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Kolemanit cevherinin tek tane darbe kirilma dagilimi fonksiyonlar1 Narayanan [1] tarafindan
gelistirilen standard test yontemleri ve veri degerlendirme metodolojisi kullanilarak tahmin
edilmistir. Bu amagla, modifiye edilmis JK Tech agirlik diisiirme test aletinin [2] manuel
versiyonu kullanilmigtir. Kirllma testi sonuglar1 6zgiil ufalama enerjisi (Ecs) ve t10 boyut
dagilimi parametresi ile temsil edilen darbe kirilmasi iiriin inceligi arasindaki iliskinin
kurulmasinda kullanilmistir. Napier Munn vd., [3] tarafindan verilen Ecs-t10 ufalama modeli
kirilma testi sonuglart i¢in smnanmistir. Test sonuglar1 Ecs-t10 ufalama modeline basarili bir
sekilde uyum saglamistir. t-aile egrisi yaklasimi [1, 4, 5] 6zgiil kirilma fonksiyonlarinin
olusturulmasinda kullanilmistir. t10-tn aile egrileri modellenmis ve egrilerin ampirik
regresyon denklemleri kirict modelleri i¢in kirilma fonksiyonunun farkli enerji seviyelerinde
olusturulmasi i¢in 6nerilmistir.

Anahtar Kelimeler: Kolemanit, Ufalama, Modelleme, Kirilma fonksiyonu, Agirlik diisiirme
testi

ABSTRACT

Single particle impact breakage distribution functions of a colemanite ore were estimated
using the standard test methods and data evaluation methodology developed by Narayanan
[1]. For this purpose, a modified manual version of a JK Tech drop weight test device [2] was
used. Breakage test results were used to establish the relationship between specific
comminution energy (Ecs) and impact breakage product fineness which was represented by
the size distribution parameter t10. Ecs-t10 comminution model given by Napier Munn et.al
[3] was validated for the breakage test results. Ecs-t10 comminution model was successfully
fitted to the breakage test results. t-family curve approach [1, 4, 5] was used to re-construct
specific breakage functions. t10-tn family curves were modelled and empirical regression
equations were proposed to reconstruct breakage functions at different impact energy levels
which could be used in models of crushers.
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1. INTRODUCTION

More than 60% of the world’s Boron compounds reserves are in Turkey. Turkey's
commercially recoverable boron reserves are colemanite, ulexite and tincal. Colemanite is an
important ore of boron and is a commercially important borate mineral with a chemical
composition of CaBs011.5H20. It has many industrial uses, like manufacturing of heat
resistant glass, cosmetic, in the production of glass, fibers, heat resistant materials, nuclear
reactors, fire retardants, catalysis and detergents, etc. [6].

Crushing of the ore is the first processing step to convert borate ores into either sodium
borates or boric acid. Single particle breakage test methods were widely used for the
understanding of the complex nature of particle breakage took in industrial size reduction
machines to estimate crushing and grinding performance. Single particle breakage
information is used to describe how ore particles break inside the comminution machines and
to model size reduction so that, throughput, power draw and product size distribution can be
predicted to find the optimum operational conditions for grinding. Tests can be grouped into
three main classes depending on the breakage mechanism; single impact, double impact
(dynamic loading) and slow compression. These tests were applied by many researchers for
the investigation of input energy-size reduction relationships of ores to model crushing and
grinding in comminution machines. A general review of single particle test applications and
their results were presented by Narayanan [4]. Considering the impact breakage mechanism in
size reduction machines, most commonly used double impact testers are twin-pendulum and
drop-weight devices. They provided practical informations on the impact breakage of
individual particles of different ores types [1, 3, 7]. Drop weight test method, in which a
single particle is subjected to breakage between two solid surfaces, was found wide
application in material characterization [1, 3, 8, 9]. Different version of a drop weight tester
known as the ultra-fast load cell was used for the understanding of the fracture and
deformation characteristics of particles under impact loading [10, 11, 12, 13].

Material breakage is usually characterised by the breakage distribution (appearance) function
in comminution models which were used to estimate crushing or grinding performance of the
machines. Specific breakage functions were used to reflect material breakage properties on
specific breakage rates which is one of the comminution machine model parameter. Some of
the researchers [ 4, 14, 15, 16] assumed that, breakage function of materials is independent of
initial particle size and process conditions and in some cases input energy level [17]. On the
other hand, many studies proved the versa case [7, 8, 9,12, 18, 19, 20, 21]. Although many
methods are suggested in the literature for the measurement of breakage distributions
experimentally, it is usually difficult to represent the breakage of materials by a standart
method due to the mathematical formulation and non-normalizable breakage. For this reason,
single-particle breakage tests such as twin-pendulum and drop-weight techniques were used in
developing standard procedures for the calculation of breakage functions [1, 4, 5,7, 22, 23, 24,
25] to model comminution machines.

In this study, it was aimed to analyse the single particle breakage functions of a colemanite
ore by drop weight test technique. Standard test procedures and data evaluation methodology
[1] were applied for the determination of impact breakage functions using breakage test
results of various size fractions at different impact energy levels. Energy-t10 relationship and
tn-family curves were modelled to estimate empirical breakage functions for the ore. Specific
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breakage functions were proposed to be used in models of crushers crushing the colemanite
ore. Test results also provided useful insights for Turkish colemanite ore impact breakage.

2. MATERIALS AND METHODS
2.1. Description of the Drop Weight Device

A photograph of the drop weight device with its design specifications is given in Figure 1. It
mainly comprises a steel anvil made from steel alloy, plate shaped drop weight head, an
electromagnet through which an electromagnetic field is formed so that weights can be hold
or released from desired heights. Drop weight device is fitted with a 5.870 kg fixed head mass
which can be extended to 44.16 kg with a maximum drop height of 51.50cm representing a
wide energy range. In this experimental set up, plate shaped drop weight is raised to a known
height through a mechanical arm and then subjected to free fall onto a particle that is placed
on the center of the steel anvil. Breakage area is enclosed by an aluminium casing in order to
prevent the losing of the broken fragments during the test.

—N @=65cm t—
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h
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Figure 1. Manual version of JK Tech drop weight test device [26]

In Figure 1;

1-Electromagnetic head

2-Fixed lead head mass (5.870 kg)
3-Steel anvil (Diameter:15.5 cm)
4-Steel base

5-Ruler for drop height adjustment
6-Mechanical arm

7-Drop-weight rail
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2.2. Sample and Laboratory Studies

Colemanite ore sample was dry sieved to the narrow size fractions of -28+25.4mm, -
22.4+19mm and -16+13.2mm in the sample preparation stage. Particles were selected
randomly by using a riffler from each size fraction. Randomly selected particles of each size
fraction were subjected to impact breakage from three energy levels. Particles were subjected
to impact breakage one by one. Broken fragments were collected and dry sieved on a root 2
sieve series down to 0.038mm on a ro-tap sieve shaker for 15 minutes to determine breakage
product size distributions. Test specifications are summarized in Table 1. Impact energy
supplied by the plate shaped weight is calculated from the equations given by Napier Munn et
al. [3].

Table 1. Drop weight test specifications

Test size Number of Total weight of Specific
Nominal particle Drop height
fraction particles broken particles impact energy
size (mm) (cm)
(mm) per energy level (o) (kWht)
8 253.84 6.20 0.09
-28+25.4 26.67 8 254.13 13.5 0.20
8 252.62 21.2 0.33
15 257.12 6.20 0.16
-22.4+19 20.63 15 261.23 13.5 0.38
15 261.59 21.2 0.59
30 140.61 6.20 0.60
-16+13.2 14.53 30 140.02 13.5 1.42
30 140.58 21.2 2.25

3. RESULTS AND DISCUSSIONS
3.1. Particle Size Distributions

Impact breakage product size distributions of test size fractions were analyzed on log-log
scales to demonstrate the effects of size and impact energy. Breakage size distributions are
given in Figures 2 to 4 which indicated a systematic size reduction progress with an increase
in impact energy level for each test size fraction.
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Figure 2. Particle size distributions of particles in the size fraction of -28+25mm at different impact energy
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Figure 3. Particle size distributions of particles in the size fraction of -22.4+19mm at different impact energy

levels
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Figure 4. Particle size distributions of particles in the size fraction of -16+13.2mm at different impact energy
levels

3.2. t-curves

Narayanan and Whiten [27, 28] developed a useful approach by which the results of double
impact tests can be evaluated through a series of breakage distribution parameters represented
by t numbers. Narayanan [1] defined a series of breakage product size distribution parameters
represented by tn (n=2, 4, 10, 25, 50, 75). tn is the percentage passing 1/n times the original
(nominal) particle size which can be obtained for each breakage product size distribution. The
values of tn can be plotted against the corresponding t10 to establish curves that smooth the
size distributions and allow the computation of the breakage size distribution for any value of
t10 within the range of the data. t10 number is an indication of the fineness of broken particle
size. In this way, impact breakage fineness of materials can be determined through a single
distribution parameter at any specific comminution energy level.

3.3. Energy-t10 Comminution Model

Particle size distribution parameter, t10 can be plotted against energy and this curve is often
fitted by Equation 1 [29, 30].

t10 = Ax|L- exp(- bxEcs)] 1)

A and b are material parameters and Ecs is the specific comminution energy in Equation 1. A
is the limiting value of t10. The product Axb which is the slope of the relation, characterizes
the hardness of the ore. Low values of Axb indicating that, more energy is needed for an
equivalent amount of breakage as discussed by Napier Munn et.al. [3]. It is noted that, Axb
has a physical meaning in the region where there is data and is often found to have more
stable values than A or b separately [26]. Experimental t10 values as a function of specific
comminution energy levels were fitted to the Ecs-t10 relationship in Eq.1. Impact breakage
model for the colemanite ore is given by Equation 2. R? of the overall model fit was 0.96. Axb
value was determined as 220.19. Overall fitting results are given in Figure 5. Equation 2
normalizes the particle size effect in breakage function estimation.
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Figure 5. Overall Ecs-10 relationship

Specific comminution energy versus t10 relationships were fitted to Equation 1 for each
particle size fraction to show the effect of particle size. Estimated breakage model parameters
for each test size fraction are tabulated in Table 2. Model fitted relationships are given in
Figure 6. Plots given in Figure 6 indicated that, impact breakage of particles in the size
fraction of -28+25mm could not produce fine particles as compared to the other test size
fractions at energy levels higher than approximately 0.5kWh/t. Although the energy was
increased, t10 did not change much for particles of -28+25mm fraction. Particle size effect on
the relationship could be observed at energy levels lower than 0.5kWh/t such that, as the
particle size was decreased, lower t10 value was obtained for a constant specific comminution
energy level. In other words, smaller particles required higher specific comminution energy
levels for the same degree of breakage. Relationship between nominal particle size and Axb
breakage parameter was investigated in Figure 6. The relationship could be defined by an
exponential function given in Figure 6. Axb values indicated that, particles in the size fraction
-28+25mm broke more easily as compared to the other test size fractions. Difference in the
breakage behaviour could be linked to the mineralogical and textural properties of the size
fractions.

Table 2. Particle size specific impact breakage parameters

Nominal
Test size
particle size A b R? Axb
fraction (mm)
(mm)

-28+25 26.46 42.23 9.30 0.99 392.52
-22.4+19 20.63 63.15 3.20 0.99 202.29
-16+13.2 14.53 64.83 2.79 1.00 220.19
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Figure 6. Relationship between particle size and Axb

3.4. Breakage Function Re-construction

The relationships between t10 and tn parameters are reported as a one parameter family of
curves (tn family) by Narayanan [1]. King [31] defined tn family curves as breakage function
reconstruction (master) curves. Details of the breakage function reconstruction from t10-tn
family of curves were discussed by Narayanan and Whiten [27] for ore particles. The tn
family curves established are given in Figure 7 with the regression trendlines. Empirical
regression equations of tn family curves are given in Table 3. Figure 7 provides models for
the breakage function that are based on the impact energy for practical comminution

equipment modelling work.
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Figure 7. Typical trends of tn-family curves
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Table 3. Empirical regression equations of t10-tn family curves

Regression equations R?

12=0.0003(t10)>-0.0575(t10)?+3.3568(t10)+34.904 | 0.95

t4=-0.0005(t10)%+0.0507(t10)?-0.3094(t10)+33.802 | 1.00

125=5 7273¢00313(ti0) 0.99
150=2.8347¢00363(ti0) 0.99
175=1.8388¢00393(ti0) 0.99

Maximum particle size of the jaw crusher feed was assumed to be 28mm which is the
maximum test particle size and normalized breakage functions were estimated using the
regression equations of t10-tn family curves for different specific comminution energy levels.
Specific breakage functions are given in Figure 8. These functions could be used to relate
breakage rates to available energies in modelling of comminution machines. The difference
between the breakage functions were found to be high at low impact energy levels such as
0.25kWh/t and 0.50kWh/t as demonstrated in Figure-8. However, as the level of energy was
increased similar breakage functions were obtained. No more considerable fine particles
would be produced above energy levels higher than 1kWh/t as breakage function curves
become closer to each other.

——0.25kWhit

Weight retained %

Particle size (mm)

Figure 8. Typical impact breakage functions for different specific comminution energy levels
3.5. Use of Breakage Function in Crusher Modelling

The crushing process can be described by repetitive cycle of events. In this cycle, New feed
entering the crusher is first classified. Later, very fine material by-passes breakage and reports
directly to product. However, very coarse material reports directly to breakage. Intermediate-
sized material reports to breakage with a probability which increases with size. After breakage
the classification process is repeated. The process is illustrated in Figure 9.
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Figure 9. Schematic representation of the crusher model [3]
In the given model (Figure 9):

X : a vector representing the amount in each size fraction in the crusher

f : feed size distribution vector

p : product size distribution vector

C : classification or breakage selection matrix, describing the proportion of particles in
each size interval selected for breakage

B . breakage distribution matrix, giving the relative distribution of each size fraction
after breakage

The product size distribution vector is determined by the mass balance equation as given in
Equation 3.

p=(1-C)1-BC)*f 3)

where | is the unit matrix. Unit matrix represents the total weight of unbroken particles which
are leaving the crusher [32].

As stated in the literature, many crushers produce a geometric reduction in size because the
crusher face moves a smaller distance jat finer gap sizes, that is, particles of different sizes
undergo similar proportional size reduction when selected. A constant degree of reduction
will produce a relatively constant t10 and product size distribution. Therefore when an ore has
been characterised by a breakage test (such as the JKMRC pendulum or drop-weight test), it
is only necessary to specify a t10 value to generate a product size distribution or breakage
function [3].

It was claimed that, most brittle ores and quarry rocks break in crushers in a similar way
unlike their behavior in SAG, AG and ball mills. Crusher breakage products can be
represented by a single set of t-curves. Simulators use models to simulate many mineral
processing equipments. The breakage function required in models of comminution
equipments which are integrated in different simulators may be presented in different ways.
The breakage data presented in this study specifically provided data to the JK Simmet Mineral
Processing Simulator. Breakage function information is represented in the simulator by spline
functions with the spline knots at t10 values of 10, 20 and 30%. Derived breakage function
data is presented for the colemanite ore in Table 4. Appearance function values can be used to
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estimate the full product size distribution of the jaw crusher using spline interpolation in the

simulator [3].

Table 4. Appearance function derived for the colemanite ore for crusher models (JK Simmet Simulator Input

Data)
Breakage Size relative to the initial size
parameter t75 t50 125 t4 t2
t10 (%)
10 2.72 4.08 7.83 36.28 63.02
20 4.04 5.86 10.71 51.89 81.44
30 5.98 8.42 14.65 83.65 91.96

CONCLUSIONS

Drop weight technique was used to demonstrate the size and energy level dependency of
colemanite ore within a certain impact energy spectrum. Results indicated that, impact
breakage of colemanite ore is size and energy level dependent which could be linked to the
textural properties of the test size fractions. Ecs-t10 relationship and empirical t10-tn family
curves were modelled and proposed to reconstruct breakage functions of colemanite ore
which could be used in modelling of the jaw crusher.
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