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Depletion of high grade lump ore and increased blast furnace productivity with the use of prepared burden has
resulted in increased use of iron ore sinter and pellets. There is considerable interest in including fine iron ore
concentrate andmicropellets into sintermixes. Thesematerials need to be accommodated in the sintermixwith-
out adversely affecting the permeability of the sinter bed. Addition offine concentrate andmicropellets to a sinter
mixwill significantly affect the particle size distribution of the granules in the sinter feed. This paper describes the
prediction of granule size distribution using the model developed by Litster. The effect of concentrate and
micropellet addition on the model accuracy was evaluated by comparing the experimental and predicted Sauter
mean diameters of the granules and evaluating the mean absolute percentage error (MAPE). It was confirmed
that Litster's model can be applied to the tested sinter mixtures to predict the mean granule size, with a MAPE
of less than 10%. The results of themodel also provide a scope for comparingmean granule sizes, particle growth
and the ratio of finer to nuclei particles as the amounts of concentrate andmicropellets increase. The granule size
decreased with addition of concentrate while the particle growth and ratio of finer to nuclei particles increased.
For sintermixtures that containmicropellets, the granule size, particle growth and ratio of finer to nuclei particles
decreased with an increase in the mass fraction of micropellets.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Granulation is the first stage in the agglomeration of iron ore for
sinter production. Fine iron ores, fluxes, coke breeze and other fine
materials (collected dusts, mill scale) are mixed together to form large
and bigger agglomerates [1–4]. The primary objective of the granulation
process is to produce granules with large mean size and narrow size
distribution, which will result in an optimum sinter bed permeability
[1–7].

The understanding of the granulation process has recently gained
considerable attention in order to predict the properties of granules. In
this regard, population balances were used to investigate averaged
properties of thewhole population rather than the behaviour of each in-
dividual particle [8–17]. For instance, the granule size distribution of
granular materials was computed by solving the population balances
[8–17]. Similarly, models have been developed to predict the size distri-
bution of the agglomerates in the granulation of iron ore for sinter
[10–17]. Due to the number of parameters involved and the complexity
of the mechanisms, few successful models have been described in the
open literature. The models are however scarce in the open literature

due to the complexity of mechanisms involved during the process and
the huge number of parameters [8–17].

Previous studies reported that the properties of the sinter feed deter-
mine themechanism of granulation as well as the granule size distribu-
tion [8–17]. Furui et al. [8] and Vidal et al. [9] reported that the size
distribution of the iron ore can be classified into nuclei (coarse parti-
cles), intermediate particles and adhering fines. During the granulation
process, iron ore granules are formedby the adhering of fineparticles on
the surface of coarse particles. The intermediate sized particles can act
as either nuclei or adhering particles, ormay not takepart in granulation
[8–9]. Similar mechanisms were proposed by Litster et al. [10,11],
Waters et al. [12] and Rankin et al. [13]. These authors defined a cut-
off size where feed particles can act as nuclei or adhering fines, but
they did not consider any particle size as intermediate [10–13]. Litster
et al. [7,10,11] and Roller et al. [14] suggested that the size distribution
of fines might promote the two-stage mechanism of the granulation
process. Initially, finer material adheres onto nuclei particles and form
a layer which embeds intermediate particles to form bigger granules.
Vantaranama et al. [15] and Kapur et al. [16] reported that granulation
occurs through a two-stage mechanism where the intermediates will
take part in granulation as long as there is a sufficient amount of adhering
fines present in the system. Fines first adhere onto intermediate and
coarse particles and intermediate size granules then start to attach onto
coarse granules to produce bigger granules. Litster et al. [17] also pro-
posed a two-stage growth mechanism. During the first stage, some
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intermediate particles change roles from nuclei to layering particles.
The second stage is slow and can be enhanced by collisions before inter-
mediate particles are incorporated into the adhering layer.

High grade lump ore resources are becoming depleted and themin-
ing of lower grade deposits results in theproductionof a greater amount
of fine concentrate. This finematerial is added to sinter feed as received
or as micropellets [6–9,17–23]. Their incorporation in the sinter feed af-
fects the mechanism of granulation and the granule size distribution.
Most studies on the granulation of iron ore for sinter production agree
that granules predominantly form through a layering process. Fine par-
ticles have a higher affinity for layering than coarser primary particles,
which results in a granule structure that consists of a layer of fine parti-
cles around the nuclei particles [6–9,17–23]. Nagano et al. [6] reported
that the volume fraction of very fine particles (b0.125 mm) must be
low in order to enhance the quality of the granules. Roller [14] stated
that fines are necessary for the adhering of larger particles onto the
granules already formed. Shatokha et al. [22] showed that concentrate
addition causes an increase in microgranules that act as seeds or nuclei.
This effect hinders the process of growth of granules. The adhering fines
are not enough to adhere onto the nucleus particles, resulting in the
production of granules of smaller size. This mechanism deviates from
adhering of fines onto coarse particles towards a complex mechanism
[22]. The addition of micropellets also causes a decrease in the volume
fraction of fines that are expected to adhere onto the nuclei or onto
the micropellet surface during the granulation process. In both cases,
the number of seeds (coarse particles) onto which the adhering fines
are layered, increases to the detriment of the volume fraction of adhering
fines. This effect limits the growth of granules, resulting in a reduction of
themean granule size [22]. Similarly, Nyembwe et al. [23] reported that a
partial replacement of iron ore fines by concentrate andmicropellets re-
sults in a complex granulationmechanism. Itwas found that the incorpo-
ration of concentrate and micropellets in sinter feeds produce granules
with smaller Sauter mean diameter [23].

Although available models for the granulation of iron ore for sinter
production are limited, the model of Litster is widely used in laboratory-
scale batch granulation. It describes a population balance based on the
adherence of fines onto large particles [10,11]. This model was initially
validated for predicting the granule size distribution in granulated mix-
tures for single sinter feeds. For a broader range of sinter feeds, its validity
was verified by the work of Waters et al. [12] and Litster et al. [17]. Good
agreement was reached between the predicted and experimental values
of the Sauter mean diameter.

This paper presents the validation of Litster's model for iron sinter
feeds containing concentrate and micropellets. The mass fractions of
concentrate and micropellets were varied from 10% to 40% (with 10%
increments). Model predictions were compared to the experimental
size distribution and Sauter mean diameter of granules. Particle growth
was also investigated to identify the influence of concentrate and
micropellet addition on the granulation process.

2. Background to Litster's model

Population balance equations are crucial in the granulation process
because they provide a framework for size distribution calculation
[8–17]. The development of the population balance model depends on
the mechanisms that occur in granulation processes [8–17]. In the
case of iron ore granulation the development of the population balance
is complex because of the ambiguous behaviour of intermediate particles
[8–16]. The particle size distribution of sinter feed is wide and is catego-
rized as nuclei (coarse particles), intermediate particles and adhering
fines. The intermediate particles can act as nuclei, adhering or may not
take part in the granulation process [8–17].

Litster et al. [10,11] developed a population balance model based on
the layering of finer material onto nuclei particles. This model does not
take in account the kinetic aspects of the process and predict the final
granule size distribution by relating the masses of particles in the feed

to the final mass of the granules. Litster et al. [10,11] primarily defined
a partition coefficient that represents the probability for particles of a
certain size fraction (x) to act as nuclei or seeds. In general, particles
that exclusively act as nuclei have a partition coefficient of 1, while
thosewith no probability of being used as nuclei have a partition coeffi-
cient of 0. Therefore particles with a partition coefficient of 0 only report
to the adhering layer.

For any sinter mixture, Litster et al. (1986) described the partition
coefficient as a lognormal distribution function:

α xð Þ ¼ 1
σ
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where σ is a measure of the spread of size range of intermediate parti-
cles and x0.5 is the particle size with a partition coefficient of 0.5.

From a mathematical point of view, the population balance equa-
tions can determine how changes to input conditions affect the size
distribution of the product. In this work, the full description of Litster's
model was not given but could be found elsewhere [10–13]. To develop
the model, the following assumptions were considered:

(1) Granulationmerely occurs by layering of fines onto the surface of
larger nuclei particles and the extent of coalescence is minimal.

(2) For each size fraction i, the fraction of particles that act as nuclei
can be represented by a partition coefficient.

(3) The effects of the particle shape, density, and chemical composi-
tion are assumed to be secondary.

(4) The adhering fine to nuclei ratio (R) is independent of the size of
the nuclei particle.

(5) The absorption of moisture by particles is independent of particle
size and size distribution.

Litster et al. [10,11] suggested that primary particles which act as
nucleiwill appear in granules of the same size fraction, or thenext larger
size fraction due to an increase in size and adherence of fines onto the
nuclei particles. It was experimentally established that the partition
coefficient or the proportion of particles of a given size i that act as
nuclei can be expressed using Eq. (2).

αi ¼
Mii þMiiþ1Xn

j¼1
Mij

ð2Þ

where Mij is the mass of particles of size fraction i which are found in
granules of size fraction j.

Waters et al. [13] extended the model of Lister to a multicomponent
system that is used in real granulation processes. Based on a one-
dimensional population balance equation, the granule size of each size
fraction was related to the corresponding particle size of sinter feed
and the thickness of adhering fines. For a given size fraction (i), the
corresponding granule size can be expressed by:

xgi ¼ xi þ 2 Δi ð3Þ

where xgi, xi andΔi are the top size of granule size i, the top size of particle
size fraction i, and the layer thickness respectively.

The thickness of the adhering layer is related to the mean size and
mass ratio of adhering fines to nuclei particles:

2Δi ¼
Rixi
K

∅i ð4Þ

where Ri is the mass ratio of the adhering layer to nuclei for granules in
size fraction i. xi is the geometric mean size of the size fraction i. ϕi is a
lumped parameter, depending on the density of each component in
the feed. K is a parameter which relates layer thickness to the mass of
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