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A fundamental experimental study was conducted to measure the physical properties of iron ore gran-
ules made from three types of Australian iron ores. In this study, some key physical property parameters,
including apparent density, Young's modulus and the coefficients of static and rolling frictions, of the iron
ore granules with varying moisture content were investigated. The effect of granule size on the considered
property parameters was also studied for the iron ore granules at the optimal moisture content which was
determined by permeability pot packing test. The measurement results showed that both apparent density
and Young's modulus of iron ore granules generally decreased with moisture content due to the growth
of adhering layer around the nuclei particles. The static friction coefficient generally increased with mois-
ture content but, at lower moisture contents, its variation differed between the granule types. The rolling
friction coefficient generally experience a minimum value as moisture content increased within the con-
sidered range. The moisture content for the minima varied with granule type due to the different charac-
teristics of the ore types. At the optimal moisture content for each granule type, the apparent density of
different granule size fractions showed variable values because of the heterogeneous composition of the
raw mixture in each size fraction. The Young's modulus and static friction coefficient showed slight down-
ward and upward trends with the increase of granule size, respectively. The rolling friction coefficient is

nearly independent of granule size.
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1. Introduction

In the recent two decades, rapid economic growth in
Asian-Pacific region has spectacularly boosted the global
steel industry. To meet ever-increasing demand of iron raw
materials, the global iron ore production (usable iron ore)
has increased from about 970 Million tons to about 2.3
Billion tons between 2000 and 2015." Australia is currently
the world’s largest exporter of iron ore and is responsible
for nearly half of all iron ore exports in the past five years.
For over two decades now, the major iron ore products
developed in Australia have included hematite ores (e.g.
Brockman) and hematite-goethite ores (e.g. Marra Mamba
ores and Channel Iron Deposit ores) with a relatively higher
grade of combined water. Nowadays, these products have
obtained a considerable market share of global iron ore
trade and accounted for a significant component of sintering
blends particularly in most Asian steel plants.” Since these
products have a wider range of grades, sizes and mineral
types compared to historical ores, it is important for iron-
makers to understand the conditions required for effective
granulation to optimise the behaviour of the produced iron
ore granules during the sintering process.

In the preparation stage of sintering, the iron ores, mixed
with coke breeze, fluxes and return sinter particles, are sub-
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jected to a granulation process in which the material mixture
is agglomerated with moisture into iron ore granules. The
principal mechanism of the iron ore granulation is called
“auto-layering”® in which the fine size components of
the mixture adhere to the surface of the coarser particles
of the mixture due to the capillary forces.” As a result of
the auto-layering process, the iron ore granules generally
have a structure of an inner nucleus particle and an outer
adhering layer (as shown in Fig. 1). Subsequently, the iron
ore granules, with a narrow size distribution and proper
strength, are packed onto the moving pallets for sintering.
The behaviour of iron ore granules during this charging
process is considered a key factor in sintering because it
determines the structural properties of the packed bed. For
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Fig. 1. Micrograph of the structure of typical iron ore granules.
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instance, the bed permeability, as a function of mean granule
size and packing voidage, can significantly influence the air
flow rate and the flame front speed, which are very important
for sintering productivity.®

Due to the importance of granule behaviour in sintering,
many studies have been carried out on this topic in recent
years™® Considering that the behaviour of iron ore granules
was too complicated to be experimentally studied in detail,
many researchers’ ' turned to numerical tools, such as
Discrete Element Method (DEM), to investigate the granule
behaviour in their studies. However, one existing issue is
how to determine the physical parameters of the simulated
iron ore granules because these parameters vary with mois-
ture content and ore type. Considering the fact that rare
references on the physical properties of iron ore granules
have been published so far, it is necessary to determine the
values of the key physical parameters of iron ore granules
via experimental measurements. Therefore, to fill the gap
in this area, a systematic study of the physical properties of
iron ore granules at different moisture contents is required.

Many experimental approaches to measure particle physi-
cal parameters have been reported by earlier researchers.
Since 1960s, Jenike shear cell'® and ring shear cell'” were
applied to the measurement of the Coulomb friction between
bulk solids or between bulk solids and wall materials.
However, these testers are not applicable to large particles
(normally +4 mm) and this restricts their application to the
measurement of iron ore granules. Because of this drawback,
some new methods'®'” were invented to measure the friction
coefficient between large particles such as iron ore pellets
(+9 mm). However, these methods are relatively complex
to prepare and thus may not be very cost-efficient for labo-
ratory experiments. The apparent particle density was com-
monly measured via the fluid displacement method>*” in
which the apparent density was calculated as the ratio of the
particles’ mass to the volume of the fluid (usually water or
kerosene) displaced by the soaked particles. Wang et al.'”
measured the elasticity of individual iron ore pellets using
a compression test where the elastic modulus of pellet was
calculated based on the relationship between pressure force
and pellet indentation. Doménech et al*" and Ai et al.*”
respectively proposed the methods of measuring the coef-
ficient of rolling friction of a particle placed on a ramp but
the former method is specifically for spherical particles. In
summary, for these existing measurement methodologies,
we made some modifications to the methods which are
generally feasible for the parameter measurements of iron
ore granules, aiming to make them more suitable for test-
ing iron ore granules. The detailed modifications for each
applied method are described in the following section on
experimental methodologies.

In this work, three types of single Australian iron ores

were granulated in the experiments, along with a fixed pro-
portion of fluxes, coke and return fines. The measurements
of some key physical property parameters of the iron ore
granules, including apparent density, Young’s modulus and
the coefficients of static and rolling frictions, with varying
moisture content were systematically investigated. Further-
more, the effect of granule size on the considered property
parameters of the granules at the optimal moisture content
was also studied for each granule type. These experimental
data are expected to provide more information of iron ore
granules for future researchers.

2. Preparation Work

2.1. Iron Ore Characteristics

Table 1 shows the dry size distribution and initial mois-
ture content Wy of the iron ores studied in this work. Ores
A, B and C are hematite, Brockman - Marra Mamba and
Channel Iron Deposit iron ores, respectively. The data show
that Ores A and B have obviously higher fine size compo-
nent (—0.25 mm) than Ore C. In turn, Ore C has a higher
coarse size component (+1.0 mm), especially the larger
particles (+5.6 mm), than the other two ore types. The ini-
tial moisture of Ore A is relatively lower than those of Ores
B and C. This indicates that compared with the other two
ore types, the material mixture containing Ore A requires
more water to obtain the same target granule moisture in
the granulation process.

The iron ore particle characteristics, including spheric-
ity, apparent density, porosity and water holding capacity
(WHC), were investigated in the preparation work. The
sphericity of ore particles was measured according to
Wadell’s method.”® The apparent density of ore particles
was measured based on fluid displacement method.” The
particle porosity was calculated as a function®” of the
apparent density and the skeletal density measured by a
gas pycnometer. The water holding capacity (WHC) of ore
particles were measured***> based on the mass difference
between saturated and dried particle samples.

Table 2 shows the chemical composition, sphericity ¢,
apparent density p,, porosity P and water holding capacity
(WHC) of the studied ores. The information of chemical
composition indicate that hematite Ore A has a higher Fe
grade than the other two ore types and has the lowest LOI
(loss on ignition) content. In contrast, Channel Iron Deposit
Ore C has the highest LOI content and hence the lowest Fe
grade. Brockman - Marra Mamba Ore B has a moderate LOI
content and consequently an intermediate level of Fe grade.
The sequence of ore particle sphericity is Ore C > Ore A >
Ore B. This indicates that Ores A and B have generally less-
round appearances and Ore C is relatively rounder than the
former ore types. Ores A has the densest structure and the

Table 1.  Size distribution and initial moisture of the studied iron ores (mass%).
Cumulative mass% passing (mm, dry basis)
N Ore t /4

ame repe 8.0 56 40 28 20 10 050 025 o125 ™M

A Hematite 96.1 84.4 70.6 60.6 51.9 37.8 27.2 16.9 9.2 4.6

B Brockman — Marra Mamba 93.5 80.9 69.2 61.6 53.5 424 342 203 10.7 6.2

C Channel Iron Deposit 88.0 779 69.3 60.5 49.3 30.5 15.4 5.7 2.8 6.4

Table 2. Summary of the characteristics of studied iron ores.
Chemical iti t.9
Name : emical composition (wt.%) 0 ps (g/em’) P WHC (%)
TFe Si0, CaO Al O3 MgO LOI

A 62.64 4.35 0.09 2.29 0.09 3.28 0.820 3.76 0.212 6.06
B 60.74 4.44 0.04 2.20 0.05 5.79 0.803 3.38 0.250 8.82
C 57.17 5.72 0.06 1.34 0.09 10.40 0.865 3.05 0.235 8.04

The sphericity, apparent density, porosity and water holding capacity were measured using coarse particles of size fraction —4.0+2.0 mm.
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lowest porosity of the studied ore types. The values of WHC
are in the same order with that of porosity.

2.2. Granulation Procedure

The iron ore granulation was conducted following the
procedure outlined by Ellis et al.,’® in a laboratory scale
rotary drum with a diameter of 500 mm and a depth of
310 mm. During the granulation process, each type of iron
ore was mixed with coke breeze, fluxes (e.g. limestone
and dolomite) and return sinter fines (size < 5 mm), and
then agglomerated in the drum into iron ore granules. The
size distributions of the additional feeding components are
shown in Table 3. Table 4 shows the summarised infor-
mation of all the components of the material mixture. The
rotation speed of the drum was kept at 20 rev/min, which
corresponded to a Froude number of 0.0045. The space fill-
ing degree was about 13% based on the charge mass (15 kg)
for each batch of granulation. Once charged into the drum,
the mixture was first pre-mixed for 2 minutes and then a cer-
tain amount of water (calculated by the difference between
the initial moisture of the mixture and the target moisture
content) was added to the drum via a pipe sprinkler. The
time for adding water was 2 minutes and then the materials
were further granulated for 6 minutes.

After granulation, the iron ore granules were carefully
collected from the drum and quickly divided by rotary
sample divider into several sub-samples for the subsequent
measurements. These sub-samples were then sealed in air
tight bags to prevent further moisture loss. The iron ore
granules made from Ore A, B and C were named as Granule
A, B and C, respectively. For each granule type, in total
six levels of target moisture content, ranging from 7.0%
to 9.5% with an interval of 0.5%, were considered in this
study. However, due to the inevitable moisture loss during
granule handling, the actual moisture content was usually
lower than the target value by 5%—10%.

2.3. Optimal Moistures for Iron Ore Granule Types
The permeability tests were conducted in a JPU (Japanese
Permeability Unit) pot with a diameter of 100 mm and the
height of 600 mm for each iron ore granule type to deter-
mine the optlmal moisture content Wopt at which the granule
bed has the maximum permeability.® With the optimal mois-
ture content, the study of the influence of granule size on the
physical property parameters could be simplified by focus-
ing on the iron ore granules at the optimal moisture content
which is more relevant to sinter plant operation instead of a
broad moisture range. The detailed measurement procedures
were referred from the previous experimental studies.”’ >
In brief, based on the permeability results, the W, for Gran-

Table 3. Size distributions of the additional feeding components

of the mixture (mass%).

Cumulative mass% passing (mm, dry basis)

Component =" 28 20 10 050 025 0125
Returnsinter 100.0 687 38.6 32.5 103 50 19 05
Cokebreeze 1000 957 856 753 551 423 300 194
Limestone 965 904 779 713 629 508 362 237
Dolomite 82.6 690 494 425 265 173 134 113

Table 4. Summarised information of all the mixture components.

Component Mass fraction (Wt.%) Wimc (Wt.%) Pa (g/em®)
Iron ore (A/B/C) 61.2 4.6/6.2/6.4  3.76/3.38/3.05
Return sinter 20.0 0.1 3.51
Coke breeze 5.9 10.2 1.29
Limestone 8.5 0.3 2.38
Dolomite 4.4 4.0 2.45
Mixture 100.0 3.7/47/49  3.13/2.96/2.80
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ules A, B and C were determined as 7.15 wt.%, 8.54 wt.%
and 8.06 wt.%, respectively.

3. Measurement Procedure for Iron Ore Granules

3.1. Mass Ratio of Adhering Layer to Nuclei Particles

As an important index of evaluating iron ore granules,
the mass ratio of adhering layer to nuclei particles, R,
was measured for the studied iron ore granule types to help
analyse the following measurement results of the studied
granule property parameters. In the experiment, about 50 g
of +1.0 mm granules of each moisture group were randomly
collected and screened into six size fractions (i.e. 1.0-2.0
mm, 2.0-2.8 mm, 2.8-4.0 mm, 4.0-5.6 mm, 5.6-8.0 mm
and +8.0 mm). The sample granules of six size fractions
were respectively put in six marked beakers. Then the
beakers were put in oven and dried at 105°C for 24 hours.
The dried granules of each size fraction were first weighed
and then washed over the corresponding next smaller size
screen. The particles remaining on the screen were consid-
ered as nuclei particles which were then dried and weighed
again. The mass of adhering layer was determined as the
mass difference between the dried granules and the dried
nuclei particles.

3.2. Sphericity of Iron Ore Granules

Granule sphericity is a measure of granule shape and it cor-
relates® with the coefficient of granule rolling friction. The
sphericity of the studied iron ore granules with varying mois-
ture content was measured by a 3D laser scanner (Matter and
Form Desktop). In the experiments, twenty iron ore granules
larger than 2.0 mm (to ensure the scanning precision) were
randomly selected from each moisture group of the granule
samples. In one test, a single granule was put onto the scan-
ner platform. As scanning proceeded, the information of the
granule profile was collected and then converted into a 3D
image by the corresponding scanning software. In theory, a
complete 3D image of a granule requires at least two scan-
ning tests because the top and bottom parts of the granule
cannot be fully scanned in the first test. In this experimental
work, each sample granule was scanned along three dimen-
sions to ensure that a complete granule 3-D image could be
obtained after image combination.

The complete 3D image of the tested granule was then
imported to the image processing software MeshLab (www.
meshlab.net), so that the volume and surface area of the
tested granule could be calculated. Hence, the sphericity of
the tested granule was determined as the ratio of the surface
area of a sphere which has the same volume with the tested
granule to the real surface area of the tested granule, which

is expressed as:*®
2

(6Vgrdnulc )

Agranule

u\~

2
_ Asphere _ ﬂDsphere _

Agrunule Agranule

where ¢ is granule sphericity; Agphere and Dgppere are the
surface area and diameter of the sphere which has the same
volume with the tested granule, respectively (mm? mm);
and Agranule and Vgranuie are the real surface area and Volume
of the tested granule, respectively (mm?, mm?).

3.3. Apparent Density of Iron Ore Granules

The apparent density of iron ore granules was measured
using a peanut oil displacement method. Compared with
water, peanut oil is more viscous and thus can avoid more
fluid penetrating into the sample granules during the soak-
ing process. For each moisture group, about 200 g of iron
ore granules with full size distribution was first evenly split
into four portions for replicate measurement tests. In each
test, the granules were first weighed and then soaked in a
peanut oil bath for one minute. The purpose of this step was
to ensure that the open pores of the granules had been filled
and the channels linking to the inner parts of the granules
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had been blocked by the oil. Hence, no more oil would
penetrate the granules in the following oil soaking process.
After oil bath, the granules were spread out on absorbent
paper to remove the oil remaining on the granule surface.
The wiped granules were reweighed and then placed in a
250-mL volumetric flask of known mass. The flask was then
filled with peanut oil again and weighed on the balance. The
apparent density of the tested granules was calculated by the
following expression:

— mgran mgran
pa = = ()
Vﬂask - Voil Miilled — (mﬂask + Msoaked )
Vﬂask -
Poil

where p, and mg., are the apparent density and mass of the
tested granules, respectively (g/cm3, g); Maask and Vg, are
the mass and volume of the volumetric flask, respectively
(g, mL); Vi is the volume of the oil filled in the flask (mL);
maed 1S the mass of the flask containing oil and granules (g);
Msoaked is the mass of the soaked granules after oil bath (g);
Poit 1s the density of peanut oil at the ambient temperature
(g/cm?), which was measured before the experiment started.
An average value of the four replicate measurement results
was finally obtained and used for data analysis.

To investigate the relationship between apparent density
and granule size for the granules at the optimal mois-
ture content, the sample granules of each ore type were
sieved into four size fractions of +5.6 mm, +2.8—5.6
mm, +1.0—2.8 mm and — 1.0 mm. For each granule size
fraction, the granules were split into four portions and the
measurement for each portion was conducted based on the
procedures mentioned above. The average value of the four
replicate measurement results was used for data analysis.

3.4. Young’s Modulus of Iron Ore Granules

The Young’s modulus of iron ore granules is a measure of
granule stiffness. In this study, Young’s modulus was esti-
mated by applying the Hertz contact law>” which is a classic
theory established for analysing the contact of two elastic
solids. In the experiment, ten iron ore granules with different
sizes of each moisture group were respectively compressed
using a compression test machine (Shimadzu Autograph,
AGS Model D). An iron ore granule of known size was
placed onto the static plane of the test machine. Then a
load piston moved downward and compressed the granule
at the speed of 1.0 mm/min. During this period, the com-
pression force F, as a function of granule indentation o was
recorded. As shown in Fig. 2, the F.—d curve successively
experienced elastic, plastic and fracture regions as compres-
sion time increased. To identify the elastic region, we first
used a very short compression time after which the load was
immediately released. The indentation would decrease back
to zero (or to a very small value) if the deformation was in
elastic range. With the loading time gradually increasing, a
critical indentation which was considered as the threshold
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0 . . . .
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Granule indentation, 6 (mm)

Fig. 2. Example F.—J curve of an iron ore granule (Granule type
A, target moisture 9.5 wt.%, granule size 10.5 mm) in the
Young’s modulus measurement test. A: elastic region; B:

plastic region; C: fracture region.
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of plastic deformation could be found. Based on the data
summary, the critical indentation of the studied granules
generally ranged from 0.3% to 0.7% of granule diameter.

Based on the data in the elastic region of the F.— 0 curve,
the elastic modulus of the tested granule could be estimated
by the Hertz contact equation given by:

where F is the compression force (N), s the granule inden-
tation (m), R is the radius of the sample granule (m) and E’
is the effective elastic modulus of the sample granule and
the load piston (Pa), which is given by:

2 2
L 120w 120G @)
E Egran Epis

where Ogran and oy refer to the Poisson ratios of the sample
granule and the load piston, respectively. Finally, an average
Young’s modulus of the ten tested granules of each moisture
group was obtained and used for data analysis.

3.5. Static and Rolling Friction Coefficients between
Iron Ore Granules

The coefficient of the static friction between iron ore
granules was estimated by measuring the critical angle of
a flat plate that initiated the sliding motion of the granule
placed on it. The plate used in the experiment was evenly
coated with fine iron ore granules (< 0.5 mm) to mimic the
texture of the granule’s surface. These fine granules were
collected from the same moisture group with the tested
granule. To prevent granule’s rolling down the plate, three
1nd1v1dua1 granules of similar size, as proposed by Pohlman
et al.,*" were bonded together with adhesive into a granule
trlpod set. For each moisture group, ten tripod sets with
different average granule sizes were prepared. The tripod
set was first placed onto the plate in a horizontal position.
Then the plate was tilted at a very low angular velocity until
the tripod started sliding. This critical angle that induced
the sliding motion was measured by an inclinometer. For
each tripod set, the test was repeated five times. Hence,
the average static friction coefficient of each tripod set was
calculated as

_1
Hs 5

where [ is average static friction coefficient of each tripod
set and 6;; is the critical angle measured in the ith test.

The coefficient of the rolling friction between iron ore
granules was measured using the similar method. For each
moisture group, twenty individual iron ore granules with
different sizes were prepared. In each test, a single granule
was put on the plate coated with the fine granules (< 0.5
mm) collected from the same moisture group as the tested
granules. As the plate tilted, the critical angle at which the
tested granule began rolling was measured. For each tested
granule, the measurement was repeated five times. Hence,
the average rolling fiction coefficient of each granule was
calculated as

i = éZi P (6)

where U is the average rolling friction coefficient of each
tested granule and 9” is the critical angle measured in the
ith test.

4. Results and Discussion

4.1. Analysis of Mass Ratio of Adhering Layer to
Nuclei Particles

Figure 3 shows the measurement results of the average
mass ratio of adhering layer to nuclei particles of the six

granule size fractions, R,,, as a function of moisture content.
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Fig. 3. Average mass ratio of adhering layer to nucleus particle as

a function of granule moisture content.

The data indicate that for all granule types, R,, increased
significantly with granule moisture content. This upward
trend is supposed to be the result of the increasing binding
forces between the nuclei and adhering particles as moisture
content increased, because in iron ore granulation the major
cohesive forces holding the particles together are the capillary
forces due to the presence of moisture. During the granulation
process, based on the two-stage auto-layering mechanism,*”
the fine (mainly ultra-fine) particles first layer onto the larger
nuclei particles to form an inner adhering layer. Subse-
quently, the intermediate particles start to get incorporated
into the layer through a number of inter-particle collisions,*”
which continues the growth of the adhering layer. Therefore,
the added moisture plays an important role in the growth of
the adhering layer of iron ore granules.

Figure 3 also shows that within the lower moisture range
(Wame < 7.5 wt.%), Granule A has a larger R, and also
a steeper increasing trend of R than Granules B and C.
This is because under the same lower moisture condition,
Ore A, due to its lower porosity (P = 0.212 as shown in
Table 2) and high mass fraction of —0.25 mm particles
(W-0254 =16.9 Wt.% as shown in Table 1), could have
more moisture available for an effective granulation than
the other two ore types. With the moisture content further
increasing, the layer growth of Granule A gradually reaches
a limit due to the breakage of oversize granules during the
granulation process while Granules B and C speed up their
growths with increasing amount of available moisture. For
the comparison between Granules B and C, Granule C has
a slightly lower R, and less steep trend, especially at higher
moisture contents, although the particle porosity of Ore C
(Pc = 0.235) is lower than the value of Ore B (Pg = 0.250).
This is mainly because of the different ore size distributions.
Compared with Ore B, Ore C has a lower mass fraction of
—0.25 mm fines (Wf(),zs,B =20.3 wt.%, Ww_o2sc =5.7 wt.%)
which constitute the main part of the adhering layer. There-
fore, its granulation effectiveness is relatively lower than
Ore B at the same moisture content.

Figure 4(a) shows the variation in mass ratio of adhering
layer to nuclei particles, R, as a function of granule size
for the granules at the optimal moisture content. The data
illustrate that for all the granule types at the optimal mois-
ture contents, Ry, increased first and then decreased with the
granule size, presenting a maximum value in the parabolic-
like trend. This trend results from the combination of the
different rates of growth of the adhering layer and nuclei
particle size as granule size increases. As the granule size
increases within the lower range, there are more adhering
fines incorporated into the layer around these granules due
to the higher granule momentum and better inter-granule
contact conditions, which consequently result in the ascend-
ing trend of the curve R,,. However, as the granule size fur-
ther increases, the layer growth of these granules gradually
slows down because the particles (mainly intermediate par-
ticles) attached onto the surface of the adhering layer more

257

0.9
(a)
08 .
—~ ™ ~
s -
0.7 { N
........ e....... N
06 | e QN
& ’ L a N\
05 LT A T \\.
A s
04+ & N
N
03 r A
®Granule A ®Granule B A Granule C
0.2 A \ A A )
0.0 2.0 4.0 6.0 8.0 10.0
Average granule size (mm)
0.32
(b)
030 . _
- E~
028 o R
...... N
0.26 O SRR NN
o T\
b ., &
= 024 A _ ..
_- T A T A ®
022 A RN
& .
020 N
A
018 F ®Granule A ®Granule B AGranule C
0.16 . A . A A
0.0 2.0 4.0 6.0 8.0 10.0
Average granule size (mm)
1.4
=0, (©)
12 | -
£ 3
2 10 | .l
g R
© 0.8 /‘.,-' /g
k=] ,g s
B 0.6 /8.7
> /, 'y
04 ‘4
e = /f @ Granule A
£ A
o @ ®Granule B
> 0.2 .
< ' AGranule C
0.0 L L L s L
0.0 2.0 4.0 6.0 8.0 10.0  12.0

Average granule size (mm)

Fig. 4. Data of adhering layer as a function of granule size for the
granules at the optimal moisture content. (a) layer mass/
nuclei mass; (b) layer thickness/nuclei radius; (c) average
layer thickness. The average granule size refers to the geo-

metric mean size of each size fraction.

easily get detached due to the increasing tangential shear
force as granule size increases. On the other hand, the mass
of nuclei particles keeps increasing with the nuclei particle
size at a cubic rate (m—d°>). As a result, the mass ratio of the
adhering layer to the nuclei particles Ry, starts to present a
decreasing trend.

Under the assumption that both the granules and nuclei
particles are spherical, R, could be converted into the ratio
of layer thickness to granule radius, Rq:

1

3(1+Rm)-(pNj

Pa

where py and p, are the average apparent densities of the
nuclei particles and iron ore granules of each type, respec-
tively. Furthermore, the average adhering layer thickness of
each granule size fraction could be estimated by the prod-
uct of Ry (as shown in Fig. 4(b)) and the geometric mean
granule radius of each granule size fraction. (The geometric
mean granule size of +8.0 mm was determined as the aver-
age of 8.0 mm and 11.2 mm). The calculated results, as
shown in Fig. 4(c), illustrate that the average adhering layer
thickness increased with granule size, which indicate that at
the optimal moisture content, larger granules normally have
a thicker adhering layer than the smaller ones. This trend
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nearly agrees with the assumption proposed by Litster et
al® that layer thickness is proportional to nuclei particle
size if the mass ratio Ry, is constant. However, based on
the measurement results, R, is actually not independent on
the granule size. This is the reason why the fitting curves in
Fig. 4(c) are not linear trendlines. The curve of Granule A
is close to linear because Granule A has a relatively constant
R as shown in Fig. 4(a).

4.2. Analysis of Granule Sphericity

The average sphericity of iron ore granules as a function
of moisture content is shown in Fig. 5. The data indicate that
for all three granule types, the average granule sphericity
increased with moisture content. The main reason for the
ascending trend of granule sphericity with moisture is that
with increasing moisture, the nuclei particles were coated
with a thicker adhering layer (as shown in Fig. 4). Under the
tumbling effect during the granulation, the resultant granules
generally ended up with a higher sphericity. The order of
the sphericity between the granule types (dc > ¢a > ¢p) is
largely affected by the sphericity of the nuclei particles of
the iron ore types. The ore type having a higher sphericity
of nuclei particles usually resulted in the corresponding
granule type with a higher sphericity.

The relationship between the granule sphericity and gran-
ule size at the optimal moisture level is shown in Fig. 6.
Based on the measurement data, it can be seen that the gran-
ule sphericity slightly increased with granule size. The rea-
son for the upward trend lies in the advantage of the larger
nuclei particles in attaching fine and intermediate particles,
due to their higher momentum,” over the smaller nuclei
particles. As a result, the larger granules ended up with
a relatively thicker adhering layer, as shown in Fig. 4(c).
However, as the moisture content reached the optimal level,
this advantage had become less significant. This is because
with proper moisture addition, most smaller granules could
be also coated with a relatively complete adhering layer like
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the larger ones. Therefore, the granule sphericity gradually
became independent of granule size, which explained the
low slope of the upward trend in Fig. 6.

4.3. Analysis of Apparent Density

The measurement results of the apparent density of iron
ore granules with full size distribution are summarised in
Fig. 7(a). The data indicate that the apparent density gener-
ally decreased with the increase of moisture content. The
thickness of the adhering layer, as mentioned in Section
4.1, is strongly dependent on the amount of the available
moisture present on the ore particle surface. With more
water added, the increasing binding forces lead to a higher
chance of incorporating the intermediate particles to the
layer. The density of the adhering layer, due to its highly
porous structure, is normally lower than value of nuclei
particles. Therefore, the apparent density of the iron ore
granules, assuming the layer porosity is constant, generally
decreases with the mass ratio of layer to nuclei particles.
Note that although the R, of Granule A is larger than the
values of Granules B and C at the same moisture content (as
shown in Fig. 3), the average apparent density of Granule A
is still larger than the values of Granules B and C over the
studied moisture range. This is because Ore A has a higher
apparent density (3.76 g/cm®) than Ore B (3.38 g/cm®) and
Ore C (3.05 g/cm?), as is shown in Table 2. Therefore, it
can be seen that the apparent density of iron ore granules
Pa is a complex parameter which is not only related to R,
but also significantly dependent on the density of the raw
ore particles.

Figure 7(a) also shows that the downward trend slope of
the apparent density varies with the granule types. This is
mainly because of the different particle characteristics, e.g.
porosity, sphericity and size distribution, between iron ore
types. With the increase of added moisture, the difference in
the porosity of nuclei particles affects the trends in the avail-
able moisture for granulation. The ore type having a lower
porosity (e.g. Ore A) can utilise a larger amount of avail-
able moisture for granulation at lower moisture contents and
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thus has a faster growth rate of adhering layer. As moisture
further increases, its granulation effectiveness gradually
reaches a balance while the ore with a higher porosity (e.g.
Ore C) starts the fast rate granulations with more available
moisture. In addition to porosity, particle shape also affects
the layer growth rate with increasing moisture content. The
present commonly-accepted proposal**** is that irregularly
shaped and rough particles are good nuclei, with a higher
chance of attaching fine and intermediate particles onto
granule layers. In summary, the overall effects of these ore
particle characteristics on the growth of adhering layer result
in the different trend slopes of the apparent density between
the studied granule types. In addition, a general correlation
between p, and R, is shown in Fig. 7(b).

The apparent density of the iron ore granules at the opti-
mal moisture content as a function of granule size is shown
in Fig. 8. The data show that the apparent density varied
between the granule size fractions and the trends were also
different between the granule types. This is probably due
to the heterogeneous nature of the raw material mixture
used in the granulation. Due to the different size distribu-
tions of the mixture components (as shown in Fig. 9), the
overall composition of the iron ore granules of each size
fraction is not constant. For instance, the components with
a relatively lower density (e.g. fluxes or coke breeze) may
have a higher chance of acting as nuclei particles in one
size fraction, which would decrease the average apparent
density of the iron ore granules of the corresponding size
range. In turn, a larger fraction of iron ore or return sinter
particles acting as nuclei in one size fraction would result in
an increased average apparent density of the corresponding
iron ore granules. In general, the reasons for the difference
of the average apparent density between size fractions are
quite complex. Further experimental studies are needed for
a clear explanation.
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4.4. Analysis of Young’s modulus

Figure 10 shows the measurement results of average
Young’s modulus of iron ore granules as a function of
moisture content. The data indicate that for all three granule
types, the Young’s modulus of iron ore granules generally
decreased with the moisture content. The reason is prob-
ably that at lower moisture contents, the nuclei particles,
as is shown in Fig. 3, were coated with a relatively thinner
adhering layer. In particular for some nuclei particles with
a high porosity, they were probably only coated with a thin
layer of ultrafine particles. The granules with such a struc-
ture generally have a relatively higher Young’s modulus. As
moisture increased, the layer thickness gradually increased.
This made the granules softer and more deformable since
the capillary forces holding the particles together were rela-
tively weak. Hence, the Young’s modulus of the granules
decreased.

Compared with Granules A and B, the average Young’s
modulus of Granule C was higher over the moisture range.
This is because Ore C has relatively lower adhering fines
smaller than 0.25 mm but higher nucleus component larger
than 1.0 mm (as shown in Table 1). Therefore, the nuclei
particles were coated with fewer fine particles compared
with those of Ores A and B, and thus the resultant granules
had a relatively thinner adhering layer. This comparison is
also shown in Fig. 4. Compared with Granules B and C,
Granule A had a less steep downward trend at the higher
moisture contents. This is probably because compared with
Granules B and C, Granule A already had a relatively com-
plete and stable adhering layer within the first half of the
moisture range (Wuc < 7.5 wt.%). As moisture content fur-
ther increased, the growth of the adhering layer for Granule
A gradually reached an equilibrium®*® in which there was
balance between the incorporation and detachment of the
fine and intermediate particles via interparticle collisions.
Therefore, the layer growth gradually slowed down and the
layer thickness became constant. As a result, the Young’s
modulus of granules also reached a relatively stable state.
Similar to Granule A, for Granules B and C there may also
exist a corresponding moisture content at which the slope
of the curve starts to change obviously, however, this is
likely to occur at higher moisture contents because of their
relatively higher water holding capacity (WHC).

The measured Young’s modulus of the iron ore granules
at the optimal moisture contents as a function of granule size
are shown in Fig. 11(a). The data indicate that for each gran-
ule type, the Young’s modulus showed a general downward
trend with the increase of granule size. This downward trend
is because the smaller granules normally had a relatively
thinner adhering layer, as shown in Fig. 4(c), and thus were
not as deformable as the larger ones. Figure 11(b) presents
the relationship between the Young’s modulus of the iron
ore granules at the optimal moisture and the adhering layer
thickness. This relationship was obtained based on the data
shown in Figs. 4(c) and 11(a). The trend indicates that as
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the thickness of the granule adhering layer increased, the
Young’s modulus showed a similar downward trend to the
one shown in Fig. 11(a).

4.5. Analysis of Static Friction Coefficient

The measurement results of the average static friction
coefficient of iron ore granules as a function of moisture are
shown in Fig. 12(a). Based on the data, it can be seen that
the friction coefficient of Granule A has a linear trend with
the moisture content while for Granules B and C, the cor-
responding trends are parabolic. The reason for the upward
trend of Granule A is probably that as the available moisture
content increased, more intermediate particles were incorpo-
rated into the adhering layer due to the increase of capillary
forces, which could effectively coarsen the granule surface.
Furthermore, increasing moisture also led to the increase of
the adhesive force®® between the particles attached on the
granule surface and the testing plate surface, which also
contributed to the increase of the apparent static friction
coefficient. For Granules B and C, the average static friction
coefficient first showed a higher value at the lower moisture
contents because a large proportion of granules were still
poorly coated with a discontinuous adhering layer due to
the high porosity of their nuclei particles. The surface of
these granules was relatively rougher than their counterparts
of Granule A. As moisture increased, the adhering layer
gradually thickened from hardly covering the nuclei particle
to incorporating enough adhering fines into the growing
layer. Similar to Granule A, as a result of the coarsening of
granule surface and the increase of adhesion, the average
static friction coefficients of Granules B and C increased
with moisture content.

The positions of the turning points of the parabolic curves
shown in Fig. 12(a) are assumed to be related to the proper-
ties of granule types. To prove this assumption, the static
friction coefficients i are plotted as a function of the ratio
of moisture content to the optimal moisture content (MC/
Wopt) for the three granule types as shown in Fig. 12(b). It is
noticeable that the minima in the curves for Granules B and
C occur at a MC/Wy of around 0.9. By testing all of the iron
ores over the same moisture range, the Granule A samples
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did not reach a sufficiently low value of MC/W,, to exhibit a
minimum. However, it is assumed that this would also occur
for Granule A at a similar position to Granules B and C.

The relationships between the static friction coefficient
and granule size at the optimal moisture levels are shown
in Fig. 13. The results indicate that for all the granule types,
the static friction coefficients slightly increased with a
smaller slope. The upward trend was attributed to the differ-
ence of the adhering layer thickness between the smaller and
larger granules, as mentioned in Section 4.1. However, as
the moisture content reached the optimal level, the smaller
granules started to incorporate some intermediate particles
onto their adhering layers as well. Hence, the surface rough-
ness of the smaller granules became close to the value of the
larger ones, which explained the low slope of the upward
trend in Fig. 13.

4.6. Analysis of Rolling Friction Coefficient
The measurement results of the average rolling friction
coefficient as a function of granule moisture are shown in
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Fig. 14(a). For all three granule types, the data show the
parabolic-like trends in which the rolling friction coefficient
first decreased and then increased with moisture content.
The descending part of the trend is probably because of
the increase of granule sphericity with increasing moisture
content, as is shown in Fig. 5. The increase of granule
sphericity may effectively decrease the rolling resistance
acting on the granules. The ascending part of the trend is
probably because of the increased adhesive force between
the granule surface and the plate surface with increasing
moisture content. The increase of adhesion enhanced the
rolling resistance acting on the granules.’’® Based on the
above considerations, it is assumed that at lower levels of
moisture, the increase in granule sphericity was the main
reason that contributed to the decrease in rolling resistance.
With the increase of moisture, this effect was being opposed
by the increase of adhesive force. At the higher moisture
contents, the influence of adhesive force was thought to
be dominant and the net effect caused rolling friction coef-
ficient to increase.

Due to the different particle characteristics between the
ore types, the position of the turning point of the trend
for each granule type is different. Similar to the moisture
content normalisation for the static friction coefficient p
as shown in Fig. 12(b), the rolling friction coefficients
for the three granule types are also plotted as a function
of MC/W,p as shown in Fig. 14(b). The minimum of each
curve occurs at a similar value of MC/Wy (between 1.0 to
1.1), suggesting that the shape of the . curve is also largely
dependent on the optimal moisture content W, of iron ore
granule types. Furthermore, it is anticipated that the MC/
Wope at the minima of the curves for s and u. would occur
at a value of around 1.0, although the specific values for
the cases of ls and y, are slightly different. The difference
in the location of the minima is attributed to differences in
the competing mechanisms in each case. Firstly, regard-
ing [, we believe the parabolic curve shown in Fig. 12 is
mainly due to the competing mechanisms of 1) changing
granule surface roughness due to the growth of the adhering
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layer and 2) the increase in the inter-granule adhesive force
with increasing moisture content. As the moisture content
increased within the lower range the nuclei particles, which
were irregular in shape, were gradually coated by more
fine particles and thus the resultant granule surface became
smoother. As the moisture content further increased, the
capillary forces became larger and, as a result, an increas-
ing number of intermediate particles attached to the adher-
ing layer of the granules. With more intermediate particles
attached, the granule surface became rougher. At the same
time, we assume that the inter-granule adhesive force
increased with increasing moisture content. Therefore, due
to interaction of these two mechanisms, the resultant curve
of U is obtained as shown in Fig. 12.

Secondly, regarding (i, the parabolic curve shown in Fig.
14 is mainly due to the competing mechanisms of 1) the
increase in granule sphericity and 2) increase in the inter-
granule adhesive force with increasing moisture content. As
the moisture content increased in the low range the increase
in granule sphericity was dominant and contributed to the
decrease in i As moisture content further increased to
about 1.0-1.1 times of W, the inter-granule adhesive force
increased significantly, finally resulting an upward trend of
L at the higher moisture contents.

The relationships between the rolling friction coefficient
and granule size at the optimal moisture levels are shown
in Fig. 15. The measurement data of all three granule types
generally show that the rolling friction coefficient does not
strongly depend on the granule size and shows a slight
downward trend over the considered size range. This is
because at the optimal moisture contents, the granule sphe-
ricity, as shown in Fig. 6, had become nearly independent
of granule size and showed a slight upward trend over the
size range.

4.7. Discussion of the Impact of Granule Size

The granules for each ore type generally increase in
size with increasing moisture content as expected (Fig.
16(a)), with a decreasing proportion of granules with a size
smaller than 1 mm (Fig. 16(b)). Where possible, granule
properties were measured for the full size distribution of
granules, however, for a number of measurement tech-
niques (e.g. mass ratio of adhering layer to nuclei particles,
granule sphericity and Young’s modulus, etc.), it was not
possible to obtain accurate measurements for the —1 mm
size fraction. It is acknowledged that this size fraction has
a non-negligible impact on the permeability of the sinter
bed, however, at W, the proportion of these granules is
small (as shown by the underlined points in Fig. 16(b). In
most cases the granule properties are not a strong function
of granule size (e.g. granule sphericity, Young’s modulus
and the coefficients of static and rolling frictions) and the
properties of small granules could be extrapolated from the
measured data if required.

0.36
£ 034 | ° L4
< 03 ._____._ ® o oo o
5 032 | e & ;---. ----- e __.
) ] [P
£ 030 --m... 9 % on
S mEm T -- L
2 028 | ma A mm g
3 A A gt
S 02| SEE—(g———___ -
= a A A A
2 o024 t A a A
=o @ Granule A
o 022  mGranule B
0.20 AGranule C \ \ ,
1.0 30 50 70 90 110 130

Granule size (mm)
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5. Conclusions

Some key property parameters, including apparent den-
sity, Young’s modulus and the coefficients of static and
rolling frictions, of the iron ore granules made from three
types of single Australian iron ores were measured. The
relationship between each parameter and moisture content
was examined. The variation in each parameter with granule
size was also investigated at the optimal moisture content
for each granule type. The conclusions obtained are as fol-
lows:

(1) The apparent density of iron ore granules generally
decreased with moisture content for all granule types. The
slope of the downward trend varied with granule types due
to the different particle characteristics between the ore types.
The apparent density varied between granule size fractions
since the overall composition of the iron ore granules of
each size fraction is not constant.

(2) The Young’s modulus of iron ore granules gener-
ally decreased with moisture content. The ore type with a
coarser size distribution tended to generate granules with a
higher Young’s modulus. At the optimal moisture content,
the Young’s modulus showed a slight downward trend with
granule size.

(3) Within the considered moisture range, the static
friction coefficient of Granule A presented a monotonously
increasing trend while for Granules B and C, their static fric-
tion coefficients experienced a minimum value as moisture
content increased. At the optimal moisture content, the static
friction coefficients increased slightly with granule size.

(4) The rolling friction coefficient went through a
minimum value as moisture content increased. The moisture
content corresponding to the minimum value varied with
granule type due to the different particle characteristics of

© 2019 IS

the ore types. At the optimal moisture content, the rolling
friction coefficient was nearly independent of granule size.
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