers available where the influences of
different operational parameters on these grinding processes have been
studied, but the parameters are often studied independently with one or two
at a time, when the grinding mills and external conditions differ from each
other. Thus the results are not always directly comparable to each other. In
this thesis, an extensive test programme will be carried out with both mills

with varying parameters in the same external conditions.

2. To select and develop suitable selection (S(x)) and breakage (B(x)) functions
for simulating batch and continuous attrition grinding, and also to develop

a new classification function (C(x)) for simulating jet mill grinding with a



population balance model. The development of totally new grinding models
was not deemed necessary as the grinding models given in literature were
suitable for these grinding processes with the developed S- and C-func-
tions and selected B-functions.

3.  To study the influences of the main grinding parameters on the S- and B-
functions identified from the experimental grinding results with the attrition
bead mill to determine in which size classes the change of a certain parame-
ters affects. Also, the influences of the main grinding parameters on the S-
and C-functions identified from the experimental grinding results obtained
from the jet mill are studied.

4. To select a suitable mill for the ultrafine grinding of FGD gypsum and
phosphogypsum based on the experimental and simulation results, and on
the economical calculations. The grindability of many different materials
with different equipment has been studied and reported, and researchers
have evaluated which mills might be suitable for certain materials, but never
for FGD or phosphogypsum. It is also known that the particle shape has a
significant effect on different processes, for example on filtration nd on
combustion, and the particle shape of the pigment also has an effect on the
quality of coated paper, but there has not been very much research done
considered the particle shapes formed in comminution. Thus, particle
shape and size characterization, in addition to economical calculations has

been done in this research to verify the mill selection.

The contents of this thesis can be roughly divided into four parts. The first part
consists of Chapters 1-5. The background of this thesis is given in Chapter 1, and
Chapter 2 presents the ultrafine grinding process and the grinders. Chapter 3
contains a short review of a powdery material which consists of single particles of
different sizes. Chapter 4 gives the theory of grinding in order to understand how
the size reduction in the mill happens. Chapter 5 is a literature review about the
modelling of the grinding process. The second part of the thesis is the experimental
part, which consists of Chapters 6 - 9. Experimental equipment, materials and



methods are presented in Chapter 6. Grinding results with a brief analysis of
attrition grinding are given in Chapter 7 (Tuunila and Nystrém (1997b)), and
Chapter 8 gives the results from jet mill grinding (Tuunila and Nystrém (1997a)
and (1997c)). The characterization and comparison of the products ground with
both mills is presented in Chapter 9 (Tuunila, Oja and Nystrom (1998)). The third
part of the thesis is Chapter 10, which gives the results from the identification of
the grinding parameters and simulation results. The last part, Chapter 11, gives a
summary and the conclusions from the whole thesis.



2 FINE-GRINDING PROCESSES AND GRINDERS

Fine grinding machinery like grinders can generally be divided into two classes: dry
and wet grinders. Grinders which can be used in dry ultrafine grinding are vibration
mills, impact mills, and jet mills, and grinders which can be used for wet fine
grinding are attrition mills and some vibration mills. Typical wet and dry fine
grinding processes are depicted in Figure 2.1.
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Figure 2.1. Ultrafine grinding system. a) wet grinding system b) dry grinding
system. (Haese (1991))



2.1 Attrition bead mill

An attrition or stirred bead mill is an immovable vertical or horizontal cylinder
which is loaded with grinding beads and with the suspension of the material to be
ground. A rotating stirrer sets the beads and the suspension in motion which causes
the size reduction of the particles in the mill. In Figure 2.2 a vertical attrition mill
is depicted and Figure 2.3 shows some different kinds of stirrers used in the mill.

A vertical attrition mill can be open or closed while the horizontal mill can only be
closed. In every model there is a screen or a slit through which the ground suspen-
sion passes out of the mill. The aperture size of the screen determines the minimum
bead size that can be used as a grinding medium. The capacity of closed mills is
much better than that of open attrition mills because a bigger charge can be used in
the closed mill. However, a disadvantage of this is the faster wearing out of the mill
(Mittd (1990)).

Figure 2.2. The vertical attrition mill. (Haese (1991))
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Figure 2.3. Typical stirrers used in the attrition mill. (Stadler et al. (1990))

The grinding media used in the attrition mill can be screened sand (quartz) or
different kind of beads: glass, zirconium oxide or aluminium oxide. The diameter
of the beads is usually from 0.5 mm to 5 mm so that the smaller is the particle size
required of the product the smaller the beads used should be. Kanda et al. (1993)
and Kwade and Schwedes (1997) have also studied the suitability of the stirred
attrition mill for autogenous grinding when the coarse particles of the grinding
material were used as the grinding medium instead of beads. The charge of grind-
ing medium is usually about 50%, but the effect of the charge is not as important in
the attrition mill as it is in the conventional (rod and ball) mills. The concentration
of the grindable material in the suspension can be between 20 and 60%, but when
the concentration increases more than 50% the energy requirement of the grinding
increases considerably. The influences of different operational parameters on
attrition grinding and energy consumption are presented in Stadler et al. (1990),
Mankosa et al. (1989), Gao and Forsberg (1993), and Joost and Schwedes (1996a,
1996b).



22 Jet mill

In jet or fluid energy mills, the particles to be pulverized are accelerated by gas or
steam jets and the grinding effect is produced by interparticle collision or by impact
against solid surfaces. Jet mills are generally regarded as specialised mills which
require excessively high amounts of energy. The specific energy consumption of jet
mills is sometimes even 10 to 50 times the energy consumption of conventional
mills. Therefore, jet mills are mostly used in cases where extremely fine particles
with narrow size distributions are required and wet grinding is not allowed. Jet
mills are also used in grinding of abrasive and heat sensitive materials. The
maximum size of feed is about 150 pm, and the minimum product size that can be
reached is about 2-5 pm. (Russel (1989))

The jet mill is a static machine which does not have any grinding media. The
milling component of the jet mill generally consists of a chamber with a nozzle or
nozzles. The nozzles are set in a ring at a certain angle and are supplied with
compressed air or steam from outside. The gas used for grinding flows out as a jet
with high speed into the grinding chamber through the nozzles accelerating the
particles that have been injected into the chamber by a suitable injector, or directly
-through the nozzles.

There are five principal types of jet mills (Kukla (1991)):
- spiral or pancake jet mill
- loop or oval jet mill
- target jet mill
- opposed jet mill
- fluidised-bed (opposed) jet mill

Jet mills differ from each other by the following aspects as given by Vogel (1991)
- method of supplying the material into the mill
- location and alignment of the jets to each other
- type and location of impact (interparticle collision or impact against a
stable or moving target)
- type of integrated air classifier (stationary or separate drive)



The efficiency of a jet mill is influenced by its type, size, and different operating
parameters depending on the mill (Dotson (1962), Ahlbus (1987), Yoon (1994)).
Recently a new type of spiral jet mill is developed by Alfano et al. (1995, 1996).
Every type of jet mill involves grinding and internal classification at the same time.
In some cases, a chemical reaction there can also occur simultaneously in the mill.
Another advantage of jet mills is that the material will not get heated and it also
stays clean during the grinding. According to Akunow and Deschko (1978) the
particles maintain their specific shape during the grinding as well.

2.2.1 Spiral jet mill

The idea of a spiral jet mill is to make jets tangentially inclined to form a forced
vortex under centrifugal operation. This would return coarse particles to the jets for
further grinding and cause the separated fines to leave with the centrifugal exhaust.
The grindable material is fed from one point directly into a flat, cylindrical
chamber, and the compressed grinding air flows with a high velocity into the mill
through several nozzles. This propels the particles into high speed collisions and
reduces them in size by violent impacts. The tangential angle of the jet flow impels
the particles into rotation. The mill outlet is in the centre to obtain separation due
to the centrifugal force. The size of the mill (chamber) can vary from 100 mm up
to about 1200 mm, but the efficiency of the mill decreases when the diameter

increases over 800 mm.

A spiral jet mill is depicted in a Figure 2.4, and the breaking mechanism of the
particles in the mill is illustrated in Figure 2.5.
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Figure 2.4. A spiral jet mill. (Hixon (1991))

Figure 2.5. The main breaking mechanism of the particles in the spiral jet mill.
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3 A POWDERY MATERIAL

Mineral powders consist of a set of particles of different size and shape. A des-
cription of the characteristics of those particles is important for the whole mineral
industry because that knowledge gives the basis for equipment and process design.
Also, the controlling of some mineral processes, for example grinding, is mainly
based on knowledge of particle size. Also, rheological parameters of mineral
particles have some influence on the behaviour of the particles in different processes
(Velamakanni (1988)).

31 Single particle

The three most important characteristics of a single particle are size, shape and
composition. The composition of a particle gives its specific density and
conductivity. Particle size and shape affect the behaviour of the particle in different
fluids. Allen (1981) has described different methods of determining the size and
shape of single particles. As mineral particles are irregular, it should be noted that
different analysing methods give different sizes for the same particle. This is a
consequence of the spherical equivalence principle which states that the measured
diameter of the particle is the diameter of a sphere which produces the same value
of a particular physical property as that of the measured irregular particle.

3.2 Particle size distribution and specific surface area

The particle size distribution of a powder describes how much of the particles there
are in different size classes. The particle size distribution can be analysed, for
example, with the following different methods:

- sieving

- sedimentation methods

- laser diffraction methods

- microscopes

- coulter counter method

12



The result of a particle size analysis is a histogram, which notifies number, volume
or mass fraction of particles which are in different size classes in the sample. These
size fractions give differential or density distribution of the sample. By adding up
differential fractions an integral or cumulative distribution of the sample will be
achieved. Different analytical functions are given by several authors (Beke (1981),
Kellerwessel et al. (1985), Svarovsky (1981), Durst and Macagno (1986), and
Popplewell (1988)).

The advantage of the analytical method is the ability for the determination of some
important parameters, like mode and median. The median tells us at which particle
size the fraction of the cumulative function is 50% and the mode shows which
particle size is most represented in the sample (the maximum of differential
distribution).

Some other ways to represent the fineness of a sample are the specific surface area
and measuring the fraction that passes through some certain sieve. The latter
method is still used quite much, especially in industry (Niemeli (1993)) because
it is fast and easy, though quite inaccurate. The specific surface area of a powder

describes the surface area of a powder relative to its mass or volume.

33 Rheology of powders and grinding additives

According to Roussev and Somasundaran (1986) the behaviour of mineral particles
in different kinds of processes depends on particle size, shape, chemical
composition, zeta potential and surface morphology. Hesketh (1977) has estimated
the charge of a particle with a diameter of about 0.1 um to be the same as the charge
of 1 electron. The charge increases with increasing particle size. The charge of
particles to be ground has some influence on the behaviour and mobility of the
particles in the mill. During grinding, particles may stick together forming
agglomerates. According to Hixon et al. (1990), the propensity of a certain material
to agglomerate rises with smaller particle size and increasing moisture content.
Drying the material before size reduction, if ground as dry, or adding some chemical

additives will counteract the tendency.

13



Austin & Bagga (1981) have found in their research that in some cases there
appears the cohesive attraction of fine particles in the mill forming a bed which can
absorb almost all the energy focused on the particles. At that point, a so-called
grinding limit has been reached after which the fineness of the powder will not
increase any more even though grinding would be continued with the same mill.
The grind limit depends on the material used and on the mill. After the limit has
been exceeded, unstable operating conditions may occur and it is not recommended
to grind any longer (Schmitz and Kupper (1992))

By using a suitable grinding aid a better degree of grinding can be achieved with the
same mill, and in some cases even secondary grinding with some other machine can
be avoided. Even 20-30% better fineness of the products have been achieved when
additives were used (Larionov et al. (1982), Sureshan et al. (1992)). Another
advantage of grinding additives is that they decrease the specific energy consump-
tion of grinding (Kapur et al. (1996), Zheng et al. (1997)).

14



4 THEORY OF GRINDING

The precondition for the size reduction of any material is to focus enough force
against the particles to be comminuted. It is known that the bigger the force the
smaller the particles produced will be, but it is often difficult to predict the particle
size distribution of the ground product. The smaller the particle is to be broken the
more energy is required to break it because the strength of the particle increases
with decreasing particle size. It is often assumed that there are fewer weak parts in
small particles than in the bigger ones and thus the elastic deformation of small
particles needs more energy. According to Schonert (1971), particles smaller than
1 pm do not break anymore, but only elastic deformation takes place in those
particles. The fracturing of single particles is studied in Lynch (1977), Sikong et al.
(1990), and Yashima et al. (1987) and plastic deformation of particles by Rumph
(1973).

The size reduction of a particle produces a set of smaller irregular particles. Holt
(1981) has made a question “does the comminution method have any influence on
particle shapes of the product?”. Later some studies by Austin et al. (1981) and by
Trass et al. (1995) have been done considering how the comminution method
influences the size and shape of the particles produced. Recently, some studies have
been done on how the particle shapes affect the attrition behaviour of the material
by Bortzmyer and Goimard (1996).

4.1 Kinetics of comminution

Comminution can be divided into the production of fine particles and the disap-
pearance of coarse particles. According to Arbiter and Brahny (1960), a grinding
process can be considered analogous to a chemical process in which large particles
"react” to produce smaller particles. Thus an empirical equation for the disap-

pearance of coarse particles can be written

DA - kw()” @.1)
dr
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where k is the rate constant, ¢ the order of the process and w the mass fraction of
the particles. The rate constant £ is usually assumed to be 1 in grinding processes

when the equation for a certain particle size x; will be

a i 42)

This assumption is accepted by many authors, for example Bowdish (1960), Austin
‘et al. (1971/72, 1976a and 1976b), Heiskanen (1978), and Celik (1988). Gao &
Forssberg (1995) have come to the conclusion in their research that the first order
breakage hypothesis may not be the best assumption for describing size reduction
in ultrafine grinding because the process differs from convention ball mill grinding.

According to Verma & Rajamani (1995), the breakage rates of particles change
with the instantaneous particle size distribution in the ball mill during grinding.
This means that the breakage rates of coarse particles increase in the presence of
fine particles, while the breakage rates of fine particles remain almost unaffected.
Some recent studies by Tangsathitkulchai and Austin (1988, 1989), and Fuerstenau
and Abouzeit (1991) show that the breakage rates in wet grinding are independent
of the slurry density and the feed composition or size distribution. The addition of
fine particles can markedly enhance the grinding kinetics of coarse particles in the
feed.

If the rate constant is assumed to be a function of the particle size, a selection
function S(x) can be used instead of k, thus the Equation (4.2) may be written as

2O~ Stapwio

Equation (4.3) describes the mass fraction of the particles which goes to smaller

size classes during grinding. At the same time, a fraction of particles appears in

class i from the bigger size classes. This can be described by the following equation
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dw(t) i

kw (6B, -B,., )

-1
dt per (4.4)

where B is a breakage function.

Together, Equations (4.3) and (4.4) gives a kinetic model of batch grinding

dw (1) i
ar "Siwi(’)*"i); Spi)B;-B..) @.5)

This model can also be used for describing a continuous grinding process where
there is a plug flow situation where all particles move through the mill with the
same speed without dispersion. In the continuous plug flow grinding the grinding
time is the residence time of the particles which is directly related to the feed rate.

The opposite of a plug-flow mill is a fully-mixed mill where the particle size
distribution is the same everywhere in the mill and in the output. This situation is
possible when the mill is very short. Luckie and Austin (1972) have developed the

following model for the fully-mixed mill

i-1
w, = w, ‘f+r(—S,.w,.+i=E] Sw(B,~B., ) (4.6)

where w, is the mass fraction of class / in the feed and 7 is the residence time.

In areal grinding process, the situation is usually something between plug-flow and
fully-mixed. Earlier, the grinding process was compared to a first order chemical
reaction which produced a kinetic grinding model suitable for simulating batch
grinding. In a continuous process, all the elements of the material have distinct
residence times which produce the distribution of the residence times for the

elements.
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Rogers (1979) has studied the suitability of the residence time distribution (RTD)
method for a continuous open circuit grinding process. Here the slurry flow is
described with the residence time function ¢(t), when @(t)dt is a fraction of the
material which is fed to the mill at the time ¢ = 0 and comes out at a time between
[+, t+A¢]. The particle size distribution of the product can be determined from the
following equation

w (o) = fwi(t)(p(t)dt 4.7
0

where the term w; (1) ¢(t) dt gives the fraction of particles which are bigger than
class i with the residence time r. Recently Berthiaux et al. (1996) have used the
RTD method for the simulation of a stirred bead mill.

Austin et al. (1983) have described another method to calculate continuous grinding
where also the axial dispersion in a drum (mill) has been taken into account. That
is the Axial Dispersion Model (ADM) for a tracer concentration. According to
Molerus and Paulsen (1970) the mass fraction of size class i, w;, can be treated
analogically to a tracer concentration ¢ when the ADM model together with the
kinetic grinding model gives a continuous grinding model for an open circuit ball
mill process. Nevertheless, these methods, like Nystréms (1978) cascade method
for the determination of the dispersion of the particles in the mill, cannot be used

directly in a stirred cylinder.

Considering jet mill grinding, the residence time of the particles in the mill is not
always very clear, although Gommeren et al. (1996) have determined residence
time distributions for certain particle sizes in the spiral jet mill. Henry (1967) has
given a model (function) to estimate the size distribution of the product from the
known size distribution of the feed with S-, B-, and C-functions. A C-function is a
so-called classification which describes the centrifugal classification inside the

classifying chamber in the mill.

p; = Zf:S:BiJCi 4.8)

i=1
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where p; is the fraction of particles in class i in the product and /; 1s the fraction of
particles in class i in the feed.

Tanaka et al. (1972) have assumed that the jet mill is some kind of closed circuit
because it contains comminution and internal classification. They have presented
an equation for a closed grinding circuit with the assumption of a plug flow
situation where also the residence time of the particles has been taken into account.

p(x) = fix) exp(-Kx ")t (4.9)
where p(x) is the product size distribution, f{x) is the feed size distribution, K is the
coefficient, n is the exponent, and 7 is the residence time of the particles. Rajendran

Nair and Ramanujam (1986) have developed from the Equation (4.5) a model
suitable for jet mill grinding.

1
w, = wi(0)+z 8B, w(0)-Sw(0) 4.10)
=i

Where w; (0) is the mass fraction of size class i in the feed.

4.1.1 Selection function

According to Lynch (1977), the selection function S, gives the probability for a
particle of size x, to break during grinding, or in other words, S, is the proportion
of the particles in class i which is selected for breakage. The S-function is depend-
ent on mill conditions, on the particle size of the material, and on the resistance of

grinding. The simplest equation for the S-function is given by Loveday (1967)

S(x) = axb (411)

where a and b are parameters.
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Heim et al. (1985) have used the following S-function for modelling attrition mill
grinding of a certain particle size class i

;= a(x)’exp(Px) (4.12)

where a, b, and P are parameters. Klimpel and Austin (1984) have developed an S-
function which is suitable for modelling wet grinding of copper ore:

(lxk

S(x) =
1oLy 4.13)
u

where a, €, A, p are parameters. Tuunila (1994) has used this S-function also for
modelling of wet batch attrition grinding.

4.1.2 Breakage function

When the particle breaks at the breakage-rate given by the S-function, it produces
a distribution of sizes of smaller fragments. This can be described by the Breakage,
i.e. B-function. The simplest breakage function is the so called Schuhmann’s
Equation described by Loveday (1967).

B(x.x) = (%)Y (4.14)

!

where B(x,,x; ) describes that fraction of particles from class j which breaks into a
size smaller than x,, and ¥ is a parameter. Austin and Brame (1984) have given a

three parameter B-function.

1Y

B = &Cilypa(1-@ylitys
i x. x. (4.15)

J J
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where @, w, @ are parameters.

Different kinds of B-functions are also given by Klimpel and Austin (1984), and by
Cross (1982). Experimental tests have shown that the B-function depends mostly
on the material to be ground and less significantly on the mill size and ball charg-
ing. According to Heiskanen (1992), the viscosity of the slurry has also some effect

on the B- function.

4.1.3 Classification function

The jet mill also contains, as mentioned earlier, some kind of internal classification
in the mill. Thus, in the modelling of jet mill grinding this also has to be taken into
account in some way. The classification function describes the mass fraction of
particles of size x; to be recycled to the grinding chamber after classification.
Particles in size class i have a probability of C(i) to stay in the mill, and a
probability of (1-C(i)) to leave the mill. Rajendran Nair and Ramanujamin (1991)

have given the following equation for the C-function

1

! X, 4.16)
1 +(__‘)"
n

where & and v are parameters, dependent on the feed rate.

Another equation for C; is a logarithmic function given by Rajendran Nair and
Ramanujam (1986)

log C; = u,-uyx, (4.17)

where u, and u, are parameters, which depend on the feed rate.

21



4.2 Energy consumption of grinding

A grinding process is one of the most energy demanding unit operations. The
smaller the particles the more energy is needed to break them. The energy con-
sumption of a ball mill is about 35 kWh/t when the average size of the product is
20 pm (Beke (1981)). However, when the material is ground to an average size of
about 1 pm with an attrition mill, the energy consumption of grinding, according to
Beker (1987), is 400-500 kWh/t. The specific energy consumption of different
grinding mills is shown in Figure 4.1.
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Figure 4.1. Specific energy consumption of different mills. (Beker (1987))

Different methods for the determination of the energy consumption of grinding are
given by Walker (1937), Bond (1962), Hukki (1964), and Lowrison (1974).
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5 MODELLING OF THE GRINDING PROCESS

Mathematical models are theoretical descriptions of unit operation processes.
When considering the grinding process, in order to improve mill design, scale up
and control of the process, mathematical models are required. Models can be
simple ones which describe for example, mass balances or they can be more
complicated when they describe mathematically what is happening inside the
equipment. The simple models are often valid only in quite a narrow area, but they
can often be good enough for the different applications. With the complicated
models, better estimates of the required parameters will be achieved, but the
development and usage of these models is usually time consuming and quite
expensive (Heiskanen (1992)). Grinding process models must be capable of
predicting product size distributions from the known feed size distribution.

According to Stephanopoulos (1984), modelling of the processes can be based on
experimental data and/or theoretical calculations. The development of an
experimental model requires a laboratory scale or a pilot scale machine to make the
experimental tests needed and the test programme has to include enough
experiments that the influence of the different parameters can be determined.
Theoretical models are often harder to make than experimental models because the
development of a pure theoretical model requires a very good knowledge of the
process, but they are easier to modify.

Models made for grinding processes are often based on the kinetics of grinding.
They are so called population balance models where all particle size classes are
calculated independently. The success of the model is greatly dependent on the
linearity assumption of the kinetic parameters shown in Section 4.1. In the simpler
models, the characteristics of the product are directly proportional to the
characteristics of the feed.

Basic models of different grinding processes are usually divided into different

classes according to the “level” of the model. A level-0 model is based on the
assumption that the particle size distribution of the product follows the Rosin-
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Rammler size distribution, and the user has to give the 80% passing-size of the
product. The level-1 models are based on Bond's theory presented in (Bond (1962),
Austin and Brame (1983)). In the level-2 models, the power consumption of the
mill is determined by way of Bond's theory, but the material flow through the mill
and the grinding of the material are described by a kinetic model with an assump-
tion that selection parameters are constant for every particle size class. The level-3
models are real kinetic models where the size reduction is determinated by the
selection (S,) and breakage (B;) functions.

According to Austin et al. (1971772, 1981, 1983), Bond's theory and the population
balance model are both suitable for simulation of the grinding process as long as
the linearity of the process and the single strength of the material can be assumed.
The population balance model gives better results if the parameters of S- and B-
functions are well estimated. However, in some cases deviations from the linearity
have been reported, especially after high levels of energy input to the mill or after
a long grinding time. Therefore, some distributed strength models have been deve-
loped for ultra fine processes where very fine particles are produced (Jimenez
1981).

5.1 Estimation of grinding parameters

There are two methods of estimating S- and B- and C-functions: the direct
experimental method and the back-calculation method. Heiskanen (1978) has given
the following five experimental methods:

1. radioactive labelling of a single size class.
replacing one size class with a fluorescent variant of the same material.
replacing one size class with some other material.

grinding every size class independently using short grinding times.

S

grinding a sample with a known size distribution using short grinding

times.
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According to Heiskanen, Methods 1 and 2 are the most recommended. Method 3 is
not appropriate because the size reduction of different materials is not similar.
Methods 4 and 5 are suitable for the determination of parameters on a laboratory
scale.

Klimpel and Austin (1984) have given a back-calculation method to estimate
grinding parameters. This method uses real grinding data and a weighted least-
squares objective function which minimises the error between the measured and the

calculated values.

= i YW, -wi,c)2 (5.1

i=1

where w, .. is a measured/calculated mass fraction of particle size class i, I is the
objective function to be minimized, and P, is a weighing factor for size class i.
Also, Friihwein (1975) have used the least-squares method for estimation of

grinding parameters in his grinding model.

Main advantage of the back-calculation method as compared to direct experimental
determination is that the back-calculation method requires less experimental work.
It uses all the information from the tests to obtain the best value and it has a
possibility to use statistical reliability analysis. The method can be applied for cases
where direct experimental determination of grinding parameters is difficult or even
impossible, for example large-scale grinding circuits (Purker et al. (1986)).
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6 EQUIPMENT, MATERIALS AND METHODS

All experimental tests have been done in laboratory-scale. The mills used in this
study were a batch and a continuous attrition bead mills for the attrition grinding
tests and a spiral jet mill for fluid energy grinding.

6.1 Attrition bead mill

The attrition grinding tests were made with two laboratory scale attrition bead mills:
a batch mill and a continuous mill. The mills used were vertical cylinders with a
volume of about 500 cm’. The bottom diameter of the cylinders was 160 mm and
their height was 250 mm. In the continuous mill, water circulation in a Jacket is used
for temperature control. The continuous mill and the stirrers are depicted in Figure
6.1. The batch mill is similar to the continuous mill, but without continuous feed.

outlet

feed

Figure 6.1.  Attrition bead mill used in this study.
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Two kinds of stirrers with a rotational diameter of 120 mm, a pin stirrer and a disc
stirrer, were used in both mills to determine the influence of stirrer type on the
grinding process with different stirring speeds. The pin stirrer had 6 pairs of pins 40
mm apart from each other. The diameter of each pin was 10 mm. The disc stirrer
had six whole discs each of thickness 10 mm also 40 mm apart from each other. The
diameter of the axel was 15 mm in both stirrers.

! .
.

pin stirrer disc stirrer

Figure 6.2. The stirrer types used in this study.

In the batch attrition mill, glass beads with a diameter of 1 mm, 2 mm, and 3 mm
with a bead charge of about 50% of the cylinder volume were used as grinding
media to determine the influence of bead size on the product fineness. In the
continuous mill only 2 mm beads were used with the same charge which was 3 kg
in every case. A variable peristaltic pump was used to feed the suspension to the

continuous mill.

6.2 Jet mill

The spiral or pancake type of jet mill was used in this study. Actually there were
two different combinations of the mill used. The mill itself is the same in both

cases, but in the Type I mill the product is collected in a container under the mill

and the air passes through the filter bag above the mill. In the Type II mill the
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product is collected in the filter bag through which the grinding air leaves the
system. The material is fed into the mill with a vibration feeder. The difference of
the jet mill types can be seen from the Figures 6.3 and 6.4.

air out
fiter
bag feed
feed air

grinding air %
e 55 7

h,

" product | jet ring

Figure 6.3. The type I jet mill and the jet ring.
feed

[
5 % feed air

grinding air 77T 7
B H
V7777 Wzl

air out air out

Figure 6.4. The type II jet mill.
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The diameter of the grinding chamber was 100 mm and its height was 15 mm. The
diameter of the nozzles in the jet ring was 1.5 mm. Three different angles of the
nozzles (0) were used in the study, namely, 23°, 33°, and 43°. The diameter of the
internal classification tube was 45.8 mm and the height of the tube (h) could be
fixed. Here the height of the tube means the distance from the bottom of the
grinding chamber to the top of the tube, as can be seen from the Figure 6.3. The
schematic drawings of the mill with all dimensions are given in Appendix III. A

flowsheet of the jet grinding process used is shown in Figure 6.5.

compressed
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Figure 6.5. The flowsheet of the jet grinding process used.

Flow metres with valves were used to measure and control the flow rates of the

grinding and feed air.
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6.3 Materials

Two different waste gypsums were used in this research. The gypsums were FGD
(Flue Gas Desulphurisation) gypsum from a power station, and waste gypsum from
a phosphoric acid plant (later phosphogypsum).

FGD gypsum is the product of the wet flue gas desulphurisation process based on
limestone, and it is moist, crystalline, high purity calcium sulphate dihydrate (CaSO,
x 2H,0). The production process of FGD gypsum is presented by Wirsching et al.
(1994). Two parcels of FGD gypsum were used in the research.

In the few first tests made with the attrition mill the FGD gypsum used was from
Germany and its median particle size was 42 pm and the content of free water was
30 w-%. The second parcel of gypsum was Finnish FGD gypsum from Meripori and
its median particle size was 36 pm and the moisture (free water content) of the

gypsum was 26 w-%.

Phosphogypsum is the product from the reaction of the raw phosphate with
sulphuric acid (Lutz (1995)). Phosphogypsum may contain some amounts of
residues of phosphates, sodium and fluorine compounds, organic products, and
other impurities. The phosphogypsum used in the study was obtained from the
Siilinjarvi  phosphoric acid plant of Kemira Oy. The moisture of the
phosphogypsum was 29 w-% and the median particle size was 32 pm.

Also in the attrition grinding tests the calcium carbonate pigment (CaCO, Omyacarb
10-GU) was used as a reference material. Subsequently it will be referred to as CC

pigment,
The reference material in the jet mill grinding was a limestone (Parfill limestone)

from the Partek, Lappeenranta. The median particle size of this limestone was
28 pm,
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64 Pretreatment of the materials

Usually in wet grinding, some grinding additives have to be used to prevent the
formation of agglomerates during grinding. The grinding additives used in the
attrition grinding were CMC (sodium carboxy methyl cellulose) for the grinding of
gypsum and TEA (triethanolamine) for the grinding of CC pigment with amounts
of 1 g/ 100 g of the dry material to be ground.

" Both gypsums were too moist to be ground without drying in the jet mill because
when ground without drying the material accumulated in the grinding chamber.
Therefore the gypsum samples were dried in an oven before grinding.

6.5 Particle size analysers and sample analysis

The mass particle size distributions of the raw minerals and the grinding products
were analysed with a SediGraph 5100 particle size analyser, which is a one type of
x-ray sedimentometer. The principle of the x-ray sedimentometer is shown in Figure
6.6. The distributions of the samples were analysed in 0.2 w-% NaHMP-water
solutions. For gypsum analysis the solutions were saturated with the gypsum to be

analysed to prevent the gypsum from dissolving in the water.

Particle shapes were analysed with an image-analyser. The image analysis system
used was a Vidas 2.1 with an optical microscope. The magnification used was 20x.
The feed gypsum samples were dried before analysis and then spread onto the micro
slide for analysis. The particles ground in the attrition bead mill were analysed in
the water suspension saturated with the gypsum to be analysed. The NaHMP has
been used as a dispersion agent in the wet samples. The samples from the jet mill
grindings were analysed dry similarly to the feed gypsums.
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Figure 6.6. Schematic diagram of the x-ray sedimentometer and block diagram
of the electrical circuit. (Allen (1981))

6.6 Determination of energy requirement

6.6.1 Attrition bead mill

The energy requirement of attrition grinding was determined by measuring the
power requirement of the mill from the inverter by which the rotational frequency
of the motor and the stirrer was controlled. The power data was collected by a PC
micro computer and the average power requirement for the case was calculated after
the experiment. Also, the power requirement of the empty mill, i.e., the mill loaded

with only the beads and water, was determined at different rotational speeds.

The power requirement for grinding (P,) is

P =P,-P, (6.1)
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where P, is a power requirement of the mill during grinding and P,,, is the power
requirement of the empty mill. The specific energy consumption of grinding (E,)
was then calculated with the following equation

E - Ls
¢ . (6.2)

where g, is the mass flow rate of ground solid. According to Zheng et.al (1996) a
more illustrative value is the energy efficiency of grinding (E).The Equation for E,

used in this work is as follows

Ef = (6.3)

where m, is the mass of the solid ground in a measured time and Ax is the difference
between the median size of the feed (x;,,) and the median size of the product *s0,)-

6.6.2 Jet mill

The energy requirement of the jet mill is determined with the method given by
Viswanathan (1987), where the energy input rate of air has been compared to the

adiabatic expansion for air, when the power input will be the following

E, = 1.89NRTP p,d’P;* (6.4)

where N is the number of nozzles, R is the gas constant (8.3 Pa m*/(mol K)), Tis the
temperature, P is the pressure and p is the density of air and d is the diameter of the
nozzle. The subscript o refers to the outlet value of the nozzle. P; is the gauge

pressure determined with the following Equation.
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_ Pi
Po =+ (6.5)

where P, is the pressure of incoming air.

The energy dissipation rate (E,) in grinding can be determined by the equation

Ed
107°F,

(6.6)

Elfs

where F, is the feed rate of the material. Since K, is related to Bond’s work index
the energy dissipation rate can be calculated from the equation

1

R 1
E; = 1,69x10 °F E [——-—]
Fese ‘/;f 6.7)

Assuming the energy in the mill outlet to be negligible compared to the input energy

leads to
E =E, (6.8)

If the weight fraction of a product finer that 20 pm (x,) is used instead of x ;4 in
Equation (6.7), then the transformation of Equation (6.8) leads to the following

equation for the specific energy consumption of grinding

3.5NdPy*
EK N -0.5 (69)
F [(In(1/x,)"**-0.266x, ]

The energy efficiency of jet mill grinding is determined in a similar way as in
attrition grinding.
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7 GRINDING WITH THE ATTRITION BEAD MILL

The influence of different grinding parameters on the fineness of the product and
on the specific energy consumption of attrition grinding were studied in
experimental grinding tests in the laboratory. The aim of the study was to find the
optimum grinding conditions to achieve the required fineness meaning that the
energy consumption of grinding should be as low as possible for a required fineness
of the product. The mass median particle size is used as the response particle size.

7.1 Experimental design

Firstly, an experimental design was made with the batch attrition mill to determine
most important variables which affect the grinding process. Nine grinding
experiments were made in the design with FGD gypsum. In every experiment, the
following parameters were constant: the mass of the FGD gypsum (465 g), the
grinding time (120 min), and the bead size (1 mm). The variables were the
concentration of the suspension, the charge of beads, the rotational speed of the
stirrer, and the amount of grinding aid. This experimental design, the values of the
variables used and the median particle sizes of the product in each experiment are

given in Appendix L.

Regression analysis were done on the results using the program LREG presented by
Nystrom (1996). From these analysis the most significant variables were the bead
size and the rotational speed of the pin stirrer. Based on that test and on some
further tests with the grinding additives given in Section 7.2, the following
(optimum) values were chosen to be used for the concentration and bead charge in
further studies:

- concentration 30 w-% (BM), 20 w-% (CM)
- bead charge 3000 g of glass beads (~50 %)
- grinding additive 1 g CMC/100 g of grindable material
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7.2 Influence of grinding additives

The influence of the different grinding additives on the grinding of FGD gypsum
and of CC pigment on the final fineness of the product was studied with the batch
mill. Also, the energy consumption of grinding was determined when the materials
were ground without any additive and with the best additive.

| mm glass beads were used as grinding media with a charge of 50% in these tests.
The rotational speed of the pin stirrer was 700 1/min. Samples from the well-mixed
batch were taken after 30, 60 and 120 min of grinding.

7.2.1 Grinding of gypsum

The gypsum used in this study was FGD (Flue Gas Desulphurisation) gypsum from
Germany. Firstly two grinding additives, Mowiol and CMC (sodium carboxy methyl
cellulose), were tested for gypsum grinding with a concentration of 1g/100 g of
gypsum. Of these additives, the CMC was significantly better than Mowiol as
shown in Figure 7.1. However, grinding with Mowiol gives much better product
fineness than grinding without any additive. The suitable (optimum) amount of
CMC is about 1 g per 100 g of gypsum as shown in Table 7.1, because bigger
amounts of CMC gives only a slightly better fineness for the product.

The effects of dispersion agents on gypsum grinding were studied experimentally.
The dispersion agents used in this study were Dispex N40, Polysaltz S, and
Fennodispo A 41 with a concentration of 0.5 g/100 g of gypsum. In every test 1g
of CMC /100 g of gypsum was also used. The results are given in Table 7.2, which
shows that adding a dispersion agent to the suspension does not increase the
fineness of the product; on the contrary it decreases it. As a result the only additive
recommended for use in gypsum grinding is CMC.

The selection of these additives and the dispersion agents tested were based on the
needs of paper industry. The stirrer used in the test was the pin stirrer with a

rotational speed of 700 1/min.
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Table 7.1.  The effect of grinding additive on the particle size of the product

when FGD gypsum is ground in the batch attrition mill with a

rotational speed of 700 1/min of the pin stirrer. Grinding media: 3 kg
of 1 mm beads.

Grinding Median particle size xs/um
time
min No Mowiol CMC CMC CMC CMC
additive | 1g/100g | 1g/100g | 0.5¢/100¢g | 1.5/100¢ | 2 /100 ¢
gypsum gypsum gypsum gypsum gypsum
0 42.9 429 429 429 429 429
30 17.0 11.7 1.6 23 1.5 1.3
60 16.1 8.8 1.0 1.8 0.9 0.7
90 16.0 - - - 0.6 -
120 - 79 0.9 1.6 0.5 0,5
Table 7.2.  The effect of different dispersion agents on the particle size of the
product when FGD gypsum is ground in the batch attrition mill with
the rotational speed of 700 1/min of the pin stirrer. Grinding media:
3 kg of 1 mm beads.
Grinding Median particle size x;/um
time
min CMC CMC + Dispex CMC + Polysaltz | CMC + Fennod.
0 429 429 429 429
30 1.6 33 34 42
60 1.0 23 1.5 29
120 0.9 23 1.4 29
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Figure 7.1.  The effect of grinding additive on the product fineness in the batch
attrition grinding of FGD gypsum as a function of grinding time.
Rot. speed of pin stirrer 700 1/min and charge 3 kg of 1 mm beads.

In the fine grinding of gypsum there always forms some amount of agglomerates
of fine ground particles. These can be broken up by adding some dispersion agent
to the suspension. As the allowed agents slow down the grinding, as shown in Table
7.2, itis better to add a dispersion agent to the suspension after grinding if needed,
for example, before analysis or classification. The best dispersion effect in
classification tests made in the laboratory was achieved with Polysaltz S (Tuunila

(1994)).

7.2.2 Grinding of calcium carbonate (CC pigment)

Two grinding additives, TEA and CMC, were tested in CC pigment grinding. The
CC pigment also grinds quite well without any additive, but then the CC pigment
foams quite much during the grinding, therefore the use of grinding additive is
required. The amounts of additives tested were 0.5 g and 1.0 g per 100 g of the
CC pigment.
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This test showed that both additives slightly increased product fineness, but the
CMC gave a little bit better results as can be seen from Table 7.3. Also the specific
energy consumption of grinding with CMC and TEA was determined and then
compared to the specific energy consumption of CC pigment grinding without any
additive. The results given in Table 7.3 and in Figures 7.2 and 7.3 shows that both
additives decrease the specific energy requirement of the grinding but the CMC
gives better results overall. Larger amounts of the additives were also tested, but this
did not lead to a smaller energy requirement or better product fineness. So, also in
CC pigment grinding the optimal amount of additive (CMC) is 1 g/100 g of
grindable material.

CC pigment forms agglomerates very easily, and because of this, it is essential to
use some suitable dispersion agent at least in particle size analysis. Bernhardt (1994)
has recommended NaHMP (sodium hexametaphosphate) to be used as a dispersion
agent in the analysis of CC pigment. Adding NaHMP during grinding to the
suspension had no effect on the grinding rate, so there is no reason to use a

dispersion agent in the grinding, only after grinding before analysis.

Table 7.3.  The effect of grinding additive on the particle size of the product
when CC pigment is ground in the batch attrition mill with a rotational
speed of 700 1/min of the pin stirrer. Grinding medium: 3 kg of 1 mm

beads.
Grin- No additive TEA TEA CMC CMC
ding 05g/100 g 1.0g/100 g 05g/100 g 1.0g/100 g
time CC pigment CC pigment CC pigment CC pigment
mn oy | E | % | E X E, | % | E xa | E

pm kWh/t pHm kWhit Hm kWhit pHm kWh/t pm kWh/t

0 73 - 73 - 73 - 73 - 73
15 2.1 83 2.0 75 1.9 71 1.9 75 1.8 67
30 1.6 166 1.4 150 1.3 141 1.1 150 1.1 133

60 1.0 333 09 300 0.9 283 0.7 300 0.7 266

120 0.8 666 0.8 600 0.7 566 0.6 600 0.5 533
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7.3 Influence of bead size

The influence of bead size on the product fineness, on the specific energy
consumption, and on the energy efficiency of attrition grinding was studied by
experimental batch grinding tests with 1 mm, 2 mm, and 3 mm glass beads. The

minerals used in these experiments were CC pigment and FGD gypsum.

Samples from the well-mixed batch were taken after 15, 30, 45, 60 and 90 min of
grinding. Results from the particle size analyses are given in Appendix II. The
results are given graphically in Figures 7.4-7.8, which show that when using smaller
beads a finer product will be achieved for the same grinding time. The energy
requirement of the grinding was slightly less with smaller beads when the material
is ground to a certain fineness. The best energy efficiency was reached with 1 mm
beads with both minerals.
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&\\\.

+ 1 mm beads
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4 3 mm beads
0.1 !

0 20 40 60 80 100

Grinding time [min])

Median particle size [um]

Figure 7.4. The effect of bead size on product fineness in the batch attrition
grinding of FGD gypsum with the pin stirrer as a function of grinding
time. Rot. speed 700 1/min and charge 3 kg.
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Figure 7.8.  The effect of bead size on the energy efficiency of FGD gypsum and
CC pigment grinding in the batch attrition mill with a rotational
speed of 700 1/min of the pin stirrer.
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7.4 Influence of stirrer type and stirring speed

The influence of the stirrer type and the stirring speed on the degree of grinding and
on the energy consumption of grinding were studied experimentally with the batch
and with the continuous mill. Three minerals, CC pigment, FGD gypsum, and
phosphogypsum were used in this study. The stirrers used were a pin stirrer and a
disc stirrer with the rotational speed of 500, 600, 700, and 800 1/min. The speed
800 1/min has only been used with the disc stirrer. From the batch mill the samples

“were taken after 15, 30, 45, 60, and 90 min of grinding. Samples from the
continuous mill outlet were taken with mean residence times of 15, 30, 45, 60 and
90 min, which corresponds to the feed rates 0.167, 0.083, 0.056, 0.042, and 0.028
dm*min of the suspension with a concentrate of 20%.

Grinding time

With both mills the resuits, as given in Figures 7.9-7.14, were similar. Increasing
the stirring speed gives a smaller particle size of the product for the same grinding
or mean residence time. The pin stirrer is more efficient than the disc stirrer and a
better fineness for the product was achieved in every experiment with the pin stirrer.
Even with the smallest rotational speed of the pin stirrer a better product fineness
was achieved than the fineness achieved with the biggest rotational speed of the disc
stirrer. The effectiveness of the pin stirrer can also be seen from Figure 7.15, where
the particle size distributions of FGD gypsum products ground with both stirrer
types in the batch and in the continuous mill with the same grinding or mean

residence time is shown.
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Figure 7.11. The effect of stirrer type and stirring speed on product fineness in
the batch attrition grinding of phosphogypsum as a function of
grinding time. Charge 3 kg of 2 mm beads.
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Figure 7.12. The effect of stirrer type and stirring speed on product fineness in
the continuous attrition grinding of phosphogypsum as a function of
mean residence time. Charge 3 kg of 2 mm beads.
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Figure 7.15. Particle size distributions of feed FGD gypsum and gypsum ground
in the batch mill (BM) and in the continuous mill (CM) with a speed
of 600 1/min. Grinding time in the BM and corresponding residence
time was 60 min. Charge 3 kg of 2 mm beads.

Energy requirement

The specific energy consumptions of attrition grinding have been determined by the
Eq. (6.2). The results illustrated graphically in Figures 7.16-7.21 show that with
every mineral the specific energy consumption of grinding was clearly smaller for
the pin stirrer than for the disc stirrer, but it stays quite constant with different
rotational speeds. According to this research, the specific energy consumption is
characteristic of the stirrer type and not dependent on the stirring speed of the
stirrer.
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Figure 7.16. Specific energy consumption versus fineness of FGD gypsum product
for different rotational speeds of the pin stirrer and of the disc stirrer
when ground in the batch attrition mill. 3 kg of 2 mm beads.
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Figure 7.17. Specific energy consumption versus fineness of FGD gypsum product

for different rotational speeds of the pin stirrer and of the disc stirrer
when ground in the continuous attrition mill. 3 kg of 2 mm beads.
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Figure 7.18. Specific energy consumption versus fineness of phosphogypsum
product for different rotational speeds of the pin stirrer and of the disc
stirrer when ground in the batch attrition mill. 3 kg of 2 mm beads.
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Figure 7.19. Specific energy consumption versus fineness of phosphogypsum
product for different rotational speeds of the pin stirrer and of the disc
stirrer when ground in the continuous attrition mill. 3 kg of 2 mm

beads.
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Figure 7.20. Specific energy consumption versus fineness of CC pigment product
for different rotational speeds of the pin stirrer and of the disc stirrer
when ground in the batch attrition mill. 3 kg of 2 mm beads.
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Figure 7.21. Specific energy consumption versus fineness of CC pigment product
for different rotational speeds of the pin stirrer and of the disc stirrer
when ground in the continuous attrition mill. 3 kg of 2 mm beads.
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Energy efficiency

The energy efficiencies of the attrition grinding tests described above are
determined by Eq. (6.3). Results are presented graphically in Figures 7.22-7.24
which shows that the energy efficiency of attrition grinding is dependent on the
rotational speed of the stirrer, although the stirring speed does not affect the specific
energy consumption. The results show that the energy efficiency decreases as a
function of rotational speed with every mineral so that the best energy efficiency
was reached with the smallest rotational speeds of both stirrers. The influence of
stirrer type on the energy efficiency of grinding was not as clear. In phosphogypsum
and in CC pigment grinding the better energy efficiencies were achieved with the
pin stirrer, as shown in Figures 7.23 and 7.24, but in FGD gypsum grinding, the
slightly better energy efficiencies were achieved with the disc stirrer (Figure 7.22).
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Figure 7.22. The effect of stirrer type and stirring speed on the energy efficiency
of FGD gypsum grinding in the batch attrition mill (BM) and in the
continuous attrition mill (CM). Charge 3 kg of 2 mm beads.
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Figure 7.23. The effect of stirrer type and stirring speed on the energy efficiency
of phosphogypsum grinding in the batch attrition mill (BM) and in the
continuous attrition mill (CM). Charge 3 kg of 2 mm beads.
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Figure 7.24. The effect of stirrer type and stirring speed on the energy efficiency
of CC pigment grinding when in the batch attrition mill (BM) and
in the continuous attrition mill (CM). Charge 3 kg of 2 mm beads.
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7.5 Summary and discussion

Experimental grinding tests with the batch and the continuous attrition bead mill
have been made. The influence of different grinding parameters on the product
fineness and on the specific energy consumption of the grinding has been studied.
The parameters tested were the amount and type of grinding additive, the bead size,
stirrer type, and the rotational speed of the stirrer. Also, the influence of the

suspension concentration and the bead charge were studied.

The influence grinding additives and dispersants have on FGD gypsum grinding are
given in Tables 7.1 and 7.2 and in Figure 7.1. The results show that the ultrafine
grinding of gypsum always needs the use of some suitable grinding additive if a
particle size of 1-2 pm for the product is required. In these grinding tests, the use
of CMC (sodium carboxy methyl cellulose) alone gave the best grinding results.
The grinding of CC pigment is also possible without any additive, but by using
some additive the grinding rate is faster and also a slightly better fineness of the
product is achieved as can be seen from Table 7.3 and Figure 7.2 where the effects
of the tested additives on the grinding of CC pigment are given. The specific energy
consumption of CC pigment grinding versus median product size is given in Figure
7.3, which shows that by using an additive a smaller specific energy consumption
will be needed when the material is ground to some certain particle size. These
results correspond with the results given by Larionov et al. (1982) and by Sureshan
et al. (1992) who have also found that a small amount of grinding additives assist
the attrition of the material. TEA (Triethanolamine) is often used as an additive in
CC pigment grinding and has been found to give a good grinding result (Lahtinen
(1988)). In this study TEA was also found to be a suitable additive for CC pigment
(CC pigment) by increasing the grinding rate, but CMC, which was found to be the
best choice for FGD gypsum, gave a better grinding rate and smaller specific energy
consumption than TEA. When the CC pigment was ground to a median particle size
of 2 pm, 20% less energy with TEA and 30% less energy with CMC was required
as compared to grinding without any additive.
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The influence of bead size on the grinding of FGD gypsum and CC pigment are
given in Figures 7.4 and 7.5, which show that by using smaller beads a smaller
product size is achieved with the same grinding time. Also, the specific energy
consumption of grinding is smaller with smaller beads if the material is ground to
a certain fineness as can be seen from Figures 7.6 and 7.7. Stadler et al. (1990) have
got similar results. The influence of the bead size on the energy efficiency of
attrition grinding is given in Figure 7.8, which shows that the energy efficiency of
grinding increases when the bead size decreases. The best energy efficiency was
achieved with 1 mm beads which differs from the results presented by Zheng et al.
(1996) who have got the best energy efficiency for CaCO, grinding with 2 mm

beads under or over which the energy efficiencies were smaller.

The influences of the stirrer type and stirring speed on the grinding of FGD gypsum,
phosphogypsum and CC pigment in the batch and in the continuous attrition bead
mill are given in Figures 7.9-7.14. The results show that with every mineral a higher
rotational speed of the stirrer leads to a smaller product size and also that the pin
stirrer is more efficient than the disc stirrer. Figure 7.15 shows that the pin stirrer
gives besides better fineness the narrower particle size distribution of the product.
~ The influences of the stirrer type and stirring speed on the specific energy
- consumption of grinding are given in Figures 7.16-7.21, which show that the
specific energy consurnption is characteristic of the stirrer type. It is smaller for the
pin stirrer than for the disc stirrer, but it is not dependent on the rotational speed of
the stirrer. The finding that the bigger stirring speed leads to smaller product size
with smaller specific energy consumption is in accordance with the results reported
by Mankosa et al. (1989) and by Zheng et al. (1996), but neither one mentioned
anything about the specific energy consumption being characteristic of the type of

stirrer used.

The influences of the stirrer type and stirring speed on the energy efficiencies of
grinding are given in Figures 7.22-7.24, which show that in phosphogypsum and
CC pigment grinding better energy efficiencies were reached with the pin stirrer, but
in FGD gypsum grinding a slightly better energy efficiency was achieved with the

disc stirrer. In every case, decreasing the rotational speed of the stirrer leads to
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a better energy efficiency of grinding, which is in agreement with the results given
by Gao and Forsberg (1993).

The results given in this Section show that the attrition bead mill is suitable for the
grinding of FGD gypsum and phosphogypsum and also CC pigment to the fineness
of a few microns which is the size required of the pigments used in paper coating.
The best result is achieved by using CMC as a grinding additive, small beads as the
grinding media and a high rotational speed of the pin stirrer.
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8 GRINDING WITH THE JET MILL

The influence of different dry grinding parameters on the degree of grinding was
studied by experimental laboratory tests with the spiral type of jet mill. The aim of
the study was to find the optimum grinding conditions for the mill to achieve the
fineness of the product required in the paper industry with the minimum energy

consumption.

8.1 Experimental design

Firstly two experimental designs were made for a Type I jet mill, separately with
FGD gypsum and phosphogypsum. Twenty experiments planned with the program
APLAN, presented by Nystrom (1996), were made with both gypsum materials. The
feed rate, volumetric flow rate of feed air, volumetric flow rate of grinding air,
angle of nozzles, and height of the internal classification tube (vortex finder) were
variables in the experiments. This experimental design, the values of the variables
used and the median particle sizes of the grinding product in each experiment is
given in Appendix IV,

The regression analyses were made with the program LREG (Nystrém (1996)).
From these analyses, the most significant variables in the jet mill grinding were the
feed rate, the volumetric flow rate of the grinding air and the height of the
classification tube. Less significant variables were the angle of the nozzles and

volumetric flow rate of feed air.

8.2 Influence of nozzle angle and flow rate of feed air
The effects of the angle of the nozzles and the volumetric flow rate of feed air on

the product fineness in jet mill grinding were studied with the Type I jet mill with
both gypsum materials.
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Three nozzle angles, namely, 23°, 33°, and 43° were tested in a grinding pressure
of 450 kPa. The results given in Table 8.1 show that with both materials, the

smallest product sizes were achieved with the biggest angle (43°). However, the

effect of the angle is only marginal. The effect of the volumetric flow rate of feed

air was also studied with three values, 4.4, 5.5 and 6.6 m*/h in a pressure of 450

kPa. The results are given in Table 8.2 which shows that the influence of the flow

rate of feed air is very small, but in both cases the smallest product is achieved with

the biggest flow rate of feed air.

Table 8.1.

The effect of nozzle angle on product fineness in the Type I jet mill.
The flow rate of the grinding air was 8.8 m*/h and the flow rate of
feed air was 6.6 m’/h in a pressure of 450 kPa, the height of internal
classification tube was 5 mm, and the feed rate was1.2 g/min.

Angle of nozzles

Particle size X;/um

o

FGD gypsum

Phosphogypsum

23

379

11.19

33

3.59

11.37

43

321

11.15

Table 8.2.

The effect of volumetric flow rate of pressurised grinding air on
product fineness in the Type I jet mill. The flow rate of the grinding
air was 8.8 m*h in a pressure of 450 kPa, the height of internal
classification tube was 5 mm, the angle of nozzles 43°, and the feed
rate was 1.2 g/min.

Volumetric flow rate Particle size X, /pm
of grinding air
m*h FGD gypsum Phosphogypsum
4.4 3.60 10.63
5.5 4.36 10.92
6.6 3.21 10.46
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Based on these results, the following values were chosen to be used for the angle
the of nozzles and volumetric flow rate of the feed air:

- angle of nozzles 43°
- volumetric flow rate of feed air 6.6 m’/h (in 450 kPa, ie., 29.4
Nm’h)

8.3 Influence of feed rate

The influence of the feed rate on the product fineness and on the specific energy
consumption of grinding was studied with the Type I jet mill. Three feed rates, 1.2,
3.6, and 6.0 g/min with both gypsum materials, were used in these experiments. The
results given in Figure 8.1, show that the smaller the feed rate, the better product
fineness is achieved. In FGD gypsum grinding the change of the product fineness
as a function of feed rate is significant, but in phosphogypsum grinding the change
of product fineness is only marginal.
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Figure 8.1.  The effect of feed rate on product fineness of FGD gypsum and
of phosphogypsum in the Type I jet mill. The flow rate of the grinding
air was 8.8 m’h and flow rate of the feed air was 6.6 m*h in a
pressure of 450 kPa, the height of internal classification tube was
5 mm, and the angle of nozzles was 43°,
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The energy consumption of jet mill grinding is calculated from Equation (6.9) and
the energy efficiency using Equation (6.3) as derived in Section 6.6. The specific
energy consumption of FGD gypsum and phosphogypsum grinding as a function of
feed rate is given in Figure 8.2, and the energy efficiencies in Figure 8.3. These
Figures show that the higher feed rate leads to smaller specific energy consumption
and to bigger energy efficiency of grinding.

However, the feed rate of 4 g/min was chosen to be used as feed rate in further

experiments because of the better stability of the process.
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Figure 8.2. The effect of feed rate on the specific energy consumption of FGD
gypsum and phosphogypsum grinding with the Type I jet mill. The
flow rate of the grinding air was 8.8 m’/h and the flow rate of the feed
air was 6.6 m’h in a pressure of 450 kPa, the height of internal

classification tube was 5 mm, and the angle of nozzles was 43°.
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Figure 8.3.  The effect of feed rate on the energy efficiency of FGD gypsum and
phosphogypsum grinding with the Type I jet mill. The flow rate of the
grinding air was 8.8 m’h and the flow rate of the feed air was
6.6 m*h in a pressure of 450 kPa, the height of internal classification
tube was 5 mm, and the angle of nozzles was 43°.

8.4 Influence of volumetric flow rate of grinding air

The influence of the volumetric flow rate of the grinding air on the fineness of the
grinding product was studied by grinding different minerals with four volumetric
flow rates, 2.2, 4.4, 6.6 and 8.8 m>h in a pressure of 450 kPa (i.e., 9.8, 19.6, 29 4,
and 39.2 Nm’/h). Fixed parameters were the angle of the nozzles 43°, the feed rate
4.0 g/min, and the height of classification tube 5 mm. The minerals used in the Type

I'mill were FGD gypsum and phosphogypsum. In the Type II jet mill limestone was
also used as a test material.
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The results are shown in Figure 8.4, which shows that with both materials a finer
product is achieved with a bigger flow rate of grinding air. The change of product
fineness as a function of volumetric flow rate of grinding air is bigger with the Type
I mill than with the Type II mill. This can also be seen from Figures 8.5 and 8.6,
where the particle size distributions of FGD gypsum products ground with different
flow rates of grinding air in the Type I (Fig. 8.5) and Type II (Fig.8.6) jet mills are
given.
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Figure 8.4. The effect of volumetric flow rate of grinding air on product fineness
in jet mill grinding. The flow rate of feed air was 6.6 m’h in a
pressure of 450 kPa, the height of the intemal classification tube was
5 mm, the feed rate was 4 g/min, and the angle of the nozzles was
43°.
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The specific energy consumption of FGD gypsum and phosphogypsum grinding
with Type I and Type II jet mills, and also limestone grinding with the Type II jet
mill as a function of the volumetric flow rate of grinding air is given in Figure 8.7.
This Figure shows that the bigger the flow rate is, the smaller the energy
requirement for grinding is. As the feed rate to the mill is the same with every flow
rate of grinding air, the energy efficiency of grinding (Eq. 6.3) increases when the

flow rate of grinding air increases.
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Figure 8.7. The effect of volumetric flow rate of grinding air on specific energy
consumption of grinding with the Type I and Type II jet mills. The
flow rate of the feed air was 6.6 m’/h in a pressure of 450 kPa, the
height of the internal classification tube was 5 mm, the feed rate was

4 g/min, and the angle of the nozzles was 43°.



8.5 Influence of height of classification tube

Three tube heights (see Fig. 6.3), 5, 8 and 11 mm, when the corresponding free
interstices were 10, 7, and 4 mm, were used in the testing of the influence of the
height of the classification tube on the product fineness in jet mill grinding. The
volumetric flow rate of grinding air in these tests was 8.8 m*hina pressure of
450 kPa (39.2 Nm*/h). The fixed values of other parameters were the same as
earlier. The materials used in these experiments were in the Type I mill FDG
gypsum and phosphogypsum, and in the Type II jet mill, besides gypsum, also
limestone. The results, given graphically in Figure 8.8, show that with both mills the
finer product is achieved with a shorter internal tube, i.e., a bigger interstice
between the tube and the ceiling of the grinding chamber. The effect of the height
of the classification tube on the product fineness was bigger in the Type I mill than
in the Type II mill. The particle size distributions of the FGD gypsum ground with
different tube heights in both types of jet mills is given in Figures 8.9 and 8.10.
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Figure 8.8.  The effect of the height of the classification tube on product fineness
in jet mill grinding. The flow rate of the grinding air was 8.8 m*h and
the flow rate of the feed air was 6.6 m’/h in a pressure of 450 kPa, the
feed rate was 4 g/min, and the angle of nozzles was 43°.
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Figure 8.9. Particle size distributions of feed FGD gypsum and FGD gypsum
ground in the Type I jet mill with different heights of internal tube.
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The specific energy consumption of FGD gypsum and phosphogypsum grinding
with the Type I and the Type II jet mills, and also limestone grinding with the Type
II jet mill as a function of height of classification tube is given in Figure 8.11, which
shows that a smaller product is achieved with a lower internal tube. The effect is
especially significant in limestone grinding. As the feed rate to the mill is the same
with every height of the tube, the energy efficiency of grinding is higher with the

lower tubes.
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Figure 8.11. The effect of volumetric flow rate of grinding air on specific energy
consumption of grinding with the Type I and Type I jet mills. The
flow rate of the feed air was 6.6 m*h in a pressure of 450 kPa, the
height of the internal classification tube was 5 mm, the feed rate was
4 g/min, and the angle of the nozzles 43°.
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8.6 Influence of regrinding on product fineness

Materials were reground twice with both mills to determine the effect of regrinding
on the product fineness and to find limits of the product size which can be reached
with these types of jet mills. In both mills, the parameters had the following values:
feed rate 4 g/min, volumetric flow rate of pressurised (450 kPa) grinding air
8.8 m*/h and feed air 6.6 m’/h, height of internal tube 5 mm, and angle of nozzles
43°. The results are given in Table 8.3, which shows that in both mills the median
particle size of the product decreased only slightly by regrinding, but as in earlier
tests the finer product is achieved with the Type I jet mill. The limit of product size
was achieved after two grindings. Hence, the possibilities to achieve better fineness
of the product by regrinding with the same mill are economically not profitable.

Table 8.3.  Influence of regrinding on the product fineness with the Type I and
Type II jet mills.
Number | Mass Particle size x,/um
of | fraction Type I mill Type I mill
grindings size
FGD Phospho FGD Phospho Limestone
gypsum gypsum gypsum gypsum
Xy 44.94 43.96 44.94 43.96 35.54
0 Xsp 36.10 32.10 36.10 32.10 23.64
Xas 28.62 21.77 28.62 21.77 11.39
Xos 15.92 13.81 17.56 17.59 18.87
1 Xsp 13.19 11.32 1445 14.95 14.36
Xas 10.26 8.58 5.81 12.48 8.97
Xos 14.93 13.18 17.39 14.94 13.40
2 Xgo 12.25 10.94 12.92 12.68 10.59
X5 8.95 8.72 4.38 10.70 6.97
Xy 14.40 13.74 15.56 14.93 12.74
3 Xep 11.80 11.30 12.89 12.52 10,33
Xgs 8.87 8.70 4.12 10.45 7,28
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8.7 Summary, discussion and comparison of jet mills

Two types of jet mills, as shown in Figures 6.3 and 6.4, were studied in this
research. In the Type I mill the product goes to the container under the mill and the
air goes up and out throughput the filter bag. In the Type II mill, the product is
collected in the filter bag throughout which the grinding air exits. Better fineness
of the product was achieved with the Type I mill, but the efficiency of production
was only about 20-30%, while it was on average 95% with the Type II mill. That
was the main reason to change the construction of the mill during the research
(Type I -> Type II). Also, the stability of the process was better with the Type II

mill.

The influence of different grinding parameters on the product fineness was tested
with both types of mill. The parameters tested were the feed rate, the volumetric
flow rates of the feed air and of the grinding air, the angle of the nozzles, and the
height of the classification tube. Also, the effect of regrinding was tested.

The influence of the angle of the nozzles and the volumetric flow rate of grinding
air on product fineness in the Type I jet mill are given in Tables 8.1 and 8.2. The
results show that the effect of those parameters on the product fineness is almost
negligible. However the best results with both gypsum materials were achieved with
the largest angle of the nozzles and with the biggest flow rate of feed air. Thus,
those values (43° and 6.6 m*/h in a pressure of 450 kPa) were chosen to remain
constant in further tests. The choice of the largest angle is also justified by the
results given by Ahlbus (1992) who had found the angle of 60 degrees being most

effective.

The influence of feed rate on the product fineness was also tested with the Type I
jet mill. The results are given in Figure 8.1, which show that the smaller the feed
rate the finer is product reached with both minerals. Also Yoon (1994) has got
similar results in his study, but the result differ from those results given by Mohanty
and Narasiman (1982) who found that there is some optimum feed rate for each

mineral when the minimum product is achieved.
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The specific energy consumption and the energy efficiency of grinding for different
feed rates are given in Figures 8.2 and 8.3, which show that the bigger feed rate
leads to the smaller energy requirement of grinding and to the bigger energy

efficiency.

The effect of the volumetric flow rate of grinding air on the product fineness was
tested with both mill types. The results are given in Figures 8.4-8.6, which show that
a finer product is achieved with the bigger flow rate of grinding air. This can be
considered as resulting from a higher velocity of particles which increases the
impact energy when the particles collide with each other or with the wall of the
grinding chamber. Increasing the volumetric flow rate of grinding air also leads to
a smaller specific energy consumption of grinding, as can be seen from Figure 8.7
where the energy requirement of grinding is given as a function of flow rate of

grinding air. This also leads to the better energy efficiency of grinding.

The effect of the height of the classification tube on the particle size of the product
and on the specific energy consumption was studied with both mill types. The
results are given in Figures 8.8-8.11, which shows that a better product fineness
with a lower specific energy consumption is achieved with lower tube, when the
open interstice between the tube and the ceiling of the grinding chamber is bigger.
Especially in limestone grinding the effect of the height of classification tube is so
significant that this parameter also is relevant, and it should be taken into account

when optimising the jet mill grinding process.

According to this research, the most influential parameters in jet mill grinding with
the spiral type mill were the feed rate, the volumetric flow rate of grinding air, and
the height of the classification tube when the grinding pressure is fixed at some
certain value. The best fineness of the product was achieved when ground with the
small feed rate, but this unfortunately leads to a higher specific energy consumption.
However, by optimising the other grinding parameters, the specific energy
consumption can be minimised for certain feed rate. If the feed rate is fixed at
certain value, the best fineness for the product with the lowest specific energy
consumption and with the highest energy efficiency can be reached when ground

with a large volumetric flow rate of grinding air and with a short classification tube.
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The influence of regrinding was almost negligible, as can be seen from Table 8.3.
Hence, the regrinding of the product with a similar mill is not very profitable

because of very heigh energy consumption of such a jet mill stage is quite big.
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9 COMPARISON OF GRINDING WITH ATTRITION BEAD
MILL AND WITH JET MILL

9.1 Characterisation of the products ground with attrition bead mill
and with jet mill

Two types of mills for ultrafine grinding were studied in this research. An attrition
bead mill is mostly used for wet fine grinding and a jet mill is used for the dry fine

" grinding of minerals. In the attrition mill, a rotating stirrer sets the beads and the
suspension in motion. The size reduction of the particles is caused mostly by
attrition but also by impact. A jet or fluid energy mill does not have moving parts
and the particles to be ground are accelerated in a fast gas stream and reduced by
impact against each other and against the chamber wall.

The most important parameters of the grinding product are the particle size
distribution and the median particle size, or, in some cases, some other particle size,
for example the 80% passing size. It is also known that in many processes the
particular shape of the mineral particles has some influence on the process. For
example, the way in which coal particles behave during combustion is strongly
influenced by their shape (Trass et al. (1995)). Also, according to Oja (1996), in
filtration the shapes of the particles have a significant influence on the process.
Kauppinen (1988) has studied the effect of particle shape and size on the quality of
the coated paper and found those parameters very much affect the paper

characteristics.

As the way in which the particles break in the mills used in this study differs, it can
be presumed that the characteristics of the particles ground with different mills will
therefore differ from each other. In this research the influence of mill type on the
particle shape and size of the product has been studied by experimental tests by
grinding FGD gypsum and phosphogypsum with the attrition bead mill and with the
jet mill. Also, the influence of the stirrer type on the particle characteristics in the
attrition mill has been studied.



9.1.1 Particle size

The particle sizes of gypsum samples have been determined for the product ground
with the batch and the continuous attrition mill, and with the Type I and the Type
H jet mill. For FGD gypsum, the minimum median particle size achieved with the
batch attrition bead mill with a 90 min grinding time was 0.8 um, and in the
continuous mill with 90 min mean residence time the minimum size was 1.1 pm.
The stirrer type used in these experiments was the pin stirrer with a rotational speed
of 700 1/min. The corresponding sizes with the disc stirrer where 1.0 pm and 2.1
pm. The minimum particle size of the FGD gypsum product achieved with the Type
I jet mill was 5.2 pm and with the Type II jet mill 15.9 pm with the same grinding
conditions. The feed size of the FGD gypsum was 36 pym.

The feed size of phosphogypsum was 32 pm. The median product sizes with a
90 min grinding/residence time in the attrition mill with the pin stirrer were 0.7 pm
and 1.4 pm and with the disc stirrer 0.9 pm and 4.4 pm. The minimum product size
achieved with the Type I jet mill was 9.8 pm and with the Type I jet mill 13.1 pm.

In the jet mill tests the grinding conditions were as follows: a feed rate of 4 g/min,
- volumetric rate of the grinding air of 8.8 m®/h in a pressure of 450 kPa (39.2

Nm’/h), a height of internal classification tube of 5 mm, and nozzle angle 43°.

According to these results, a finer product can be produced with the attrition bead
mill than with the jet mill which can also be seen from Figure 9.1 where the whole
particle size distributions of the FGD gypsum products ground with both mills are
presented. When comparing the size distributions it can be seen that the narrowest
size distribution is obtained with the jet mill and the widest with the continuous

attrition mill.
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Figure 9.1.  The particle size distributions of FGD gypsum ground in the batch and
in the continuous attrition mill and in the Type I and Type II jet

mill.

9.1.2 Particle shape

The particle shapes of the products were analysed with the image analyser. The
images have been taken from the feed FGD gypsum and from the phosphogypsum,
and from the gypsum products ground in the continuous attrition mill with both
stirrers and in the Type II jet mill. The images of the FGD gypsum samples are
shown in Figure 9.2 and the images taken from phosphogypsum samples are shown

in Figure 9.3.

The results show that the shapes of the FGD gypsum particles differ quite much
from the shapes of phosphogypsum particles. The FGD gypsum particles are
mostly spherical whereas the phosphogypsum particles are more irregular crystal
like particles. The FGD gypsum particles ground in the attrition mill with the pin
stirrer are irregular, but still more spherical than the particles ground with the disc
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stirrer. The particle shape of the phosphogypsum is also different if ground with the
pin stirrer or the disc stirrer. The disc stirrer produces more elongated particles than
the pin stirrer. However the particles ground in the jet mill, are with both kinds of
gypsum, more concave than the gypsum particles ground in the attrition mill. This
is due to the different breaking mechanism of the particles in the mills.

Figure 9.2.  Images taken from feed and ground FGD gypsum, a) Feed. b) Ground
in the attrition mill with the pin stirrer. ¢) Ground in the attrition mill
with the disc stirrer. d) Ground in the jet mill,
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Figure 9.3. Images taken from feed and ground phosphogypsum. a) Feed.

b) Ground in the attrition mill with the pin stirrer. ¢) Ground in

the attrition mill with the disc stirrer. d) Ground in the jet mill.
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9.2 Economical comparison

The ultrafine grinding of minerals requires a lot of energy, as shown in previous
grinding tests made with the attrition bead mill and with the jet mill. According
those experiments, the specific energy consumption of gypsum grinding is clearly
smaller with the attrition bead mill than with the jet mill. However, when
comparing the economy of the process equipment costs and processing expenditures
must also be taken into account in the calculations.

In this study the economy of both mill types is calculated for the assumption that the
material is ground to a fineness of 5 um. It can be estimated that the equipment
costs for both laboratory mills is the same. For the jet mill, besides the mill, a
feeder, bag filter, compressor, and pipelines with instrumentations are required. The
attrition bead mill consists of the mill chamber with the motorized stirrer, beads,
mixing tank for the suspension, a peristaltic pump, and the required tubes.

Firstly, the calculations have been done just for the mills which have been used in
the laboratory. If the investigations are to be the same for the mills, only processing
costs must be calculated. So, the required particle size (5 um) can be achieved with

sthe jet mill with a feed rate of 2.5 g/min, and with the continuous attrition bead mill
with a feed rate of 5 dm’/h of the suspension (¢ = 20%). The price of ground
gypsum is assumed to be 1000 FIM/t, and the price of energy 0.20 FIM/kWh. The
calculations, which are made only based on the energy consumptions of grinding
as given in Sections 7 and 8, are given in Table 9.1 which shows that, for the mills
used, the attrition bead mill is a significantly economically better choice for the
equipment used for grinding of gypsum. However, the large difference in economy
is caused by the difference in the production rate. The material and other
expenditure costs in processing are higher with the attrition bead mill because of the
erosion of the beads and stirrer during grinding, so they need to be replaced with
new ones after certain time. The only parts that need replacement with new ones in
the jet mill are the filter bags of the filter.
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Table 9.1.  The economical calculations for the ultrafine grinding of gypsum with
the attrition bead mill and with the jet mill for one year.

Attrition bead mill Jet mill
Production (300 d/year) 3.6 t/year 1.1 t/year
Energy consumption 200 kWh/t 700 kWh/t
Material costs 200 FIM#t 100 FIM/t
Sales “profit” +3 600 FIM +1 100 FIM
Energy - 150 FIM - 150 FIM
Material costs - T20FIM - 110 FIM
Sum (profit) +2 730 FIM + 840 FIM

However, based on calculations made for laboratory scale mills very reliable
conclusions about the economy can not be done. Therefore, a new calculation has
been done for mills scaled up to a size with a possible production rate of 100 t/year.
These mills are still quite small compared to real industrial mills, but anyway, they
give a better assumption for the economy of ultrafine grinding than the laboratory

mills used in the experiments.

Yoon (1994) has presented a relationship between feed rate and power
consumption, F « P'*?3, for a spiral type jet mill. In this calculation, a value 2.2 is
chosen to be an exponent. Energy consumption of bigger attrition bead mill is
assumed to be 1000 kWh/t based on the results given by Joost and Schwedes
(1996).

The results of this calculation are given in Table 9.2 which shows that grinding with
the attrition bead mill is still economically more profitable than ultrafine grinding

with the jet mill.
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Table 9.2.  The economical calculations for the ultrafine grinding of gypsum with
the attrition bead mill and the jet mill for the bigger production in

a year.
Attrition bead mill Jet mill
Production (300 d/year) 100 t/year 100 t/year
Energy consumption 1000 kWh/t 2 800 kWht
Material costs 300 FIM/t 150 FIM/t
Sales “profit” +100 000 FIM +100 000 FIM
Energy - 20000 FIM - 56 000 FIM
Material costs - 30000 FIM - 15000 FIM
Sum (profit) + 50 000 FIM + 29 000 FIM
93 Summary

The comparison of the attrition bead mill and the jet mill has been done based on
the product fineness, particle shape of the product, and the economy of grinding. In
Figure 9.1 the particle size distributions of FGD gypsum ground in the batch and
continuous attrition bead mill, and in both types of jet mill are given. The results
show that a significantly finer product can be reached with the attrition bead mill
than with the jet mill with the optimised conditions used in this study. However, the
jet mill produces narrower particle size distribution than the attrition bead mill,
which is an advantage if the material is used as coating pigment (Kauppinen 1988).
Similar results were also got with the phosphogypsum and limestone.

The particle shapes of the ground products are given in Figures 9.1 and 9.2, which
show that the jet mill produces more concave particles than the attrition bead mill
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when the shape distribution of the ground particles will be wider for the jet mill.
This is due to the different breaking mechanism of the particles in the mills used.
The comminution happens mostly by attrition in the attrition bead mill, whereas the
size reduction in the jet mill is mostly caused by the impacts of the particles with
each other or with the chamber wall.

The wider shape distribution improves the opacity of the coated paper (Kauppinen
1988), which also besides the narrow size distribution supports the grinding with the

jet mill. But these parameters cannot compensate the lack of fineness required.
The economical comparison given in Tables 9.1 and 9.2 shows that the ultrafine
grinding of gypsum is more profitable with the attrition bead mill, even the big

erosion of the beads and stirrer.

In generally it is shown in the study that the attrition bead mill is more suitable for
ultrafine grinding of gypsum than the jet mill,
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10 SIMULATION OF FINE GRINDING

The mathematical model which was used for the estimation of attrition bead mill
grinding and jet mill grinding is a population balance model where all particle size
classes were calculated independently as a function of time based on experimental
tests made with the mills. These population balance models are widely used in the
simulation of grinding processes and are also found suitable for the simulation of
fine grinding with the attrition bead mill (Tuunila (1994)) and with the jet mill

"(Rajendran Nair and Ramanujam (1986)). The model uses suitable selection and
breakage functions, and also classification function in the jet mill simulation. The
parameters of these functions are identified by the results of the experimental
grinding tests, and then used for the simulation of the grinding.

FORTRAN language has been used as the programming language and the program
is executed by PC with the program Microsoft Fortran 32.

10.1 Grinding model for attrition grinding

The model used for the simulation of attrition grinding is the basic kinetic model,
Eq. (4.5) as presented in Section 4.1.

dw (1) -
7 = _Siwi(t)+gl: Sjwj(t)(BiJ-Bhl,j) (45)

S- and B-functions firstly selected were the most often used functions, which have

overall given good simulation results.

S, = — (4.13)
1+(lxi)°
H
B, = <I>(x_"l)‘4’+(1_<1>)(x_f‘l)w (4.15)
xj xj
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The disadvantage of these functions is that there are so many parameters (7
together) to be identified. It is always better if reasonable results can be reached
with fewer parameters, which leads to a shorter calculation time. If the model is
used for the process control and automation of the process, which is actually the
main idea of model development, a shorter time used for simulation is always an
advantage. Therefore, a study for developing more simple S- and B-functions has

been carried out.

‘In the next stage, a B-function tested was the simplest function presented in
literature (Loveday (1967)) is analysed.

B = (Jizly (4.14)

W x.
j

The S- function was the same as given above. There are now two parameters less
to be identified (5 parameters). Then, a simplest S-function given by Loveday
(1967), was also selected

i ' (4.11)

Now the model has only three parameters, but because this S-function describes
mainly a comminution caused by impact, it might be predicted that the 2-parameter
S-function is not sufficient for describing attrition bead mill grinding. Nextly a new
3-parameter S-function together with 1-parameter B-function, forming together a

4-parameter model has been tested.

ax; (10.1)




10.1.1 Model solving

A numeric Euler method was used for solving the attrition grinding model which
produces the following equation.

w(t+AD-w (1)

i-1
At = —Swr) +jz=,: SwiXB;;-B,., ) (10.2)

from which the mass fraction of class i at the time [t + At] can be calculated

i-1
wt+81) = w(n)+A(-Sw )+ Sw(0B,-B,,,)) (10.3)
i

10.1.2 Testing of the model

The suitability of the developed model with different variables of S- and B-
functions was tested by simulating or fitting the particle size distributions of ground
products after different grinding times with the program given in Appendix VI and
then comparing the simulated distributions with the measured particle size
distributions. The tested cases were with the FGD gypsum grindings with the batch
and with the continuous mills using the disc stirrer and the pin stirrer as stirrer types,
and also the grinding of phosphogypsum and CC pigment with the pin stirrer in both
attrition mills. The grinding parameters used in the model were estimated separately
for each case. The time step (Ar) used in the fitting program was 0.05 s.

The simulated and measured particle size distributions of FGD gypsum for the batch
and continuous attrition mills ground using the pin stirrer and the disc stirrer are
shown in Figures 10.1-10.4. The simulated and measured size distributions for
phosphogypsum ground in both mill types with the disc stirrer are shown in Figures
10.5 and 10.6, and those for CC pigment ground in both mills with the pin stirrer
are shown in Figures 10.7 and 10.8.
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Figure 10.1. The particle size distributions of FGD gypsum when ground with
the pin stirrer in the batch attrition mill with different grinding times
and as simulated with different variables of S- and B-functions.
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Figure 10.2. The particle size distributions of the FGD gypsum when ground with
the disc stirrer in the batch attrition mill with different grinding times
and as simulated with different variables of S- and B-functions.
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Figure 10.3. The particle size distributions of the FGD gypsum when ground with
the pin stirrer in the continuous attrition mill with different mean
residence times and as simulated with different variables of S- and B-

functions.
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Figure 10.4. The particle size distributions of FGD gypsum when ground with
the disc stirrer in the continuous attrition mill with different mean
residence times and as simulated with different variables of S- and B-

functions.
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Figure 10.5. The particle size distributions of phosphogypsum when ground
with the disc stirrer in the batch attrition mill with different grinding
times and as simulated with different variables of S- and B-functions.
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Figure 10.6. The particle size distributions of phosphogypsum when ground
with the disc stirrer in the continuous attrition mill with different
mean residence times and as simulated with different variables of S-

and B-functions.
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Figure 10.7. The particle size distributions of CC pigment when ground with the
pin stirrer in the batch attrition mill with different grinding times
and as simulated with different variables of S- and B-functions.
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The results show that best simulation results are, in every case achieved with the 7-
parameter model. Almost as good and in many cases exactly similar simulation
results as with the 7-parameter model were achieved with the 5- and 4- parameter
models. The distributions simulated with the 3- parameter model showed the

greatest differences to the measured values.

In general, the results show that the fitted size distributions are in quite good
agreement with the measured particle sizes. From the results given in Figures10.1-
10.8, suitable S- and B-functions for the attrition grinding model are a 3-parameter
S-function (Eq. 10.1) and a 1-parameter B-function (Eq. 4.15).

The differences between the distributions, especially in fine particle size classes, can
be assumed to result from errors of particle size analysis because the results of the
SediGraph are not very reliable or generally accepted for particles under 1-2 pm
(Bernhard (1994)). Generally, it can be said that the basis of the successful fitting
is a good estimation of parameters, which is again dependent on the succeeded

particle size measurements.

According to the results, it can be said that the selected grinding model with the
developed S-function and selected B-function is suitable for the estimation of wet
fine grinding with the attrition bead mill when the grinding parameters are estimated
separately for each case, as they change with the material, bead size, and stirrer

type.

10.1.3 Identification of parameters

Grinding parameters of the S- and B-functions were identified from the measured
size distributions with the Flexible Simplex method by using data from grinding

tests made with the laboratory attrition mill. The estimation program was developed
from the program given by Koivisto (1984).
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Firstly seven parameters were used in the grinding model (Eq. (4.5)), from which
four parameters are included in the S-function and three in the B-function. The

following symbols are used for those parameters:

P(1) S-function parameter «
P(2) S-function parameter A
P(3) B-function parameter ¢
P(4) S-function parameter 1/p
P(5) S-function parameter €
P(6) B-function parameter ¢
P(7) B-function parameter @

With the batch mill, S- and B-functions were calculated with the values of the
parameters identified by the estimation program given by Koivisto (1994) for FGD
gypsum and CC pigment grindings with three different sizes of glass beads. The
identified values of the parameters for different cases are tabulated in Appendix
VII. Estimated S- and B-functions are shown graphically in Figures 10.9-10.10 and
10.12-10.13. The S-function identified from the limestone grinding test with 1 mm
glass beads is compared to S-functions taken from literature in Figure 10.11.

The results show that the values of the parameters change with the bead size and
with the material. However, the change in the S- and B-functions are bigger if the
type of grinding is changed.

A comparison of the estimated S-functions and the S-functions taken from literature
(Gupta et al. (1985), Herbst and Fuerstenau (1972)) is shown in Figure 10.11. It can
be seen that the conespoﬁdence is quite good, i.e., the slope of the curves is almost
the same. Because the S-functions given in literature are mostly determined for ball
mill grindings and for coarser grinding products, the direct comparison of the results

is not possible.
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Figure 10.9. Estimated selection functions for the FGD gypsum grindings with
different bead sizes in the batch attrition mill with a rotational speed
of 700 1/min of the pin stirrer.
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Figure 10.10. Estimated selection functions for the CC pigment grindings with
different bead sizes in the batch attrition mill with a rotational
speed of 700 1/min of the pin stirrer.
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Figure 10.12. Estimated breakage functions for FGD gypsum grindings with
different bead sizes in the batch attrition mill with a rotational
speed of 700 1/min of the pin stirrer.
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Figure 10.13. Estimated breakage functions for CC pigment grindings with different
bead sizes in the batch attrition mill with a rotational speed of 700
1/min of the pin stirrer.

For continuous attrition grinding, the same grinding model (Eq. (4.5)) was used, but
the mean residences times of the particles were used as processing times for
estimating values of the S- and B-function parameters. The results show that the
values of the parameters are different for continuous grinding from what they were
for batch grinding. This is a consequence of the dispersion of the particles in the
continuous mill which causes the real grinding time of the particles to differ from
each other. The 4- and 3-parameter S-functions calculated with the identified
parameters for the batch and continuous grinding of materials are given in Figures
10.14-10.16, which show that the different (3- and 4-parameter) S-functions behave
similarly for both mill types, and that the S-function has larger values for the batch

mill.
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Figure 10.14. The 3- and 4-parameter S-functions calculated with the identified
parameters for the batch and the continuous attrition grinding of
FGD gypsum with 2 mm beads. Rot. speed of pin stirrer 700 1/min.
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Figure 10.15. The 3- and 4-parameter S-functions calculated with the identified
parameters for the batch and the continuous attrition grinding of
phosphogypsum with 2 mm beads. Rot.speed of disc stirrer 800 1/min.
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Figure 10.16. The 3- and 4-parameter S-functions calculated with the identified
parameters for the batch and the continuous attrition grinding of
CC pigment with 2 mm beads. Rot. speed of pin stirrer 800 1/min.

10.2 Grinding model for jet mill grinding

The model used for the simulation of jet mill grinding was developed based on Egq.
(4.5), as given by Rajendran Nair and Ramanujam (1986) (Eq. 4.10). Now, the
mass size distribution of the product can be estimated from the feed size distribution
with the following equation

i-1
w, = w(0)-Sw(0)+3_ Sw(0)B, ~B,,, ) (4.10)
=1

Firstly, also for the jet mill often used S- B- and C-functions are selected for
describing the size reduction and classification in the mill. The S-function used in
the jet grinding model is given by Loveday (1967).
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S; = ox (4.11)

The C-function used in the modelling of jet mill grinding was the function given by
Nair and Ramanujam (1991).

i (4.16)

The breakage function used in the model was a 3-parameter model used in the
modelling of jet mill grinding by Gommeren et al. (1996).

B = @(fﬂ)ma-@)(fﬂ)ﬂ) (4.15)
v x; x;

The disadvantage of this model, as mentioned also for the attrition grinding model,
is the big number of parameters to be identified. The S-function is already the
simplest one that can describe the breakage rate. The 1-parameter B-function (Eq.
4.15) was found to be suitable in the attrition grinding model, so the possibilities to
use that B-function also in the modelling of jet mill grinding were tested next.
However, the breakage of the particles in the jet mill is different, being caused
totally by impacting unlike in the attrition mill. Thus B-function may need more
parameters to be able to describe the breaking process fully. Finally, a new 1-
parameter C-function was tested with the given S- (Eq. 4.11) and B-(Eq. 4.15)

functions.

(10.4)
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10.2.1 Testing of the model

The suitability of the selected jet mill model with different variables of the S-, B-

and C-functions was tested by fitting the particle size distributions of the feed and

the product with the program as given in Appendix VI but modified with equations

suitable for jet mill grinding. The fittings were done for the Type I jet mill with both

gypsums and for the Type II mill with these materials and also with the limestone.

The values of the parameters separately identified with the program presented by
" Koivisto (1984) for each case.

The simulated and the measured particle size distributions are shown in Figures
10.17-10.21. In every case the grinding conditions were similar: the angle of the
nozzles was 43°, the volumetric rate of grinding air 8.8 m*/h (39.2 Nm®/h) and of
the feed air 6.6 m’/h (29.4 Nm’/h) in a pressure of 450 kPa, a feed rate 4 g/min, and
a height of internal classification tube of 5 mm.
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Figure 10.17. The particle size distributions of FGD gypsum ground in the Typel
Jet mill in a pressure of 450 kPa simulated with different variables
of S-, B- and C-functions.
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Figure 10.18. The particle size distributions of FGD gypsum ground in the Type I
jet mill in a pressure of 450 kPa simulated with different variables
of S-, B- and C-functions.
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Figure 10.19. The particle size distributions of phosphogypsum ground in the Type
I jet mill in a pressure of 450 kPa simulated with different variables
of S-, B- and C-functions.
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Figure 10.20. The particle size distributions of phosphogypsum ground in the Type
II jet mill in a pressure of 450 kPa simulated with different variables
of S-, B- and C-functions.
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Figure 10.21. The particle size distributions of limestone ground in the Type II jet
mill in a pressure of 450 kPa simulated with different variables of
S-, B- and C-functions.
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The simulation results show that the 7-parameter model and the 6-parameter model
each give as good predictions as the other for the particle size distributions, but the
simulation results with the 5-parameter model differs from the other simulation
results and it showed the greatest differences to the measured values. Hence, the 1-
parameter B-function is not suitable for use in jet mill modelling, but the number
of C-function parameters can be cut down to 1 from the widely used 2-parameter

function.

Generally the results show that the fitted size distributions are well in accordance
with the measured product size distributions. From the results given in Figures
10.16 - 10.20, the suitable S-, B-, and C-functions for the jet mill model are a
2-parameter S-function (Eq. 4.11), a 3-parameter B-function (Eq. 4.15) and a new
1-parameter C-function (Eq. 10.4).

The selected model with the given S-, B-, and C-functions is suitable for the
estimation of dry fine grinding with the jet mill.

10.2.2 Identification of parameters

Grinding parameters of S-, B-, and C- functions were also identified with the
Flexible Simplex method using data from grinding tests made with the laboratory
jet mills. The identified values of grinding parameters are given in Appendix VIII.
Fitted selection and classification functions for different materials with two
volumetric flow rates of grinding air with Type I and Type II jet mills are illustrated
graphically in Figures 10.22-10.24. The results show that both functions change
when the material changes and also when the volumetric rate of the grinding air
changes. With both mills, the values of both functions are larger with the bigger
volumetric rate of grinding air, which means that the larger volumetric flow rate of

grinding air leads to a better fineness of the product.
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Figure 10.22. Estimated selection and classification functions for FGD gypsum
grindings with different volumetric rates of grinding air in the Type

I and Type II jet mill.
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Figure 10.23. Estimated selection and classification functions for phosphogypsum
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Figure 10.24. Estimated selection and classification functions for limestone
grindings with different volumetric rates of grinding air in the Type
II jet mill.

The influence of the feed rate on the selection and on the classification function
were determined with the Type I jet mill. The S-functions of the gypsum grindings
are shown in Figure 10.25 which shows that with both materials a larger selection
function or specific grinding rate of the material is achieved with the smaller feed
rate. The classification functions of the materials with different feed rates are given
in Figures10.26. With both gypsums, the results are similar: increasing the feed rate
leads to higher value of classification function in smaller size classes, but in the
bigger size classes, increasing the feed rate decreases the value of the C-function.
This behaviour of the classification function is similar to that which Hendry (1967)

got in his studies with limestone.
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Figure 10.25. Estimated selection functions for gypsum grindings with different

feed rates in the Type I jet mill.
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The comparison of the 6- and 7-parameter classification functions for the materials
ground in the Type I and Type II jet mill are given in Figures 10.27-10.29. The
results show that the 1-parameter C-function is bigger than the 2-parameter C-
function as a function of particle size for every case except for the phosphogypsum
ground with the Type II jet mill. However, the behaviour of the functions is similar
for each mineral with both C-function types; the slope of the curve is very big for
small particle sizes up to 5-10 pm, after which for bigger sizes the C-function stays

at a certain level.
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Figure 10.27. The 1- and 2-parameter C-functions calculated with the identified
parameters for FGD gypsum grinding with the Type I and Type II jet
mills. The flow rate of grinding air was 8.8 m*h in a pressure of
450 kPa.
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Figure 10.28. The 1- and 2-parameter C-functions calculated with the identified
parameters for phosphogypsum grinding with the Type I and Type II
jet mills. The flow rate of grinding air was 8.8 m*/h in a pressure of
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Figure 10.29. The 1- and 2-parameter C-functions calculated with the identified
parameters for phosphogypsum grinding with the Type I and Type 11
jet mills. The flow rate of grinding air was 8.8 m’h in a pressure of

450 kPa.
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10.3 Summary and discussion

Mathematical models for the attrition bead mill process and for the jet mill process
have been developed. Both models were population balance models. The models
use selection and breakage functions, and the jet mill model also uses a
classification function to calculate the mass fractions of the particle size classes. All
the classes are calculated independently as a function of time, based on the
experimental tests made with the laboratory mills.

The suitability of the models with different variations of S-, B-, and C-funtions was
tested by fitting particle size distributions of the grinding products with the program
given in Appendix VI, and comparing the fitted size distributions to the measured
particle sizes. The results showed that the fitted size distributions corresponded well
to the measured sizes. Hence, it can be said that the developed models are suitable
for use in the estimation and simulation of the attrition grinding and jet grinding.

The simulation results for the attrition mill are given in Figures 10.1-10.8, where
different variations of S- and B-functions were tested. The results show that the best
fits are achieved with the 7-parameter model, but almost as good fits are also
reached with the 5- and 4- parameter models. If the goal is to develop a model
which can give good and reasonable predictions by simulation for product size
distributions with the minimum number of parameters, the 4-parameter model is
suitable for use in the attrition mill simulation. The comparison of the 3- and 4-
parameter S-functions for the materials used are given in Figures 10.14-10.16,
which show that the behaviour of the different S-functions differ only slightly from
each other. According to these results, the S-function selected is a new 3-parameter
function (Eq. 10.1), and B-function the simple 1-parameter function (Eq. 4.14)
given by Loveday (1967).

The simulation results for the jet mill are given in Figures 10.17-10.21, which show
that the best fits are achieved with the 7-, and 6-parameter functions, and the 6-
parameter function was selected to be used in the modelling of jet mill grinding. In
this model, a new 1 -parameter C - function (Eq. 10.4)is used for describing the
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classification action inside the mill. The S-function selected was a 2-parameter
function (Eq. 4.11) and the B-function a 3-parameter function (Eq. 4.15). The 1-
parameter B-function was not suitable for the modelling of jet mill grinding which
is contrary to the attrition grinding model.

The selection, breakage and classification functions were then calculated with the
identified values of parameters. The influence the volumetric flow rate of grinding
air on the S- and C-functions are given in Figures 10.22-10.24, and the influence of
" the feed rate on the S- and C-functions in Figures 10.25 and 10.26. The behaviour
of the S- and C-functions estimated with different feed rates and volumetric flow
rates of grinding air is similar compared to results given in literature (Hendry
(1967), Rajendran Nair and Ramanujam (1986), Gupta et al. (1985), Herbst and
Fuerstenau (1972)). The direct comparison of the functions with the functions taken
from literature is not possible because the mill types were different, but the general

behaviour of the functions were similar.

The comparison of the 1- and 2-parameter C-functions for the materials used when
ground with the Type I and Type II jet mills are given in Figures 10.27-10.29. These
Figures show that the behaviour of the C-function is similar for both function types,
but the 1-parameter function has higher values than the 2-parameter function in
every case except for the phosphogypsum grinding with the Type II mill.

The results show that the developed 1-parameter C-function is suitable for
describing the internal classification of particles in the jet mill.
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1 SUMMARY AND CONCLUSIONS

This study has been done in the Laboratory of Process Engineering at Lappeenranta
University of Technology, and it is a part of a bigger project “Optimisation,
modelling and control of continuous grinding process”. In this research, the
ultrafine grinding of minerals with the attrition bead mill and with the jet mill has
been studied. The aim of the study was to test the suitability of the mills to produce
gypsum powders with a particle size of few microns. The grinding conditions of the
grinding processes were optimised to achieve a fineness of the product as required
by the paper industry with as low energy consumption as possible.

Also, the suitability of the population balance model for the simulation of both
grinding processes has been tested, and the new selection function for describing the
grindability of the material in the attrition mill and a new classification function for
describing the classification of the particles in the jet mill, has been developed.

Wet fine grinding of the material was studied experimentally on a laboratory scale
with a batch attrition bead mill and a continuous attrition mill. Firstly, an
experimental design was made to find the most important variables which affect
grinding. According to that test, the bead size and the rotational speed of the stirrer
was found to have the biggest influence on the product fineness. The other variables
tested in the experimental design were the concentration and the bead charge.

The effects of grinding additives, bead size, stirrer type and rotational speed of the
stirrer on the degree of grinding and on the energy consumption of grinding was
studied with the attrition bead mills. The minerals used in the tests were FGD
gypsum, phosphogypsurﬁ, and calcium carbonate pigment (Omyacarb 10-GU).

The using of a grinding additive in the process was found to have a remarkable
effect on the grinding rate and on the energy consumption of gypsum grinding such
that even a small amount of a suitable additive gave a much finer product with the
same grinding time compared to the grinding of the gypsum without any additive.
Also, the specific energy consumption of grinding was smaller when the grinding

additive was used in grinding.
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In CC pigment grinding, the effect of the grinding additive on the grinding rate and
on the specific energy consumption was similar to in the gypsum grinding, but not
as remarkable. The best grinding additive for gypsum materials from the additives
tested was CMC (sodium carboxy methyl cellulose). According to Lahtinen (1988),
the additive usually used with CC and with limestone is TEA (triethanol amine), but
in this study the best grinding results were achieved with CMC, and also for CC

pigment.

The influence of bead size on grinding was studied by experimental batch grinding
tests with 1 mm, 2mm, and 3 mm glass beads. The tests made with FGD gypsum
and with CC pigment showed that when using smaller beads a finer product will be
achieved for the same grinding time. Stadler (1990) has also got similar results in
his studies. The specific energy consumption of grinding was slightly smaller with
smaller beads when ground to a certain fineness. For example, when FGD gypsum
was ground to a median particle size of 1.5 pm, the energy requirement of grinding
with 1 mm beads was about half of the energy requirement needed for grinding with
3 mm beads. The best energy efficiency was reached with 1 mm beads with both
minerals. This result differs from the results presented by Zheng et al. (1996), who
got the best energy efficiency of grinding with a bead size of 2 mm in their studies
with CaCO,.

The influence of stirrer type and rotational speed of the stirrer on the product
fineness and on the energy consumption of grinding was studied experimentally
with different stirring speeds of the pin stirrer and the disc stirrer in the batch and
in the continuous attrition mills. With both mills the results were similar for all
minerals: the higher the rotational speed of the stirrer, the smaller was the particle
size of the product obtained. The pin stirrer was more effective than the disc stirrer
and it gave a narrower size distribution of the product than the disc stirrer. The
specific energy consumption was significantly smaller when ground with the pin
stirrer than with the disc stirrer, but it stayed quite constant with different rotational
speeds of a certain stirrer. So, according to these results, the specific energy

consumption of attrition bead mill grinding is characteristic of the stirrer type used.
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With both stirrers, the energy efficiency of grinding decreased slightly when the
rotational speed of the stirrers increased. This behaviour of the energy efficiency is
similar to the results given by Zheng et al. (1996).

When thinking about attrition grinding in overall, the optimised condition for the
process is to grind the mineral with a suitable additive (CMC), with small grinding
beads and with a high rotational speed of the pin stirrer. Then, the required product

fineness can be achieved quickly with the smallest specific energy consumption.

Dry fine grinding of the material was studied experimentally with two types of
laboratory scale jet mills. In the Type I mill, the product is collected in a container
under the mill and the grinding air passes through a filter bag above the mill. In the
Type II jet mill, both the ground mineral and the grinding air goes to a filer bag
under the mill, and the air passes out through the bag and the product is collected
in the bag. Also with the jet mill, the experimental designs were first made to
preliminarily find the most influential variables of jet mill grinding. Experimental
designs made with both kinds of gypsum showed that the most important variables
in jet grinding were feed rate, volumetric flow rate of grinding air, and height of an
internal classification tube. The influences of the angle of the nozzles and the
volumetric rate of feed air on grinding were not very significant, but with a larger
angle of the nozzles and with a bigger flow rate of grinding air, a slightly better
product fineness was achieved with both gypsum materials.

The effects of the feed rate, the volumetric rate of grinding air, and the inside tube
height on the degree of grinding was studied experimentally with the jet mills. The
minerals used in the experiments were FGD gypsum, phosphogypsum and
limestone (Parfill limestone).

The effect of the feed rate on the median product size was studied with the Typel
mill. With both gypsum materials a smaller product was achieved with a smaller
feed rate. Especially in FGD gypsum grinding, the change was significant. The
effects are similar to those presented by Ramanujam and Venkateswarlu (1969/70).
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Both mill types were uséd in studying the influence of the volumetric flow rate of
grinding air. The results showed that with both mills a finer product was achieved
with a bigger volumetric rate of grinding air, but in the Type I mill the influence of
the volumetric rate was bigger than in the Type II mill.

Also, the influence of the height of the internal classification tube (vortex finder)
on the product fineness was studied with both jet mills. With every mineral a shorter
internal tube led to a finer product. With the Type I mill especially, the influence of
tube was so significant that the parameter is relevant and should be taken into
account when optimising the grinding conditions. The product size of FGD gypsum
ground with the Type I jet mill decreased from 15.7 pm to 10.4 pm when the height
of the tube decreased from 11 mm to 5 mm.

The regrinding of the mineral gave only slightly smaller product particle size with
both mills, and the limit of the product size was achieved after two grindings. When
it is known that the jet mill grinding requires a lot of energy, the possibility to
achieve smaller product by regrinding with the same mill is economically not
profitable.

In conclusion, the smallest median particle size of the product was obtained with the
Type I mill, but the efficiency of production was only about 20-30%, while most of
the material went to the filter bag. According to Ekman (1996), the particle size of
the mineral in the filter bag was almost the same as the particles in the container.
However, as so much of the material went to the filter bag instead of the container,
the process was unstable and difficult to run. This was the reason for changing the
construction of the jet mill to the Type II mill. With the new construction, about
95% efficiency of production was achieved, but the grinding product was slightly
coarser than that achieved in the Type I mill.

One goal of this thesis was to study the possibility of grinding waste gypsum
materials to a fineness of about 2 pm, which is the fineness required of the pigments
used in paper coating. This fineness was easily reached with the attrition bead mill
if CMC was used as a grinding additive. But, with the jet mill, only in some cases
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with very small feed rates was the required fineness achieved. In general, the jet

mill produced, under these conditions, powders with a median size of 10-15 pm.

The influence of the grinding or mill type on the particle shape was studied with an
image analyser. The images taken from the ground FGD gypsum and
phosphogypsum samples showed that the jet mill produces more concave particles
than the attrition bead mill. Also, the stirrer type has an effect on the particle shape
such that the disc stirrer produced more irregular and elongated particles than the
pin stirrer. The particle shape characteristics of the particles ground with the jet mill
are better for paper coating than the shape characteristics of the attrition grinding
product (Kauppinen (1988)), but that can not compensate for the lack of fineness
achieved.

The economic comparison of the grinding methods showed that the ultrafine
grinding of gypsum is more profitable with the attrition bead mill than with the jet
mill. When the production of the mills was assumed to be the same, the profit in a
year was about 50% better when the attrition bead mill was used as the grinding
equipment, compared to if the jet mill would have been used for grinding.

The conclude about the experimental part of this study, the better mill from those
studied for the ultrafine grinding of gypsum is the attrition bead mill. Only if dry
grinding is needed should the jet mill be used.

The simulation models used for the simulation of fine attrition grinding and jet mill
grinding are population balance models where all particle size classes are calculated
independently based on experimental tests made with the mills. The models are
solved numerically by the Euler method and the values of the grinding parameters
are estimated with the Flexible Simplex method. The suitability of the models was
tested by fitting the particle size distributions of the grinding products and then
comparing the fitted particle size distributions with the measured particle sizes.

Different variations of S- and B-functions were studied in the modelling of attrition
grinding with the attrition bead mill. A new 3-parameter S-function (Eq. 10.1) was
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developed and found to be suitable for use with the 1-parametric B-function (Eq.
4.13) to describe the breakage of the particles in the attrition mill. Also, different
variations of S-, B-, and C-functions were studied in the modelling of jet mill
grinding. A new 1-parameter C-function (Eq.10.4) was developed and found to be
suitable for use with the 2-parameter S-function (Eq. 4.11) and 3-parameter B-
function (Eq. 4.15) to describe the internal classification and breakage of the
particles in the jet mill. It is worth noting that with the same model batch and
continuous attrition grinding processes can also be simulated, but this requires the
separate identification of the grinding parameters. The difference of the S-functions
for the batch and the continuous mill was the biggest with smaller particle sizes
when the S-functions studied obtained smaller values for the continuous grinding
than for the batch grinding. However, with bigger particle sizes the S-functions
were on the same level for both grinding processes.

The suitable model for the attrition mill consists of 4 parameters and the model for
the jet mill of 6 parameters. The models were tested by fitting the particle size
distributions of the grinding products and then comparing the fitted particle size
distributions with the measured particle sizes. The agreement of the fitted size
distributions to the measured particle sizes is good with the selected models.
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Table 1. Values of the parameters and the measured mass median particle sizes
of the grinding products in test series made with the attrition bead
mill.
Concentra- Rotational Charge of Amount of | Mass median
tion of the speed of the beads grinding particle size
suspension pin stirrer Vol-% additive of the
w-% 1/min g/100 g of product
gypsum pm
X1 X2 X3 X4
40 1000 50 2 0.9
20 500 50 2 4.1
30 1000 67 2 1.0
30 500 33 2 4.5
20 1000 50 1 1.2
40 500 33 1 5.0
30 1000 33 1 1.3
20 500 67 1 2.7
40 500 67 1 29
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Process Regression System
COEFFICIENT ST.DEV. F-part
BO= 8.68116
B2= -568011E-02 .611E-03 86.5
B3 = -400221E-01 .107E-01 14.1
Ftotal = 476 RESIDUAL ST.DEV= 4536 , 6D.F.
R-multiple =  .9699 28.1 % of Y-total 1.613
Y-calc = X5 MEDIAN PARTICLE SIZE, um
N #el :
BO 8.681
4-1B1 0. X1 CONCENTRATION, %
9.3 B2-56801E-03 X2 STIRRING SPEED 1/min
3.8 B3-4.0022E-02 X3 BEAD CHARGE, %
1.3-2 B4 0. X4 AMOUND OF ADDITIVE, g/100 g FGD gypsum

OBSERVED Y CALCY DIFFERENCE PERCENT

1 .900000 .999945 -.999448E-01 -2.438
2 4.10000 3.84000 .260000 6.341

3 1.00000 .319569 .680431 16.596

4 4.50000 452038  -.203757E-01 -497
5§ 1.20000 1.40017  -.200166 -4.882

6 5.00000 4.52038 479624 11.698

7 1.30000 1.68032  -.380321 -9.276

8 2.70000 3.15962 -.459624 -11.210
9 2.90000 3.15962  -.259624 -6.332
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Table 1. Influence of bead size on mass median particle size of the product and
on the net energy consumption of grinding when the FGD gypsum
was ground in the batch attrition mill. Rotational speed of the
pin stirrer was 700 1/min.

Grind. Imm beads 2 mm beads 3 mm beads
time
min E, Xso E, Xgo E, Xso
kWh/t pum kWh/t um kWh/t pum
0 - 36.1 - 36.1 - 36.1
15 72 2.89 91 3.00 114 3.29
30 144 1.30 182 1.46 227 1.70
45 217 1.05 274 1.11 341 1.29
60 289 0.90 365 0.97 454 1.06
90 433 0.83 547 0.90 682 1.02

Table 2. Influence of bead size on mass median particle size of the product and
on the net energy consumption of grinding when the CC pigment was
ground in the batch attrition mill. Rotational speed of the pin stirrer
was 700 1/min.

Grind. Imm beads 2 mm beads 3 mm beads
time
min E, Xsp E, Xsq E, Xso
kWh/t um kWh/t um kWh/t pum
0 - 7.31 - 7.31 - 7.31
15 75 1.89 95 2.1 112 2.42
30 150 1.46 190 1.57 225 1.82
45 225 1.29 285 1.34 338 1.66
60 300 1.16 380 1.17 450 1.38
90 450 0.83 570 1.04 675 1.13
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Table 3. Influence of the rotational speed of the pin stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when FGD gypsum was ground with the batch attrition mill.
3 kg of 2 mm glass beads were used as grinding media.
Grind. r/ 500 1/min r /600 1/min r/ 700 1/min
time
min E, Xso E, Xso E, Xs0
kWh/t pm kWh/t ©m kWh/t um
0 - 36.1 - 36.1 - 36.1
15 65 3.78 80 2.66 108 2.23
30 130 2.42 161 1.56 216 1.11
45 194 1.60 241 1.03 324 0.91
60 259 1.22 322 0.93 432 0.87
90 389 0.94 482 0.84 649 0.80
Table 4. Influence of the rotational speed of the disc stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when FGD gypsum was ground with the batch attrition mill.
3 kg of 2 mm glass beads were used as grinding media.
Grinding r/ 600 1/min r/ 800 1/min
time
min E, Xs0 E, Xso
kWh/t um kWh/t um
0 - 36.1 - 36.1
15 72 7.94 96 5.15
30 145 3.35 192 2.14
45 217 1.93 288 1.44
60 290 1.41 384 1.16
90 434 1.09 576 1.01
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Table 5. Influence of the rotational speed of the pin stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when phosphogypsum was ground with the batch attrition
mill. 3 kg of 2 mm glass beads were used as grinding media.
Grind. r/ 500 1/min r/ 600 1/min r/ 700 1/min
time
min E, Xsp E, Xso E, Xso
kWh/t pum kWh/t pum kWh/t pum
0 - 32.1 - 32.1 - 32.1
15 65 5.33 80 4.00 100 2.94
30 130 2.35 161 1.77 200 1.38
45 194 1.52 241 1.15 299 0.98
60 259 1.16 322 0.94 399 0.86
90 389 0.90 482 0.76 599 0.70
Table 6. Influence of the rotational speed of the disc stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when phosphogypsum was ground with the batch attrition
mill. 3 kg of 2 mm glass beads were used as grinding media.
Grinding r/ 600 1/min r/ 800 1/min
time
min E, Xsp E, Xso
kWh/t pum kWh/t pm
0 - 32.1 - 32.1
15 77 12.2 96 10.38
30 154 4.88 192 3.68
45 232 2.76 288 2.10
60 309 1.79 384 1.37
90 463 1.04 576 0.90
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Table 7. Influence of the rotational speed of the pin stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when CC pigment was ground with the batch attrition mill.
3 kg of 2 mm glass beads were used as grinding media.
Grind. r/ 500 1/min r/ 600 1/min r /700 1/min
time
min E, Xs0 E, Xso E, Xso
kWh/t um kWh/t um kWh/t pum
0 - 7.31 - 7.31 - 7.31
15 61 3.41 80 2.36 95 2.09
30 122 2.64 160 1.62 190 1.47
45 184 2.00 239 1.33 285 1.20
60 245 1.73 319 1.12 380 1.02
90 367 1.25 479 0.88 570 0.75
Table 8. Influence of the rotational speed of the disc stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when CC pigment was ground with the batch attrition mill.
3 kg of 2 mm glass beads were used as grinding media.
Grind. | r/500 1/min r/ 600 1/min r/ 700 1/min r/ 800 1/min
time
min E, Xs0 E, Xs0 E, Xs0 E, Xs0
kWh/t | pm | kWh/t{ pum | kWh/t|] um | kWh/t| um
0 - 7.31 - 7.31 - 7.31 - 7.31
15 58 3.77 76 2.94 90 2.68 109 2.30
30 116 2.85 153 2.16 180 1.92 218 1.65
45 174 2.17 230 1.76 271 1.58 327 1.26
60 232 1.82 306 1.63 361 1.28 436 1.06
90 348 1.41 460 1.13 541 1.02 655 0.89
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Table 9. Influence of the rotational speed of the pin stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when FGD gypsum was ground with the continuous attrition
mill. 3 kg of 2 mm glass beads were used as grinding media.
Resid. r/ 500 1/min r/ 600 1/min r/ 700 1/min
time
min E, Xso E, Xso E, Xso
kWh/t um kWh/t Hm kWh/t 1m
0 - 36.1 - 36.1 - 36.1
15 74 11.30 91 8.07 126 7.37
30 147 6.68 182 3.83 253 2.78
45 221 3.87 273 2.33 379 1.86
60 294 2.56 364 1.31 505 1.22
90 442 1.29 547 1.03 758 1.00
Table 10. Influence of the rotational speed of the disc stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when FGD gypsum was ground with the continuous attrition
mill. 3 kg of 2 mm glass beads were used as grinding media.
Residence r/ 600 1/min r/ 800 1/min
time
min E, Xso E, Xso
kWh/t um kWh/t um
0 - 36.1 - 36.1
15 82 12.6 109 11.3
30 164 7.55 218 6.76
45 247 535 327 4.25
60 329 3.70 436 3.31
90 493 2.77 653 2.07
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Table 11. Influence of the rotational speed of the pin stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when phosphogypsum was ground with the continuous
attrition mill. 3 kg of 2 mm glass beads were used as grinding media.
Resid. r/ 500 1/min r/ 600 1/min r/700 1/min
time
min E, Xso E, Xso E, Xso
kWh/t pum kWh/t pm kWh/t Lm
0 - 32.1 - 32.1 - 32.1
15 74 18.8 91 10.8 113 7.49
30 147 11.3 182 6.43 226 4.21
45 221 6.24 274 3.59 339 2.76
60 294 3.53 365 247 452 1.93
90 442 2.08 547 1.57 679 1.42
Table 12.  Influence of the rotational speed of the disc stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when phosphogypsum was ground with the continuous
attrition mill. 3 kg of 2 mm glass beads were used as grinding media.
Residence r/ 600 1/min r/ 800 1/min
time
min E, ) O E, Xsp
kWh/t um kWh/t um
0 - 32.1 - 32.1
15 88 20.9 109 17.2
30 175 14.5 218 12.0
45 263 12.0 327 9.62
60 350 9.93 436 7.46
90 526 5.52 653 4.39
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Table 13. Influence of the rotational speed of the pin stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when CC pigment was ground with the continuous attrition
mill. 3 kg of 2 mm glass beads were used as grinding media.
Resid. r/ 500 1/min r/ 600 1/min r/700 1/min
time
min E, Xso E, Xso E, Xso
kWh/t um kWh/t um kWh/t pm
0 - 7.31 - 7.31 - 7.31
15 72 3.37 89 3.65 106 3.47
30 148 2.67 179 2.57 213 2.37
45 216 2.21 268 2.09 319 1.92
60 288 2.00 357 1.90 425 1.53
90 431 1.59 536 1.63 638 1.25
Table 14. Influence of the rotational speed of the disc stirrer on the mass median
particle size of the product and on the net energy consumption of
grinding when CC pigment was ground with the continuous attrition
mill. 3 kg of 2 mm glass beads were used as grinding media.
Resid. | r/500 1/min r/ 600 1/min r/700 1/min r/ 800 1/min
time
min E, Xso E, Xsp E, Xsp E, Xso
kKWWt | um | kWh/t | pm | kWht| um | kWh/t | um
0 - 7.31 - 7.31 - 7.31 - 7.31
15 65 4.71 86 4.37 101 3.81 116 3.56
30 130 4.14 172 3.34 203 2.91 233 2.58
45 195 3.30 257 2.76 304 2.52 349 2.10
60 260 272 343 2.44 406 2.34 465 1.83
90 389 2.34 515 2.07 608 1.94 698 1.71
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Table 15. Influence of bead size on the energy efficiency in the batch attrition
mill with a grinding time of 30 min. Rotational speed of the pin
stirrer was 700 1/min.

Bead size Energy efficiency / (um/Wh)
mm CC pigment FGD gypsum
1 0.061 0.375
2 0.047 0.296
3 0.038 0.236

Table 16. Influence of stirrer type and rotational speed of the stirrer on the
energy efficiency of the batch and of the continuous attrition mill
when CC pigment was ground with a grinding/residence time of

30 min.
Rotational Energy efficiency / (um/Wh)

speed Batch mill Continuous mill
L/min pin stirrer disc stirrer pin stirrer disc stirrer
500 0.060 0.060 0.056 0.042
600 0.056 0.052 0.046 0.040
700 0.048 0.047 0.040 0.038
800 0.041 0.036
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Table 17. Influence of stirrer type and rotational speed of the stirrer on the
energy efficiency of the batch and of the continuous attrition mill
when the FGD gypsum was ground with a grinding/residence time

of 30 min.
Rotational Energy efficiency / (um/Wh)
speed Batch mill Continuous mill
1/min pin stirrer disc stirrer pin stirrer disc stirrer
500 0.406 0.355
600 0.336 0.353 0.318 0.308
700 0.253 0.234
800 0.275 0.239
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Drawing of the jet mill
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Table 1. Values of parameters and measured mass median particle sizes
of grinding products in the test series made with the jet mill (Type I).
Feed rate | Volume Volume | Angle of Inside Median particle size
g/min rate of rate of nozzles tube of the product
feed air | grind. air 0 height pm

m’/h m’/h m FGD Phospho

X1 X2 X3 X4 X5 gypsum | gypsum
1.2 44 22 23 8 19.80 21.51
1.2 44 44 43 11 20.09 23.58
1.2 44 6.6 33 5 14.21 12.28
1.2 5.5 8.8 33 11 16.13 16.68
1.2 6.6 2.2 33 11 18.15 20.15
1.2 6.6 6.6 23 5 14.53 10.77
1.2 6.6 6.6 43 8 14.93 15.33
3.6 44 8.8 43 8 14.30 16.83
3.6 55 2.2 33 5 17.63 16.34
3.6 5.5 4.4 33 11 18.42 19.86
3.6 55 8.8 23 5 14.38 1047
3.6 6.6 4.4 43 5 14.45 12.97
3.6 6.6 6.6 23 11 18.45 17.84
6.0 44 2.2 43 8 21.96 24.12
6.0 44 44 23 5 21.47 23.78
6.0 44 6.6 23 11 18.80 23.71
6.0 5.5 44 43 11 20.00 21.78
6.0 5.5 8.8 43 5 15.34 12.04
6.0 6.6 22 23 8 21.96 19.06
6.0 6.6 8.8 33 8 17.82 14.08
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Process Regression System
FGD gypsum, jetmill
COEFFICIENT ST.DEV. F-part
B0= 159352
B1= 615888 .158 15.2

B3= -666952 .129 26.6
B5= .394608 .127 9.66

F-total = 17.9 RESIDUAL STDEV= 1.413 , 16D.F.
R-multiple = .8779 52.2 % of Y-total 2.709
Y-calc = X6 MEDIAN PRODUCT SIZE, um
R/ #el
B0 15.94
39 B1 6159 X1 FEED RATE, ¢/min
1.7-1 B2 0. X2 FEED AIR, m3/h
52 B3 -6670 X3 GRINDING AIR, m3/h
16-2B4 0. X4 ANGLE OF NOZZLES, degrees
3.1 B5 .3946 X5 HEIGHT OF TUBE, mm

OBSERVED Y CALCY DIFFERENCE PERCENT

19.8000 18.3638 1.43619 18.531
20.0900 18.0803 2.00966 25.931
14.2100 14.2454  -353975E-01 -.457
16.1300 15.1458 .984246 12.700
18.1500 19.5476  -1.39763 -18.034
14.5300 14.2454 .284602 3.672
14.9300 15.4292  -.499222 -6.442
14.3000 15.4401  -1.14006 -14.710
9 17.6300 18.6581  -1.02812 -13.266
10 18.4200 19.5585 -1.13847  -14,690
11 14.3800 14.2562 123766 1.597
12 14.4500 17.1908  -2.74082 -35.365
13 18.4500 18.0912 .358824 4.630
14 21.9600 21.3201 .639929 8.257
15 21.4700 18.6690 2.80105 36.143
16 18.8000 19.5693  -.769308 -9.927
17 20.0000 21.0366 -1.03660  -13.376
18 15.3400 15.7344  -.394364 -5.089
19 21.9600 21.3201 .639929 8.257
20 17.8200 16.9182 .901810 11.636

DO A WN =
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Process Regression System

Phosphogypsum, jetmill

COEFFICIENT ST.DEV. F-pan

B0 = 24.0126

B1= .565182 .188 9.01
B2=-209625 .410 26.1
B3= -896033 .154 338
B5= 1.00866 .151 445

F-total = 315 RESIDUAL STDEV= 1.682 , 15D.F.
R-multiple =  .9453 36.7 % of Y-total 4,583
Y-calc = X6 MEDIAN PRODUCT SIZE, um
i #el
B0 24.01
30 B1 5652 X1 FEED RATE, g/min
51 B2 -2096 X2 FEED AIR, m3/h
58 B3 -8960 X3 GRINDING AIR, m3/h
6-1B4 0. X4 ANGLE OF NOZZLES, degrees
6.7 B5 1.009 X5 HEIGHT OF TUBE, mm

OBSERVED Y CALCY DIFFERENCE PERCENT

21.5100 21.5654  -.553684E-01 -.406
23.5800 22.6201 959927 7.032
12.2800 14.6968 -2.31681 -16.973
16.6800 16.3716 308374 2.259
20.1500 18.9796 .170393 1.248
10.7700 9.98505 .784945 5.751
15.3300 13.0110 2.31895 16.989
16.8300 17.0079  -.177948 -1.304
16.3400 17.5899  -1.24994 -9.157
10 19.8600 21.6706 -1.81063 -13.265
11 10.4700 11.6761  -1.20608 -8.836
12 12.89700 13.3128  -.342775 -2.511
13 17.8400 17.3935 .446529 3.271
14 241200 242782  -.158243 -1.1589
15 23.7800 19.2810 4.49903 32.960
16 23.7100 23.3617 .348337 2.652
17 21.7800 23.0271  -1.24707 -9.136
18 12.0400 13.0325  -.992519 -7.271
19 19.0600 19.6665 -.606489 -4.443
20 14.0800 13.7526 .327368 2.398

©CONOO A WN =2
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Influence of grinding parameters on jet mill grinding

Table 1. Influence of the feed rate on the mass median particle size of the
product in the Type I jet mill. Flow rate of grinding air is 8.8 m*h and
flow rate of feed air 6.6 m*h in a pressure of 450 kPa, height of
classification tube 5 mm, and angle of nozzles 43°.

Feed rate Product particle size, x;/um
g/min FGD gypsum Phosphogypsum
1. test 2. test average 1. test 2. test average
0 (feed) 36.1 36.1 36.1 32.1 32.1 321
1.2 2.21 4.36 3.29 10.46 9.85 10.16
3.6 5.15 8.82 6.99 11.27 11.05 11.16
6.0 11.67 10.07 10.87 11.30 11.99 11.65

Table 2. Influence of the feed rate on the specific energy consumption and
the energy efficiency of grinding with the Type I jet mill. Flow rate
of grinding air is 8.8 m*/h and flow rate of feed air 6.6 m*h in the
pressure of 450 kPa, height of classification tube 5 mm, and angle of
nozzles 43°.

Feed rate FGD gypsum Phosphogypsum
g/min Xso E, E, Xso E, E,
Hm kWh/t | pm/Wh Hm kWh/t | pm/Wh
1.2 3.29 501 0.912 10.16 1789 0.170
3.6 6.99 387 0.342 11.16 722 0.132
6.0 10.87 317 0.221 11.65 441 0.129
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Table 3. Influence of the volumetric flow rate of grinding air on the mass
median particle size of the product in the Type I jet mill. Feed rate is
4 g/min, flow rate of feed air 6.6 m*/h in a pressure of 450 kPa,
height of classification tube 5 mm, and angle of nozzles 43°.

Flow Product particle size, x;/um
rate of FGD gypsum Phosphogypsum
grind.air
m*h 1. test | 2.test | 3.test | aver. | 1.test | 2.test | 3.test | aver.
0 (feed) - - - 36.1 - - - 32.1
22 1634 | 1595 | 15.54 | 1594 | 12.64 | 12.62 | 13.77 | 13.01
4.4 1490 | 1490 } 13.01 | 14.27 | 11.72 | 12.30 - 12.01
6.6 1336 | 11.37 | 822 ] 1098 | 11.26 | 11.80 - 11.53

8.8 13.28 | 1239 | 5.15 | 1027 { 1020 | 9.85 | 10.63 | 10.2

Table 4. Influence of the volumetric flow rate of grinding air on the specific
energy consumption and the energy efficiency of grinding with the
Type I jet mill. Feed rate is 4 g/min, flow rate of feed air 6.6 m*h in
a pressure of 450 kPa, height of classification tube 5 mm, and

angle of nozzles 43°

Flow rate FGD gypsum Phosphogypsum
of grinding
air Xs0 E, E; Xso E, E;
m’/h pum kWh/t | pm/Wh pm kWh/t | um/Wh
2.2 15.94 1423 0.059 13.01 1082 0.074
4.4 14.27 1017 0.089 12.01 858 0.098
6.6 10.98 698 0.150 11.53 725 0.118
8.8 10.27 581 0.185 10.20 537 0.170
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Table 5. Influence of the volumetric flow rate of grinding air on the mass
median particle size of the product in the Type II jet mill. Feed rate
is 4 g/min, flow rate of feed air 6.6 m*/h in a pressure of 450 kPa,
height of classification tube 5 mm, and angle of nozzles 43°
Flow Product particle size, x;/um
rat? of FGD gypsum Phosphogypsum
masl;h I.test | 2.test | 3.test | aver. | 1.test | 2. test | 3.test | aver.
0 (feed) - - - 36.1 - - - 32.1
2.2 19.26 | 1898 | 17.97 | 18.74 | 14.80 | 13.89 | 13.68 | 14.12
4.4 19.09 | 18.86 | 17.81 | 18.59 | 14.33 | 13.56 | 13.44 | 13.77
6.6 19.03 | 1877 | 17.36 | 18.38 | 14.16 | 13.34 | 13.34 | 13.64
8.8 18.46 | 17.34 | 1591 | 17.23 | 13.94 | 13.56 | 13.08 | 13.52
Flow Product particle size, X;/um
rat? of Limestone
air
m*/h 1. test | 2. test | 3. test | aver.
0 (feed) - - - 28.64
22 | 1804 | 1689 | 1597 | 1697
4.4 16.50 | 15.62 | 14.66 | 15.59
6.6 14.50 | 13.20 | 13.71 | 13.80
8.8 11.76 { 11.36 | 11.75 | 11.62
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Table 6. Influence of the volumetric flow rate of grinding air on the specific
energy consumption and the energy efficiency with the Type II jet
mill. Feed rate is 4 g/min, flow rate of feed air 6.6 m’/h in a pressure
of 450 kPa, height of classification tube 5 mm, and angle of nozzles
43°.
Flow FGD gypsum Phosphogypsum Limestone
rate of
gr:rd Xso E, E; Xsg E, E, Xs0 E, E,
m;,hum&wh_mumk_wh_u_mumk_W_hm
t Wh t Wh t Wh
2.2 |18.74 ]| 3954 |0.018 | 14.12 | 1541 | 0.049 | 16.97 | 3908 | 0.012
4.4 118.59 | 3145 {0.023 | 13.77 | 1341 | 0.057 | 15.59 | 2502 | 0.022
6.6 18.38 | 2379 | 0,031 | 13.64 | 1250 | 0.062 | 13.80 | 1355 | 0.046
8.8 17.23 | 1423 | 0.055 { 13.52 | 1083 | 0.071 | 11.62 | 902 [ 0.079
Table 7. Influence of the height of internal tube on the mass median particle
size of the product in the Type I jet mill. Feed rate is 4 g/min, flow
rate of feed air 6.6 m*h and flow rate of grinding air 8.8 m’/h in
a pressure of 450 kPa, and angle of nozzles 43°.
Height of Product particle size, Xs/um
classific.
tube FGD gypsum Phosphogypsum
mm
feed 36.1 32.1
5 10.40 10.46
8 14.78 12.53
11 15.75 13.97
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Table 8. Influence of the height of internal tube on the mass median particle
size of the product in the Type II jet mill. Flow rate of grinding air is
8.8 m’/h and flow rate of feed air 6.6 m’/h in a pressure of 450 kPa,
feed rate 4 g/min, and angle of nozzles 43°.
Height Product particle size, xs/pm
of class. FGD gypsum Phosphogypsum
tube
mm l.test | 2.test | 3.test | aver. | 1.test | 2.test | 3. test | aver.
feed - - - 36.1 - - - 32.1
5 16.1 | 16.16 | 1548 | 1591 | 1445 | 14.77 | 1491 | 1451
8 1639 | 1654 | 1542 { 16.11 | 14.87 | 1500 | 14.78 | 14.88
11 16.17 | 16.70 { 16.21 | 16.36 | 1540 | 15.03 | 14.81 | 15.17
Height Product particle size, Xs/um
of class. Limestone
tube
mm 1.test | 2. test | 3.test | aver.
feed - - - 28.64
5 117V J11.71 j11.16 { 11.52
8 1200 11093 |12.13 | 11.69
11 1275 [13.64 {1295 | 13.11
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Table 9. Influence of the height of internal tube on the specific energy
consumption and energy efficiency with the Type I jet mill. Feed rate
is 4 g/min, flow rate of feed air 6.6 m’h and flow rate of grinding air
8.8 m’/h in a pressure of 450 kPa, and angle of nozzles 43°.
Height of FGD gypsum Phosphogypsum
classific.
tube Xso I‘_‘:g Ef Xs0 Eg Ef
mm pum kWh/t | um/Wh pm kWh/t | ym/Wh
5 10.40 581 0.184 10.46 600 0.150
8 14.78 1024 0.087 12.53 930 0.088
11 15.75 1425 0.060 13.97 1341 0.056
Table 10.  Influence of the height of internal tube on the specific energy
consumption and energy efficiency with the Type II jet mill. Feed rate
is 4 g/min, flow rate of feed air 6.6 m’/h and flow rate of grinding air
8.8 m’/h in a pressure of 450 kPa, and angle of nozzles 43°.
Height FGD gypsum Phosphogypsum Limestone
of
class.
tube Xso E, E; Xs0 E, E, Xso E, E;
mm pm | kWh | pm pum | kWh | pm pym | kWh | pm
t Wh t Wh t Wh
5 1591 | 1425 1 0.059 { 14.51 | 930 [0.079 | 11.52 | 757 | 0.094
8 16.11 | 1960 | 0.042 | 14.88 | 1083 | 0.066 | 11.69 | 902 | 0.078
11 16.36 | 2379 | 0.035 | 15.17 | 1541 }0.046 | 13.11 | 1155 | 0.056
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Program list of the attrition grinding model.

nnonoannonaa0n0oaoanao0000n000n0n0aQanNnnonnnaQ nnnaan

[s e

c

PROGRAM ATTRMILL

Progran solves the attrition grinding model numerically
by Buler method. Values of the grinding parameters are
estimated with the Flexible Simplex method.

LA AR A A A L R T R T X R

GC Perustuan: Austin & al./Powder techn. 34 (1983) 261
AST micro cosputer 12.3.1996
Last editing 5.2.1997 RT

SUBROUTINES USED

ISMPOP estimation of grinding parameters

LIST OF MOST USED SYMBOLS

BFUN B-function

FK arrangement of size classes

P(I) grinding parameters

NKa number of size claeese measured

Np number of parameters

SFUN S-function

T time s

X particle size m

W mass fraction of the material in the size class

DEFINITIONS IN BEGINNING

DIMENSION S(25), B(25,25), wW(25), X(26)
dimension Tp(51), Pm(26,51),Wfeed(25), F(26)
dimension p(8),dp(8)
character File*12, Text*100

S- AND B-FUNCTIONS
SFUN(Xi) = p(l)*(Xi)**p(2) / (1+(p(4) *Xi) **p(5))
BFUN(Y,Xi) = (1-p(6))*(Xi/Y)**p(3) + p(6)*(Xi/Y)**p(7)
FS(Xi) = min((Xi/Xmax)**p(8),1.)

STARTING VALUES

write(*,500) ‘'Input file: °*

read(*, ' (A)') File
In=5

if(Pile.ne.' ') then
In=1

open(In,filesFile, statusx=’'UNKNOWN')
read(In, ' (A)') Text(1:79)
write(*,*) Text(1:79)

write(*,*)

end if

if(In.eq.5) write(*,500) 'Nr of Classes: '

500 format (a20, %)

read(In,*) NKa

NK=iabs (NKa)

if(In.eq.5) write(*,500) ‘Class ratio: '
read(In, *) FK

if(In.eq.5) write(*,500) ‘Max. Size:
read(In,*) Xmax

if(In.eq.5) write(*,500) ‘'Parameters: '
read(In,*) Np 1
do 25 i=1,Np
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Program list of the attrition grinding model.

if(In.eq.5) write(*,'(2X,Al14,I2,2H: ,$)') ‘Param',i
25 read(In,*) p(i)

X(NK+1) = Xmax

do 21 k=NK,2,-1
21 X(k) = X(k+1l)/FK

c
if(In.eq.5) write(*,500) ‘Timestep: '
read(In,*) 4T
if(In.eq.5) write(*,500) ‘Liststep: '
read(In,*) 4Tp
if(In.eq.5) write(*,6500) 'Fit of parameters: ‘'
read(In,*) Npar
if(In.eq.5) write(*,500) ‘Pitting error: ‘'
read(In,*) Err
if(In.eq.5) write(*,500) ‘Weight exponent: '
read(In,*) Wexp
if(In.eq.5) write(*,500) 'B-listing: '
read(In,*) List
c
if(NKa.lt.0) then
read(In,*)
read(In,*) (X(i), i=2,NK+1)
endif
c
nTp=-dATp
if(dTp.gt.0) then
do 13 i=1,50
13 Tp(i)=(i-1)*dATp
nTp=50
endif
c
if(aTp.lt.0.and . Npar.eq.0) then
if(In.ne.5) read(In,*)
do 17 i=1,nTp
if(In.eq.5) write(*,'(2X,A14,12,2H: ,$)') ‘Time',i
read(In,*) Tp(i)
17 continue
endif
c
if (Npar.gt.0) then
read(In.?*)
do 16 i=1,nTp
16 read(In,*) Tp(i), (Fm(k,i), k=2, 6 NK+l)
endif
c
C ESTIMATION OF THE GRINDING PARAMETERS
c
LigtPF=10
open(ListP, file='2mmjmkal .dat', status='UNKNOWN')
C / carriagecontrol='LIST')
write(ListP, ‘(A//)') Text
WRITE(ListP, ' (6X,15£7.3)*) (X(k), k=2, ,NK+l)
c
Iter=0
RKwag=-List
if (Npar.le.0) goto 15
do 31 i=1,Npar
31 dp(i)»p(i)*0.1+40.01
Rwag=0
write(6, ' (A5,A14,A7/)') ‘'Iter','SumSQ ‘., ‘Params’
32 call ISMPOP(Npar,p,dp,err, FI, FImin, Kwag)
1f(Kwag.eq.0) then
write(*, '
(/'* Parameters'',6I2,1h/,I1,'' in ', I4,'' iterations'')')

Npar,Np,Iter
do 33 i=1,Np

33 write(*, ' (I4,F10.4)') i,p(i) 2
write(*,*)
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Program list of the attrition grinding model.

PAUSE ’'Enter to continue’
write(*,*) ’'Enter to continue’
read(*, ’'(a)’) kkk

Npar=0
Kwag=-List
goto 15
endif
C
If (Rwag.eq.1) then
Iter=Iter+l
write(*,’ (1h+,14,914.7,8£7.4)") Iter,Pi, (p(i),i=1,Npar)
endif
c
15 DO 1 K=1,NK
if(p(8).gt.0.) W(K)=PS(X(K+1))-PS(X(K))
if(p(8).1e.0.) W(k)sFm(k+1l,1)-Fm(k, 1)
Wieed (k) =W (k)
C
C CALCULATION AND OUTPUT OF S- AND B-FUNCTIONS
C
S (K)=SFUN (X (K) )
DO 1 I=1,NK
IF({I.GT.K) B(I,K)=BFUN(X(I),X(K+1))-BFUN(X(I),X(K))
1 CONTINUE
S{1)=0
C
if (Rwag.gt.0.or.Kwag.eq.~3) goto 30
WRITE(6,*) ’'X-values’
WRITE(6,601) (X(k), k=2,NK+1)
600 FORMAT (11P7.3)
WRITE(6,*)
C
WRITE(6,*) ’'S-values’
WRITE(6,601) (S(k), k=1,NK)
WRITE(6,*)
C
if (Kwag.1t.0) goto 30
WRITE(6,*) ’'B-values’
DO 2 K=1,NK
2 WRITE(6,601) (B(I,K),I=1,NK)
WRITE(6, ' (1H1)’)
C
C PITTING
C
C ONE TIME STEP AT A TIME
C
30 T=0
FPI=0
iTp=0
Tpnext=Tp (1)
c
if (Kwag.eq.0.0or.Kwag.eq.-1) then
WRITE(6,*) ' Time’
WRITE(6,*) * P-values’
WRITE(6, *)
endif
C
10 if(T+dT/2.1t.Tpnext) goto 19
iTp=1iTp+1
Tpnext=Tp (1 Tp+1)
C
do 18 k=1,NK
18 F(k+1)=F (k) +W(k)
C
if(Kwag.le.0)
write(ListP, ' (P6.2,15P7.3)")
T, (P(k), k=2,NK+1)
¢ 3

if(Kwag.eq.-1) then
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Program list of the attrition grinding model.

601

3¢

[od

>

WRITEB(6, ' (F7.1,°' ' min‘'*)*') T
write(6,601) (F(k), k=2,NK+l)
FORMAT (10P7.3)
WRITE(6,*)

endif

if(Kwag.gt.0) then
do 36 k=2,NK+1
if(Pm(k, iTp).gt.0)
PIaFI+((Fm(k, iTp) -F(k)) /Pa(k, iTp) * *Wexp) **2
endif

C GRINDING MODEL

[od
19

n

99

T=T+DT

DO 12 Ke] , NK

SI1G=0

DO 11 I=K+]l,NK
SIG=SIG+S(I)*W(I)*B(I,K)
DMDT=-8 (K) *W(K) +5IG

W (K) =W (K) +DT * DWDT
CONTINUE

if (iTp.eq.nTp.and . Kwag.gt.0) goto 32
if(iTp.eq.nTp) goto 50
GOTO 10

close (ListF)

STOP
END
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Identified values of grinding parameters

Attrition bead mill

Table 1.

Identified values of the attrition grinding parameters for batch
grinding of FGD gypsum with different beads sizes, and for the
continuous grinding with 2 mm beads when the rotational speed of
the pin stirrer was 700 1/min.

Bead S function parameters B function parameters
size
mm o A 1/p € 0} P )
1 0.007 | 3.732 | 0.438 | 3.332 | 0.708 | 0.545 | 11.105
2 0.001 | 15428 { 0.758 | 14.457 | 0.878 | -0.356 | 6.380
2 0.009 | 49.645 - 48.201 | 0.866 - -
(4par)
3 0.001 8.823 | 0.601 | 7.846 | 0.601 | 0.879 | 0.943
Continuous mill
2 0.001 1.763 1.181 | 0.373 1.181 | -0.822 | 20.194
2 0.003 1.472 - 0.107 | 0.522 - -
(4par)
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Table 2. Identified values of the attrition grinding parameters for batch
grinding of CC pigment with different beads sizes when the rotational
speed of the pin stirrer was 700 1/min, and for the disc stirrer with
2 mm beads with the rotational speed of 800 1/min.
Bead S function parameters B function parameters
size
mm o A /p € 0} P ®
1 0.015 | 2236 | 0.113 | 0494 | 4.041 | 0.116 | 2.208
2 0.007 | 2362 | 0.108 | 2.108 | 2.535 | 0.008 1.272
3 0.008 | 2.245 1.025 | 0.294 1987 | 0.154 1.972
Disc stirrer
2 0.009 1.812 | 0229 1.969 | 3545 | 0.111 3.050
Table 3. Identified parameters of attrition grinding of FGD gypsum for batch
and continuous grinding with a rotational speed of 800 1/min of the
disc stirrer. 3 kg of 2 mm beads were used as grinding media.
Mill S function parameters B function parameters
type « A 1/p £ @ ¢ )
7 parameters
batch | 0.004 | 2.603 | 0.316 | 2.246 | 0.921 | 0.227 3.522
cont. 0.005 1.862 | 4.093 | 0.712 | 0.785 | -0.045 | 5.487
4 parameters
batch | 0.011 | 61.930 - 60.984 | 1.050 - -
cont. 0.003 1.472 - 0.107 | 0.522 - -
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Table 4. Identified parameters of attrition grinding of phosphogypsum for
continuous grinding with a rotational speed of 700 1/min of the
pin stirrer and with a rotational speed of 800 1/min of the disc
stirrer. 3 kg of 2 mm beads were used as grinding media.

Stirrer S function parameters B function parameters
type o A 1/ g ¢ o ®
7 parameters
batch | 0.012 | 3.364 [ 0.791 2.890 | 0968 | 0.292 | 10574
cont. 0.001 2,146 | 4170 | 0.300 | 0.485 | 0.033 | 5.941
4 parameters
batch | 0.021 2.588 - 2.084 | 0.145 - -
cont, 0.001 1.479 - 0.086 | 0.521 - -

Table 5. Identified parameters of attrition grinding of CC pigment for batch
and continuous grinding with a rotational speed of 700 1/min of the
pin stirrer. 3 kg of 2 mm beads were used as grinding media.

Mill S function parameters B function parameters
type « A 1/n g ¢ & ®
7 parameters
batch | 0.007 | 2362 | 0.108 | 2.108 | 2.535 | 0.008 1.272
cont. 0.009 1.812 | 0.229 1.969 | 3.545 | 0.111 3.049
4 parameters

batch. | 0.014 | 3.223 - 1.412 | 2.541 - -
cont. 0.021 2.261 - 1.443 | 3.852 - -
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Jet mill
Table 6. Identified values of jet mill grinding parameters for Type I mill with
two different flow rates of grinding air in a pressure of 450 kPa.
Angle of nozzles 43°, feed rate 4 g/min, flow rate of feed air 6.6 m*/h
and height of classification tube 5 mm.
Vol. S function C function B function
rate parameters parameters parameters
m’/h o A I/m v ¢ o w
FGD gypsum
22 0.001 2.581 0.766 | 0541 0.147 | 0.880 | 7.898
8.8 0.006 2942 | 0.104 | 0.491 0.188 | 0945 | 14.190
8.8 0.021 2.962 - 0444 | 0.164 | 0961 | 19.678
(6 par)
Phosphogypsum
2.2 0.001 2709 | 0.060 1.374 | 0.085 | 0917 | 13.791
8.8 0.001 2.867 | 0011 1.444 | 0.094 | 0970 | 16431
8.8 0.004 | 3.147 - 0.834 | 0.088 | 0971 | 16312
(6 par)
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Table 7. Identified values of jet mill grinding parameters for Type II mill with
two different flow rates of grinding air in the pressure of 450 kPa.
Angle of nozzles 43°, feed rate 4 g/min, flow rate of feed air 6.6 m*h
and height of classification tube 5§ mm.
Vol. S function C function B function
rate parameters parameters parameters
m’/h o A 1/m v ) o w
FGD gypsum
2.2 0.001 5.882 | 0.074 | 0.035 | 0.057 | 0.896 | 11.680
8.8 0.017 1.849 | 0.251 0.105 | 0.090 | 0.939 | 14.286
8.8 0.004 | 2.351 - 0.097 | 0.109 | 0.932 | 10.200
(6 par)
Phosphogypsum
22 0.002 | 2952 1.795 | 0.443 | 0.074 | 0912 | 12.625
8.8 0.002 | 3.245 | 2066 | 0.574 | 0.056 | 0.933 | 23.672
8.8 0.001 2.996 - 0.365 | 0.042 | 0934 | 16.106
(6 par)
Limestone
22 0.004 1.840 | 0.088 | 0.124 | 0.754 | 0.067 | 4.110
8.8 0.007 1.907 | 0.126 | 0.106 | 0.562 | 0.896 1.424
8.8 0.011 1.840 - 0.159 | 0.819 | 0.661 1.994
(6 par)
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Table 8. Identified values of jet mill grinding parameters for Type I mill with
different feed rates of FGD gypsum and phosphogypsum. Angle of
nozzles 43°, flow rate of feed air 6.6 m*h and grinding air 8.8 m*h
in a pressure of 450 kPa, and height of classifiaction tube 5 mm.
Feed S function C function B function
rate parameters parameters parameters
g/min o A I v ¢ ® ®
FGD gypsum
1.2 0.006 | 3954 | 0.109 | 2960 | 0.046 | 0972 | 8.240
3.6 0.006 2942 | 0.104 | 0491 | 0.188 | 0.945 | 14.190
6.0 0.001 3390 | 0214 | 0.062 | 0.137 | 0.951 | 11.842
Phosphogypsum
1.2 0.003 2738 | 0.111 1.127 | 0.062 | 0.920 | 12.317
3.6 0.001 3446 | 0.127 | 0943 | 0.027 | 0.952 | 22.142
6.0 0.003 2.460 | 0.035 1.098 | 0.049 | 0969 | 15952
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