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Preface

After the Second World War, there was in many countries a great back-
log demand in nearly all branches of life, which resulted i.a. in a world-
wide upswing in the iron and steel industry. Many damaged or destroyed
production facilities had to be replaced, reconstructed and extended. This
was a good opportunity of revising the production concept of the iron and
steel industry and introducing innovations where it was possible and pro-
mising.

This renewal covered i.a. two important sectors. On the one hand, the
dimensions of the production units and auxiliary equipment were extend-
ed to such a degree that considerably higher capacities were achieved.
An interesting example is the extension of the blast furnace volume and
hearth diameters up to 15 m at a pig iron production of about 10,000 tons
per day.

In addition, remarkable progress was made by improving existing pro-
cess parameters and introducing new technologies. Some of these innova-
tions had already been formerly known, but not yet applied. A few exam-
ples of such developments in connection with ore preparation and particu-
larly with the agglomeration technology are given below:

1. Physical Preparation of Blast Furnace Burden by Crushing, Screening
and Classification of Constituents

Already in the thirties, it was known to many experts that it is advisable
to classify the blast furnace burden before it is used 2). However, this idea
was not consistently realized until about 1950. From this date onwards,
raw ores, coke and other burden constituents were crushed, screened and
supplied to the blast furnace in a narrow size range. Increasing amounts of
fine ores emerged from this operation and required a strong extension of
sinter plant capacity, as shown in Figures 9 and 10, chapter 1. As a result of
these measures, by using a physically prepared burden with rising sinter
portions, the gas permeability of the blast furnace burden greatly improv-
ed the pig iron capacity increased and the coke consumption decreased.
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2. Thermal Separation of Volatile Ballast Materials from Raw Materials

A further improvement of the blast furnace operation was achieved by
removal of volatile ballast material, such as H,0 or CO,, from raw ores
during sintering or pelletizing before they enter the blast furnace. Such an
ore preparation is of particular importance when Minette or limonite ores
have to be treated. There are plants in which the blast furnace burden con-

sists of 100% sinter.

3. Mechanical Beneficiation of Ores by Separation
of Mineral Ballast Materials

By mechanical beneficiation, it is possible to remove a great portion of
mineral ballast components from the iron ores before they enter the blast
furnace. But the concentrates so produced are very fine-grained, and ag-
glomeration is thus necessary. This agglomeration is achieved by sintering
and pelletizing. The pelletizing process was introduced on an industrial
scale as a new agglomeration method and an alternative to sintering.

4. Change of Chemical Composition of Ores During Agglomeration

The possibility of modifying the chemical composition of the ores by
using corresponding additives during agglomeration leads to the desired
change or improvement of metallurgical properties of the agglomerates.

From this procedure resulted the production of basic or even over-basic
agglomerates, as already proposed in 1938 2). The development of the ag-
glomeration technology in the form of sintering or pelletizing is closely
connected with the promotion of the blast furnace technology.

Pellets offer additional advantages due to their good transportability.
With the introduction of pellets into the world market, the hope of many
metallurgists — to produce steel from ores by direct reduction and bypass
the blast furnace — came closer to realisation.

The increasing and successful efforts to improve the direct reduction
processes were one of the most important consequences of the newly deve-
loped pelletizing technology.
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Introduction

In contrast to sintering, for which the down-draft sintering method is
only succesfully employed, pellets are today indurated according to three
methods: in the shaft furnace, in grate-kilns and on travelling grates.

The greatly varying properties of ores resulting from their origin,
genesis, shape, crystal form and chemical composition are to be taken into
account for ore preparation and pelletizing in order to produce at any time
pellets of uniform and good quality. Nowadays, measures are known, by
which the differences in the ore properties can be compensated. However,
the corresponding parameters have to be variable and selected according
to the nature of ores involved. In practice, this means that the design of
new plants or the conversion of existing ones to other ore types cannot be
based on generalized programmes. In each particular case, it is practically
unavoidable to find out the optimum parameters by the performance of
tests. This is a decisive factor for the concept and composition of this
book, which virtually relies on experimental knowledge and comprises the
following chapters:

— The most important development phases for pelletizing and the under-
lying causes are described in Chapter 1.

— The fundamentals for successful green ball formation and induration
are described in Chapter 2.

— Chapter 3 deals with the utilizable ores and additives as well as their
preparation for processing into pellets.

— In Chapter 4 adequately equipped laboratories and the testing of pellet
quality according to different test standards are described.

— The efficiency and kind of the individual influencing factors are to be
found out in adequate tests for obtaining a uniform pellet quality. These
considerations are the subject of Chapter 5.

— The decisive quality criterion is the behaviour of pellets during reduc-
tion, Chapter 6. Experiments and considerations in connection with oxy-
gen removal are described although despite many efforts some question
have not yet been fully clarified.
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— Special processes for pellet induration and the possibilities of utilizing
unusual raw materials are dealt with in Chapter 7.

— A survey of the main equipment and furnaces used is given in Chapters
8 and 9. At the same time, these chapters show the importance of the
cooperation of process engineers, mechanical engineers and designers
for ensuring a successful process application.

— Furthermore, some comments on plant design and automatic process
control are made. A direct conversion of the collected data to other con-
ditions should be considered carefully to avoid misinterpretation,
Chapter 10.

— The behaviour of pellets in the blast furnace or in direct reduction
plants is very essential for justifying the application of the pelletizing
process and its future importance, Chapters 11 and 12.

— In order not to interrupt the continuity of the various chapters by theo-
retical or mathematical considerations, some interesting formulae and
equations are compiled in Chapter 13 and simultaneously references are
made to relevant literature.

This book will neither be a manual for the construction of industrial
pelletizing plants nor gives it precise instructions for peliet production
since the underlying conditions considerably differ due to the great
variety of raw material characteristics.

The purpose of this book is rather to investigate and to describe the
possibilities and methods to produce pellets of good and uniform
quality irrespective of the varying properties of raw materials.

The existing and ever increasing amount of literature was considered in-
sofar as it was useful for the confirmation and support of relevant
theories, parameters and correlations.



1 Definition and Development of Pelletizing
Process

1.1 Definition

Pellets are balls produced from concentrates and natural iron ores of
different mineralogical and chemical composition with some remarkable
properties such as:

— uniform size distribution within a main range of 9—15 mm diameter

— high and even porosity of 25—30%

— high iron content of more than 63% iron

— practically no loss on ignition or volatiles

— uniform mineralogical composition in the form of an easily reducible
hematite or hematite-bearing compounds

— high and uniform mechanical strength

— low tendency to abrasion and good behaviour during transportation

— sufficient mechanical strength even at thermal stress under reducing
atmosphere.

1.1.1 Differentation Against Other Iron Ore Agglomerates

The simplest and earliest process for agglomerating fine-grained raw
materials is briguetting. Fine-grained iron ores, for example, are pressed
into briquettes with the addition of some water or another binder under
high mechanical pressure. These briquettes may undergo direct further
treatment or thermal processing before their use. Although their metallur-
gical behaviour in melting or reduction furnaces is very good, the iron ore
briquetting could not make headway since the processing costs are relati-
vely high and, above all, the production capacity of briquetting units is li-
mited when compared with the enormous quantities of fine ores or con-
centrates to be agglomerated.

The briquetting process is still utilized to agglomerate small quantities of
dust or other circulating materials. This process has, of late, acquired
growing importance for briquetting of fine-grained sponge iron.
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Sinter Pellets Briquettes
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Fig. 1. Comparison of Briquettes, Pellets and Sinter

The second“and presently most important agglomeration process is
down-draught sintering. It differs from pelletizing by various character-
istics, such as:

— feed of coarser-grained ore particles up to a diameter of 8 mm

— coke breeze as main energy source

— heating up of the granulated mix to slightly above the softening
temperature

~— the final product consists of a spongy sinter cake, partly molten, which
by crushing, grinding and screening, is brought to the necessary grain
size of 5—30 or 5—50 mm. Fig. 1 shows the different outer shape of
the agglomerates produced according to the three processes.

1.1.2 Principal Process Steps for the Production of Pellets

The first stage is the formation of green balls. Fine-grained iron ores
having adequate size distribution are rolled with the addition of a wetting
liquid, usually water, in suitable devices such as drums or discs. In this
way, wet balls are formed, the so-called green pellets. During the ball
formation, it is also possible to use other additives for improving the
properties of green and fired pellets, e.g. bentonite, and for changing the
metallurgical properties of the indurated pellets, e.g. limestone or do-
lomite.

In a second step the green pellets are dried and indurated to obtain the
typical features of pellets. This is achieved, in most cases, by careful
heating under oxidizing atmosphere to just below the softening point of the
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ores used. During this heating, not only the crystalline structure is changed
but also other bonds appear, such as reactions between slag-forming con-
stituents — both between each other and with iron oxides.

The hot pellets are carefully cooled in order to maintain as far as
possible the resulting crystalline structures and other bonds as well as to
avoid tension cracks.

Green pellets can also be indurated by hydraulically acting binders, e.g.
cement or calcium hydroxide, possibly by using steam under high
pressure. However, some properties of such pellets differ from thermally
indurated pellets (see Chap. 7).

1.2 Development of Pelletizing Process

Iron ore agglomerates, be they briquettes, sinter or pellets, are not the
final products. They are formed from such fine-grained iron ores which, in
this physical shape, cannot be utilized and serve as an intermediate product
on the way from the ore mine to the blast furnace or direct reduction
plant. The sole purpose of agglomerate production is to keep the cost price
of pig iron or steel at the lowest level. For many years until about the turn
of the century, the iron ores charged to blast furnaces had been crushed and
partly classified either at the mine or at the iron and steel works. In this
case lump ores were preferred although small portions of fine ores could
be tolerated.

As a result the fines which were not utilised formed continuously grow-
ing dumps with no economic use. They could only be employed to a
limited extent in the blast furnace since they decreased the gas perme-
ability of the blast furnace burden in an irregular manner and disturbed
the blast furnace operation.

Moreover, a great part of these fines was blown out of the blast furnace
and had to be recovered as flue dust. These dust quantities represented a
considerable iron value which, like the unused fine ore dumps, was lost;
this was of lesser importance in countries with great iron reserves than in
those with small iron reserves. The amount of the accumulating dust
depends largely on the ore type treated. In the case of Minette or other
ores with a high loss of ignition, it is substantially greater than in the case
of high-grade, dense ores with a small loss on ignition.

Possibilities were examined and tests to agglomerate the flue dust by
sintering or briguetting and to recycle it to the blast furnace were started at
approximately the turn of the century in various industrialised countries
although with differing intensities. Countries with important iron reserves
were less interested in this agglomeration. They considered sintering as a
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“necessary evil” ). The situation was quite different in countries with
small ore reserves. Here the development of the sinter process continued
intensively and not only flue dust but also other iron-bearing secondary
raw materials such as pyrite cinders, mill scale or red mud were of great
interest. The sintering of fines, obtained during the crushing and screening
of unclassified lump ores, was also gaining significance.

At about the same time, some researchers were looking for an alterna-
tive process to sintering, especially in areas in which very fine ores or con-
centrates were available. This was the beginning of the pelletizing process.

1.2.1 First Phase, Alternative to Sintering

The different stages of development, progress and speed of introduction
of the sintering process, especially if very fine iron ores were to be treated,
led to considerations for improving the process and finally for developing
an alternative to sintering, namely pelletizing,

Above all, countries such as Sweden or Germany ?), which in the very
early days had already been compelled to give particular attention to
sintering, had to solve the problem of processing increasing amounts of
very fine concentrates. Upon using major portions of such fines in the
sinter mix, limits on the specific production capacity of sinter plants
became evident. This brought about, first in Sweden, the development of
pelletizing. Concentrates were no longer added to the sinter mix but were
separately formed into balls with the addition of water and then indurated
by using binders or in a thermal way. Such a patent had already been
granted in 1912 under No. 35124 to the Swede A. G. Andersson. Un-
fortunately, no further details or metallurgical results were published 3).
Almost simultaneously, similar research and development work was
started in Germany. In 1913, a German patent No. 289606 was granted to
the inventor C. A. Brackelsberg. This patent protects a process according
to which ore fines were mixed with water or binders, formed into balls and
indurated at low temperatures.

No consequences resulted from the Swedish patent whereas Brackels-
berg continued his work *). One of the most interesting test results was the
knowledge that the pellets (referred to as “GEROELL” derivated from roll-
ing) could be more quickly reduced than lump ore or sinter made of the
same raw material. In the course of this work, a pilot plant ®) with a
capacity of 120 tons per day “GEROELL” was built in 1926 for Krupp at
the Rheinhausen steel plant. This plant was reconstructed in 1935, and
already showed essential features of the pelletizing process. This pilot plant
was dismantled in 1937 to make available the area required for the con-
struction of a large sinter plant.
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In this way, the first development phase came to an abrupt end. The
pelletizing was forgotten. Sintering spread as the only important agglom-
eration process throughout the entire world. The pelletizing know-how
was practically lost until the way was paved for the second phase,
especially in the USA and again in Sweden.

1.2.2 Second Phase, Pellets from Concentrates

The second phase was initiated by the problem of securing the ore
supply from the Lake Superior region, especially from the Mesabi Range.
From there, many iron and steel works in the United States had hitherto
been supplied with high-grade lump ores and coarse-grained concentrates
with an iron content of 50% and more, demanding no further treatment.
During and at the end of the Second World War, the reserves of such
high-grade ores were on the decline so that other sources had to be
opened up. One of the richest deposits in the Mesabi Range contained
large ore reserves, the well-known “taconites” which have a low iron
content, about 30% total iron, almost exclusively in the form of magnetite.
These taconites are mechanically very hard. To liberate the magnetite,
very finely disseminated through the ore, a very fine grinding was
necessary which, after magnetite separation, yielded concentrates with
more than 85% fines minus 325 mesh (0.044 mm).

A typical analysis of such a concentrate, having been treated in the plant
of Reserve Mining Comp., Silver Bay Minnesota, is shown in Table 1 9).

Table 1. Chemical composition and grain structure of magnetite concentrate in pel-
let plant of Reserve Mining Company °)

Chemical analysis, dry Structure
% mesh wt-% Cumu-

lative
wt-%

Fe 65.5 + 100 0.1 0.1

Sio, 7.8 +150 0.6 0.7

AlO; 0.5 +200 1.5 2.2

CaO 0.5 +270 4.0 6.2

MgO 0.6 +325 35 9.7

Mn 0.25 +400 9.0 18.7

P 0.032 +500 84 27.1

S 0.003 —500 72.9 100.0

TiO, 0.10

Fe?* 21.75 Specific

Moisture, 10.00 Surface Area

% H,O of Pellet Feed 1700 cm?/g
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The high fine ore portion of above 96% minus 325 mesh is too fine-grained
for efficient sintering due to the low permeability of the sinter mix.

Around 1943 intensive development of the pelletizing process for
taconite concentrates was started under guidance of and at the MINES
EXPERIMENTAL STATION OF THE UNIVERSITY OF MINNESOTA.

When this development work became known in Sweden, the Jernkon-
toret (Swedish iron and steel institute) in Stockholm founded a committee
in 1946 to apply concentrates 7), a historical curiosity in remembrance of
the patent specification by Andersson.

The work of the Swedish researchers, under the direction of Magnus
Tiegerschiold, soon led to the construction of several small industrial plants.
The pellets produced in these plants were, inter alia, used for direct
reduction of iron ores according to the Wiberg process with remarkable
success #). This was a first indication that pellets were particularly suitable
for direct reduction and it was a decisive impulse for the further
development of direct reduction processes. At first, pellet production and
further development of corresponding processes were limited to the two
above regions where particularly favourable conditions prevailed. The
concentrates produced there were so fine-grained that they could be
Jormed into green pellets without further grinding. Even if pelletizing
initiated an interesting development, other alternative processes for the ag-
glomeration of taconite concentrates were also tested. At almost the same
time that the first major publication on the development progress of the
new pelletizing process was made in 1944 °), the Oliver Mining Division of
U. S. Steel Corporation in Extaca, Virginia, Minnesota decided to develop
further, on a large scale, another agglomeration method, the so-called
“nodulizing process” for the production of nodules from fine-grained
taconite concentrates in a duff coal fired rotary kiln '°). At the same site a
sintering plant was built although normally such plants had hitherto been
erected near the blast furnaces. After a period of initial troubles, both
plants were started up and operated. However, after a few years, they were
shut down. The production of pellets — whose qualities were increasingly
gaining recognition — advanced so rapidly that from then onwards
pelletizing plants were exclusively built. In these plants, the ever-growing
quantities of concentrates produced could be processed successfully so that
the original goal of also opening up deposits with a low iron content was
fully achieved. Around 1955, the second phase of the pelletizing process
development was terminated with the start-up of the two large pelletizing
plants of Reserve Mining Co. and Erie Mining Co. with an annual capacity
of 12 million tons. The successful development of the different pelletizing
processes in the Mesabi Range is the result of intensive cooperation be-
tween big mining companies, e.g. Erie and Reserve Mining Co. with
science, the University of Minnesota as well as important engineering com-
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paries, contractors and suppliers. The latter could partly use machinery,
equipment and structures already known and approved. Two firing
systems for the induration of green pellets were employed on a large-scale.
Erie Mining used the shaft furnace '), and Reserve Mining a modified
sintering machine '). In Sweden, the shaft furnace was exclusively used
during this period.

Without the intention or compulsion of securing the future ore supply
from the Mesabi Range, development of the pelletizing process would
probably not have been started at this location.

1.2.3 Third Phase, Pellets from Ores

The close correlations between sintering and pelletizing became explicit
during both the first and second development phases. Since there was no
compulsion at that time to develop further the ingenious knowledge of
Andersson and Brackelsberg, the first promising steps to pelletizing were
soon forgotten.

In the second phase of development the sinter process was exclusively
confronted with ever-increasing quantities of very fine-grained magnetite
concentrates, so that the production capacity was closely limited. The
enormous quantities of concentrates and the necessity of finding a solution
to the problem gave the impetus to develop pelletizing up to a process
applicable to industrial operation. At that time, neither in the USA nor in
Sweden was there a need for pelletizing other ores than concentrates. The
third phase started from quite another situation.

Various newly developed steps for improving the sinter process were
modified and succesfully combined to form the basis for a new pelletizing
process variant for iron ores and mixtures. This process was developed in
parallel to the knowledge derived from the pelletizing of concentrates. The
sintering of iron ores had a very different importance in various countries
according to the availability of ore reserves. Consequently, the readiness to
give this process an adequate position within the context of pig iron
production in conjunction with the operation of the blast furnace differed
greatly. This was apparent at the end of the First World War as well as at
the beginning of and during the Second World War.

The necessity also to produce pig iron from low-grade fine-grained ores
resulted in intensified development work in the sintering field *?). This
development work referred both to process parameters and constructional
improvements of the necessary machinery and equipment. The most
recent development progress in sintering is described in a book by F.
Cappel and H. B. Wendeborn 2). Again after the Second World War in a
varied raw material situation highest production rates of the sinter
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Fig. 2. Influence of particle size on sinter productivity

machine at minimum fuel consumption for the production of agglomerate
were the conditions to be fulfilled. Flotation pyrite cinders and Swedish
concentrates constituted growing portions of the ore mix. The greater
fineness resulted in a reduced specific output (in tons sinter/m? area in
24 hours) as is clearly demonstrated in Fig. 2. With a rising proportion of
fines —0.2 mm a considerable output decrease was observed 3).

From this resulted the demand to keep the fines portion approximately
—0.2 mm as low as possible. For example, in Germany it was expected
that the portion —0.125 mm should not exceed 10% 2). The fine ores at
present available on the world market generally contain a much higher
percentage of fines. According to experience, a corresponding decrease of
output of sinter plants in operation throughout the world would be un-
avoidable. For the owners of such sinter plants supplied with ores from
mines all over the world and not from their own mines, this would mean
higher. prime costs for sinter and thus for pig iron.

The designers and suppliers of such sinter plants were also confronted
with the above problem. It was obvious that this unavoidable deficiency of
fine ores had to be compensated for. The separation of fines from the sinter
mix could be theoretically conceivable (but difficult to realise) as is
demonstrated by the test described below ).

A sinter mix consisting of 11 different ore components with a grain size
portion of about 40% —0.5 mm was sintered at a capacity of X tons/m? per
day after careful preparation. The same ore was screened at 0.5 mm and
only the coarser fraction was sintered. In this case, the capacity rose by
about 35% compared to the first test.

A second method of compensating the reduced capacity to be expected
would be the enlargement of the suction area of the sinter strand. How-
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ever, a sinter strand with a suction area designed for specific ores would not
be sufficiently flexible to compensate for the capacity fluctuations resulting
from varying ore mixtures and the correspondingly different fines portions.
Nor would the separation of the very fine particles or the extension of the
suction area be considered suitable measures to solve this problem.

1.2.3.1 The Two-Stage Granulation of the Sinter Mix

Finally, the introduction of a new process stage brought the expect-
ed solution. After the detrimental effect that excessive fines portion has
on the sinter output became known, the sinter mix permeability was im-
proved in intensive laboratory tests by further treatment of the pre-
pared sinter mix. In these tests the prepared mix was conveyed to a
second mixer in which it was additionally rolled. This process variant
is known as two-stage granulation (rerolling) and now forms part of most
of modern sinter plants in operation throughout the world. By reroll-
ing, the very fine particles adhere to coarser particles. . The ore mix
now contains small balls and ore particles with a size distribution of
about 0.5—8 mm. Micro-pellets are formed as can be seen from the
comparison shown in Fig.3. A normal sinter mix and a sinter mix
subjected to this after-treatment show distinct differences in the size
distribution and shape.

The rerolling apparatus, e.g. a drum, is equipped in a different way to a
normal mixing drum. It is practically identical to a balling drum.

The rolling effect and the different sintering time for some high-grade
iron ores with good sintering properties are shown in some tests described

Prepared sinter feed

After normal mixing After mixing and rerolling

Fig. 3. Piles of sinter mix with and without re-rolling
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below which were carried out with and without portions of fine-grained
flue dust *¥).

Venezuelan fine ores (mix A) are mixed with coke breeze, return fines
and water and are sintered at a production rate of 48 t/m?/24 h. During
rerolling, only a very slight output increase is observed. By the addition of
10% flue dust (mix B), the output drops to about 38 tons. By rerolling over
5 minutes the output is re-increased to the previous value (see Fig. 4). A
substantially lower specific output (about 22 t/m?/24 h) is obtained with
another ore mix having a high proportion of grains —0.2 mm. If this mix is
rerolled before sintering, the output can be gradually raised to more than
30 tons, which represents an increase of almost 38% (Fig. 5).

Marmal sinter mix LI
After 1 min rerolling /Y s I A
Atter Imin reralling V77 A Y A Y
After 5 min rerolling LA 7 72744
-] il 25 0 B ]

Capacity in t/m?-d

Fig. 5. Influence of re-rolling of a sinter mix (magnetite concentrate, flue dust, py-
rite cinders) on sinter plant capacity
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By this simple process variant, which is at present applied throughout
the world, it is possible to improve the sinter mix permeability and thus
the sinter process in such a way that today portions of more than 10% fines
—0.2 mm can be used. The result of this improved sintering method was
that in industrialised countries purchasing a high percentage of extraneous
ores (Japan, Great Britain, Germany), there was but little incentive to in-
troduce the pelletizing process.

Nevertheless, the production of micro-pellets was the first step towards
pelletizing in these countries. This method of producing micro-pellets,
virtually developed in Germany, was, in one particular case, adopted to
100% flotation pyrite cinders without the expected success.

1.2.3.2 Pellet Sintering

The sinter process was then modified in such a way that not the total
mix -but only the fine raw material was formed into balls of 3—6 mm
diameter which were mixed with return fines and coke breeze and
sintered. This process has become known as pellet sintering and is an in-
termediate process between normal sintering and pelletizing. The final
product is a sinter cake in which the pellet structure of the raw mix can
still be recognised in the finished sinter product. Such a pelletizing plant
was operated for several years by COMINCO in Trail, Canada. Similar
results were obtained in an up-draught pelletizing plant erected by
Cleveland Cliffs Iron Company near Ishpeming, Michigan, called “Eagle
Mill” plant ). In this plant the total heat required was supplied in a solid
state. The final product obtained consisted largely of sinter lumps and not,
as expected, of pellets. However, neither of the process variants was
further developed. These plants are no longer in operation.

In many countries which exclusively used the sinter process for iron ore
agglomeration, another problem arose, namely to supply the necessary
solid, lean fuel, mainly coke breeze. There was a scarcity of this fuel in
certain countries because due to the considerably increasing number of
sinter plants being built, the necessary amounts of coke breeze, chiefly
originating from coke screening, were no longer sufficient to meet the
requirements. It was necessary to crush high-grade, expensive metallurgi-
cal coke for sintering. The search for cheap replacement fuel led to an
increased use of blast furnace gas from which another process variant of
the normal down-draught sintering, namely the mixed firing method, was
developed.

1.2.3.3 Mixed Firing Method

Normally, the coke breeze on the surface of the sinter bed is ignited by
the combustion of flue gas in an ignition hood. The ignition hood length
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Fig. 6. Influence of mixed firing on sintering of iron ores

and the duration of the influence of the hot combustion gases is accord-
ingly limited. The heat amount developing inside the ignition hood is in-
significant compared with the solid fuel amount contained in the sinter
bed. When adopting the mixed firing method, the ignition hood is
substantially extended in order that a higher gas volume can be burned
and greater heat quantities can be sucked into the sinter bed. With such
extended ignition hoods it is possible to decrease the coke consumption
remarkably.

Flue gas can be replaced by other heat sources, such as hot air of about
800 °C, oil or natural gas, according to their availability. Coke breeze
cannot be replaced by hot gas to an unlimited extent, without impairing
the plant output and sinter strength, as shown in Fig. 6. An advantage of
this method is the better reducibility with increasing portion of hot gas 7).
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The mixed firing method is nowadays often adopted particularly in
countries where coke breeze is expensive. Once it had been possible to
produce micro-pellets from fine-grained mixtures by rolling of balls of
3—6 mm for pellet sintering, it was not very difficult to produce green
pellets of a greater diameter and of a uniform, close size range (9—15mm).
However, it was not yet possible to indurate these pellets exclusively with
coke breeze or by adopting the mixed firing method in order to meet the
pertinent requirements. A consistent further development of this firing
technology by the exclusive use of gas or oil leads to the application of the
pelletizing process. This firing technology applicable to the firing of green
pellets from iron ores was adopted inter alia to ceramic mass, glass
constituents, burning of limestone 1#).

The three development phases of pelletizing are summarized below:

First Phase — Alternative to Sintering: 1910—1927. Besides the sintering
process under development, an alternative becomes apparent, to agglom-
erate very fine-grained ores by pelletizing without any consequences en-
suing.

Second Phase — Pellets from Concentrates: 1940—1955. Production of very
fine-grained concentrates increasing considerably in some regions, such as
in the Mesabi Range/USA, compels development of the pelletizing
process as an alternative to sintering. The state of development at that
time did not yet allow for the use of high portions of fines in the ore mix.

Third Phase — Pellets from Ores: 1948 up to the present date. In various
countries the sinter process is further developed intensively to adapt it to
the varying supply of ores of different fineness. As a result of this
development work, the application range of the pelletizing process was
also extended, beyond the use of concentrates as only components, to
other ores and, moreover, with considerable success to ore mixtures, see

item 9.3.5.

1.3 Pelletizing, a Contribution to Ore Preparation

For economic reasons, the treatment of iron ores in the blast furnace or
in direct reduction plants is nowady: no longer possible without intensive
ore preparation. Even if individual process stages involve high prime costs,
these are accepted, provided that the total production costs of pig iron or
sponge iron can, in this way, be kept at lowest level. The purpose of iron
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ore preparation is the qualitative improvement of different features of raw

materials:

(a) Mechanical crushing, grinding, screening, classification.

(b) Physical separation of various mineral constituents for the elimination
of gangue from the lean ores and preparation of concentrates with
high iron content.

(c) Thermal or chemical treatment for the elimination of volatile energy-
consuming constituents such as H,0, CO,, SO,, S or conversion of
hematite to magnetite.

(d) Metallurgical change by basic additives which decrease the energy
consumption of the succeeding process stages.

In all four steps pelletizing plays a significant role, such as:

— Agglomeration of the finest ore particles or concentrates [(a) and (b)]

— Volatilisation of components, such as H,0, CO,, SO,, S [(c)]

— Changing to the chemical composition by basic additives.

The entire complex of present-day iron ore preparation is shown in
Fig. 7.

Since the significance of “physical mixing” is recognised throughout the
world and accepted, even iron-rich ores are crushed to a maximum lump
size, for the blast furnace to approx. 30—50 mm, for direct reduction to
approx. 20—30 mm. The eliminated fine ore can either be sintered or after
further fine grinding pelletized. Low-grade ores with an iron content of less
than 50% are upgraded, the solid gangue constituents separated and in so
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Fig. 7. Alternatives for iron ore preparation
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doing the iron content in the concentrate increased. According to its
fineness the concentrate can be pelletized immediately or following further
grinding. In certain proportions concentrates can also be incorporated in
sinter mixes. During thermal treatment the separation of volatile com-
ponents takes place in both pelletizing and sintering. Because of their
defined properties, high iron content together with uniform size distribu-
tion and close size range pellets are an important charge constituent for
blast furnaces and direct reduction plants.

The size distribution, shown in Fig. 8, as an average of three commercial
samples ') is remarkable. The conditions are very strict: 80—90% of the
pellets should have a diameter of 9—15 mm, the major part of which a
diameter of 912 mm. The charge should, ifipossible, contain neither fines
—5mm nor pellets of a diameter exceeding 25 mm. This is also an
important size range for use with other iron-bearing components in, for
example, the blast furnace. The feed should consists of grains 5 to max.
50 mm, preferably 30 mm; Fig. 9 schematically shows the various opera-
tions leading to this desired size distribution: crushing of coarse ores and
sinter cake, screening and separation into 3 fractions. The oversize is
recycled to the grinding plant, the product of 5-50 mm or 30 mm goes into
the blast furnace and the undersize is conveyed to agglomeration, either
sintering or pelletizing plant. The undersize also includes concentrates,
pyrite cinders, mill scale, flue dust and possibly additives. Pellets, crushed
sinter and classified raw ore constitute, either alone or in the form of
mixtures, the blast furnace burden.
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Besides sinter, still the most important type of agglomerates for blast
furnace burdens, pellet portions are, compared to lump ores, of growing
importance for pig iron and sponge iron production. In Fig. 10 the devel-
opment of pig iron production from 1960 to 1978 is compared with sinter
and pellet production. From 1974 the curves for sinter and pig iron de-
cline, the latter caused by economic reasons. The pellet curve remains
steep up to an estimated average pellet portion of 25% in the blast furnace
burden.

In the pellet production curve, Fig. 10, the amount ofipellets as feed ma-
terial for direct reduction processes is included but the portion is remarka-
bly higher by up to 100%. In shaft furnaces efforts are made to replace a
part of the pellets by cheaper, carefully selected and screened lump ores. A
mixture of 55—75% pellets and 45—25% lump ores has recently proved to
be suitable for optimum productivity, as shown in Fig. 11,
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1.4 Sites of Pelletizing Plants and Transportability
of Pellets

As already mentioned above, pellet production and the development of
appropriate processes is directly connected with the beneficiation of low-
grade iron ores — originally chiefly magnetites to produce (very fine-
grained) concentrates.

In the first place, it was necessary to convert these concentrates into ag-
glomerates ready for the blast furnace. At the same time the question
arose regarding the optimum site of such a pelletizing plant. The very fine-
grained, wet concentrates are unsuitable for storage, especially in regions
with long and cold winters because they freeze during this time and can
neither be loaded nor transported. These problems were solved by erecting
the pelletizing plant in the close vicinity of the beneficiation plant and thus
practically at the ore mine. Pellets are resistant to the influences of storage
and winter conditions. They withstand long transportation routes with
several trans-shipments better than lump ores or even sinter.

During the first years, pellets were produced, mainly in the USA, to
supply blast furnaces within a controlled market. Their transportability
was accepted but no special controls were instituted. Only after major
pellet quantities had appeared on the world market and had reached other
blast furnaces, was greater importance attached to the behaviour of pellets
during transport. Thus, the preparation of a large-scale test (1963), run on
about 150,000 tons pellets from the Reserve Mining Company in a blast
fumace of the Federal Republic of Germany, also included, e.g. the study
of the abrasion behaviour, compression strength and variation of pellet
size 2%). From Port Silver Bay to the works port situated on the river
Rhine, the pellets were subjected to six trans-shipments, a water transport
and an 18 month storage period at the port area of Amsterdam during two
winters. The fines portion —6 mm, contained in the pellets, was used as a
reference value.

This fines portion was at Lake Superior 8.0% and increased during
transportation via the Port of Amsterdam to the Duisburg-Huckingen
Works, and after screening before the blast furnace to about 18%. The
portion of 10—15mm diameter varied from 85% to 82% and, after
screening, rose again to 88% at the blast furnace. In this way, proof was
furnished that pellets can be transported satisfactorily. This large-scale test
— successfully carried out in an independent steel plant with high pellet
proportions in the blast furnace burden — became known publicly and
aroused increased interest in these new agglomerates also at those works
where pellets had hitherto not been used at all.
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Table 2. Countries leading in iron ore production and export *?)

Countries 1C® t/year

1966 1976

Production ~ Export Production  Export
Africa
Liberia* 17.0 16.6 35.0 20.8
Rep. South Africa 6.8 3.1 15.7 5.0
America
Brazil® 233 11.8 70.0 473
Venezuela ' 17.9 17.0 23.0 15.6
Canada® ' 36.6 312 56.0 445
USA 91.6 9.9 81.2 2.9
Asia
India*® 26.8 13.4 42.6 24.0
Australia® 11.0 2.0 93.1 81.1
Europe
France' 55.7 18.2 45.5 15.8
Great Britain 13.9 - 4.6 -
Sweden* 28.0 223 30.5 22.0
USSR* 160.2 26.1 2390 43.1

* Leading Exporters

Pellet production was initially always linked with a beneficiation plant,
usually located at the mine where sufficient quantities of very fine-grained
concentrates were available without any intermediate treatment.

The increasing world-wide demand for high-grade iron ores led to the
discovery of new deposits with iron ores of different mineralogical and
chemical composition. Their quality could also be improved by beneficia-
tion as in the case of Marcona in Peru. However, many of these deposits
were located in countries with little domestic demand for pellets so that
their exploitation could only be secured by exportation.

Some countries have adapted themselves particularly to this situation so
that a considerable change of ore suppliers has occurred during the last
ten years, as is shown in Table 2 for the years 1966—1975. Firstly, it in-
dicates the increase in production within a ten-year period by 170 million
tpy or 50% compared to 1966. In some instances there were even more
important changes as, for example, in Australia and Brazil. A further
remarkable phenomenon is the production decrease of low-grade ore in
France (minette) and in Great Britain (home ores). These countries now
import the corresponding iron units in the form of high-grade ores. Other
countries, such as Japan and the Federal Republic of Germany as well as
nearly all other E.E. C. countries meet their requirements almost ex-
clusively by imports.
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Table 3. Screen analysis of exported fine ores?)

Screen Liberia Mano Kiruna B Hamersley CVRD CVRD Nim-

Undersize (Bomi  River  weight% (cumu- Common Sinter  ba

in mm Hill) washed lative) Fines Feed B

-11.2

~ 8 1.0 21.5

- 56 15.5 13.5 9 11 34 3 8

-4 22 24 18.5 24.5 42 10 16

- 28 29 35 27 35 47 19 24

-2 355 44 35 43.5 515 26.5 31

- 14 42 535 41.5 49 54 32 355
-1 49 61 47 54.5 55.5 36 39

- 071 56.5 68 515 60.5 57.5 40.5 425
- 05 64 75 55 65 59.5 45 46

- 0.355 72 80.5 58.5 69.5 61 49 50.5
- 025 80.5 85 63 75 62.6 52 55

- 0.18 89.5 88.5 671.5 79 64.5 57 68

- 0.125 73.5 84.5 67 63 73.5
- 0.09 80 87.5 70 74 80.5
- 0.063 - 90.5 75 85.5 84.5
— 0.045 92.5

The fine ores to be shipped from port to customer frequently contain a
very high and different portion of fines as is apparent from some examples
given in Table 3. Transportation difficulties as a result of dust arising
during loading, trans-shipment and unloading of such ores as well as
difficulties during sintering led to the production of pellets at the port and
to the exportation of pellets instead of fine ores. This was the beginning of
the construction of new pelletizing plants in shipping ports, e.g. CVRD,
Tubarao/Brazil, Hamersley, Port Dampier/Australia, Marcona, San Nico-
las/Peru, Wabush, Quebec/Canada. Such plants treat the fine ores and
concentrates supplied from various mines; they can be designated as
pelletizing plants located at the port. After pelletizing technology had been
sufficiently developed, blended ore pellets consisting of varying ore types
were also produced #). As a result of this it became possible to build pel-
letizing plants in direct connection with the blast furnace.

Only this latter combination would have the advantage of being able to
pelletize very fine-grained ores and concentrates as well as waste oxides
and thus release the sinter plant. A typical example of such a combination
is the pelletizing plant of the Koninklijke Nederlandsche Hoogovens en
Staalfabrieken N. V. in [jmuiden/Netherlands ?2), where, besides the pellet
plant (3.5 million tpy) three sinter plants, altogether having the same
capacity, are in operation. Further plants are operating at the Japanese
Iron & Steel Works Kawasaki-Chiba, Kobe-Nakahama and Kobe-Kako-
gawa. This third type of plant can be designated as pelletizing plant located
near the blast furnace.




2 Fundamentals of Pelletizing

Pellets differ from lump ore and, to a certain extent, also from sinter by
several properties which are predetermined and definable. Despite the
great variety of raw materials used, the pellets produced must have the
same properties which are judged in accordance with internationally ac-
cepted standards. Due to their importance and great variety, the proper-
ties demanded from pellets are specified under item 1.1.

According to today’s technology, nearly all iron ores with a cor-
respondingly high iron content can be pelletized: magnetite, hematite,
limonite and their concentrates as well as purposely prepared mixtures,
waste oxides, pyrite cinders or pertinent by-products from other industries.

To obtain the required properties and taking the great variety of raw
materials into account, adequate production methods are to be adopted
which are described and discussed below:

Three process stages are involved to produce the pellet from raw material:
— Stage 1: Raw material preparation

— Stage 2: Formation of green balls

— Stage 3: Induration of green balls.

Successful pellet production calls for an optimum efficiency and har-
mony between all three process steps with the preceding stage highly in-
fluencing the subsequent one. An error made in the preceding stage can
only be corrected to a limited extent in the subsequent process stages.
Even during induration, no first-class pellet can be produced from a
defective green ball. The purpose of the green ball formation is to obtain
balls of the desired size range and having a mechanical strength which
enables them to be safely transported from the balling equipment to the
induration facilities.

During the formation of green balls from solid fine-grained particles,
many different forces co-act, which are designated as bonding mechanisms.
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2.1 Bonding Mechanisms for Green Ball Formation

At an early stage, both experimental and theoretical considerations were
made with regard to the bonding mechanisms underlying the green ball
formation. Some of the theories developed in this connection were already
known from other processes, e.g. those of the fertilizer industry, food-stuffs
industry, pharmaceutical and refractory industries. Similar bonding mech-
anisms also play a great part in the granulation and crumbling of the sinter
mix. The rapid progress of pelletizing technology was achieved particu-
larly by almost simultaneous experimental and theoretical progress in
contrast to other process developments, e.g. in the blast furnace tech-
nology.

2.1.1 Important Bonding Factors

The decisive factors for the green ball formation and green ball
properties can be divided into the following groups *):

(a) physical forces, such as van der Waals’, magnetic or electrostatic forces

(b) surface-dependent factors, such as particle size, particle size distribu-
tion, particle shape and crystalline structure

(c) material-dependent factors, such as wettability, absorptive capacity due
to porous structure, availability of swelling components, chemical
properties in primary ores or by-products after previous treatment

(d) capillary forces and surface temsion during the addition of liquid
binders, such as water or others.

Some of these factors, mainly the raw material-dependent factors are
not variable. However, they influence the green ball formation to a great
extent. Other forces also acting on the green ball properties are variable.
By utilizing such forces, the raw materials to be pelletized can be adapted
to the relevant requirements.

Variable factors are, for example the quantity of wetting agent added,
the particle fineness and shape, the balling equipment used for green ball
formation, the forces arising in such equipment as well as the movement of
raw materials in these units.

2.1.2 Ball Formation Alternatives

Green balls can be formed in different ways. In each particular case, the
various bonding mechanisms act at different intensity.
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2.1.2.1 Compacting Method

The solids are pressed into briquettes only by the application of high
mechanical forces. Sharp-edged briquettes may be rounded off by re-
rolling. The individual grains are held together by adhesive and cohesive
forces which, in turn, determine the mechanical strength of the briquettes.

The solid particles, mixed either with or without binders are packed
randomly without any relative movement. The location of the various
grain faces to each other is at random — it does not have to be the
optimum location for the formation of the greatest adhesive forces.

The compacting technique — well known for briquetting and tablet com-
pressing — is nowadays applied to ore preparation only in specific cases.

2.1.2.2 Green Ball Formation

Besides the solid phase, a liquid phase is, in each case, required for
green ball formation. The interface forces arising have a cohesive effect on
the solid particles, liquid and air. These interface forces consist, on the
one hand, of the surface tension of the binder, usually water, and on the
other, of capillary forces developing in the liquid bridges between the in-
dividual ore particle faces, the surfaces of which are of concave shape.
Under these conditions, a certain tensile strength occurs. The forces
resulting from the surface tension form a concave liquid surface whereby
compression strength becomes active.

For the formation of green balls from solid particles and liquid, there
are two possibilities:

— The solid particles are without any active relative movement. They
are mixed in suitable equipment, so-called mix granulators, by the rotation
of the vessel and the mixing devices arranged inside without having to
perform their own rolling movement as in the case of a drum. At the same
time, they are pushed together by a pushing movement and slight
mechanical forces and are compacted. The ore particles are brought to
such a favourable position to each other that the agglomerate forms a
tight packing. Capillary and surface forces co-act with adhesive forces ).
The liquid bridges and surfaces between the individual ore particles form
automatically. In most cases the relevant balling facilities operate intermit-
tently. They are less suitable for the throughput of big ore quantities
which are nowadays processed in pelletizing plants. However, in many in-
dustries with lower throughput, they are used with great success.

— In the second case, the ball formation is mainly achieved by rolling of
solids/liquid mix in well-known balling units, such as drums or discs. The
green ball formation is similar to snow-ball growth by layering. The liquid
surface is freely movable which is advantageous for the contact between
the ore particles and the formation of capillary bridges.
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2.1.2.3 Mechanism of Ball Formation

The feed material may consist, according to its preparation, of either a
conglomerate of dry grains or a wet filter cake. In the one case, the ores
were subjected to dry grinding, in the other, to wet grinding. Most con-
centrates are available as filter cake. If dry solid particles come into
contact with water, the ore surface is wetted. The ore particle is coated
with a water film, as is schematically shown in Fig. 12, phase A. In many
places, the wet particles touch each other. Due to the surface tension of
the water film, liquid bridges are formed, phase B. As a result of the
movement of the particles inside the balling unit and of the combination of
individual water droplets, each containing one or several ore grains, the
first agglomerates are formed, phase C. In the interior of the loose
agglomerate, the first liquid bridges appear among a large number of
voids still existing. These liquid bridges hold the particles together as in a
network. Loose balls are formed. With the further supply of water the
agglomerates condense. More and more water is layered in the interior
and the agglomerates become more dense, phase D. At this stage of green
ball formation the capillary forces of the individual liquid bridges are
essentially active. The optimum of this ball-formation phase is attained
when all pores inside the balls are filled with liquid but the latter does not
yet uniformly coat the whole agglomerate, phase E. The effect of the capil-
lary forces is clearly shown by Ilmoni and Tigerschiold in Fig. 13 *). Con-
cave liquid surfaces form on the outer pores and capillary suction is hold-
ing the ore particles together.

The final stage is exceeded, when the solid particles are fully coated
with a water film. Now, the surface tension of the water droplets

A B L

Water %///

Porticle

Fig. 12. Influence of water addition on green ball formation
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containing the solid particles becomes fully active, Fig. 12, phase F, and
the effect of the capillary forces drops sharply, see Fig. 135.

Besides this effect, the rolling movement of the grains and the
movement or shifting of the particles relative to each other plays an
important role too. They increase adhesion by the great number of contact
points at a simultaneous compression strength due to the load of the
rolling material. )

Copillory tensile ond compression strength [opillary tensile and compression forces
of gresn balls between two parficles

Fig. 13. Influence of capillary forces on bonding mechanism

Apart from the compacting and solidification of agglomerates due to
pressure and movement, these factors may also have a negative influence.
They damage mechanically weak granules which have not yet attained a
sufficient adhesive strength. The damage resulting is that the weak green
balls may either crumble into minor fragments or disintegrate into even
finer particles. During green ball formation, these fractions may be layered
onto moist stable green balls and be incorporated into the latter.

Besides the ideal ball formation from fine-grained individual solid
particles initially described, various other possibilities exist more or less
simultaneously in practical operation. This also applies to loose agglomer-
ates as in the case of wet filter cake. According to Sastry and Fuerstenau®)
the following methods, as shown in Fig. 14, can be adopted:

A) Layering of very fine particles to others and thus formation of an
agglomerate.

B) Conglomerating of smaller balls already existing resulting from relative
motion and a certain pressure.

C) Layering on and incorporation of minor fragments from damaged
green balls into existing sound ones.

D) Incorporation of fine-grained abraded material from weak peliets into
the surface of stronger pellets.
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Fig. 14. Alternatives for green pellet formation

During green ball production, their formation proceeds parallel to the
disintegration of a certain number of balls. Only such balls which can
withstand the dividing or destructive forces during rolling survive. A
selection of the best balls takes place. The contest of the constructive and
destructive forces favours the formation of astonishingly uniform, dense
and stable green balls *).

As set forth under item 2.1.1, various factors may co-act during green
ball formation, either dependently on raw materials or independently
thereof. Much development and research work has been performed to in-
vestigate the raw material independent factors. In this connection, some of
the researchers who have played an important role are mentioned ).

The theory and the mathematical formula resulting therefrom are dealt
with under item 13.1. These investigations are based, for the most part, on
the use of exactly defined particle shapes, such as balls or on specific raw
materials, such as quartz, limestone or glass. The laws discovered can thus
only serve as a guide since each ore — even of the same size — has its
typical size distribution or particle shape. This again requires an individual
investigation of each ore or mixture.
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2.2 Induration of Green Balls

In a very few cases it has been possible to use green balls directly in a
metallurgical process despite their low mechanical strength. Pellets must
have a substantially higher strength primarily to withstand their transpor-
tation and the stresses occurring in metallurgical operations. Such a
strength can be achieved by thermal treatment under a controlled
atmosphere or by utilizing hydraulically-acting binders.

The most widely-spread thermal green ball induration on an industrial
scale, namely firing to directly below the softening point of the respective
ore, is carried out in two stages: drying of the balls followed by heating and
firing. Just as for green ball formation, optimum conditions must also be
aimed at for drying to ensure maximum achievable final properties.

Therefore, the green ball strength must not deteriorate during drying.
However, should this be the case due to the ore properties, adequate
action should be taken.

2.2.1 Drying of Green Balls

During drying, the moisture contained in the green balls is evaporated
by warm gases. In this connection, it should be noted that the water may
be contained in the green balls in a variety of combinations:

(a) There is water in the interstices between the particles, i.e. in the pores
and capillaries.

(b) In the case of a porous ore, water may also be in the pores of the
individual ore grain.

(c) Water may be chemically combined as hydrate, e.g. in limonite or in
other minerals accompanying the iron oxide.

(d) Water may be incorporated into such binders which tend towards the
formation of gels, e.g. clays or bentonite.

(e) Water may be chemically combined as hydrate in such binders which
leads to hydrate formation, e.g. Ca(OH),, Mg(OH),.

(f) Water may be present as crystal components in existing or added
salts.

The moisture content in the green ball may thus be composed of water,
contained in the ore, or by such being added during pelletizing.

Only part of the water contained in the green balls evaporates at 100 °C.
Salts and hydrate combinations loose their water at higher temperatures
only. The drying speed, therefore, must be adapted to the different com-
binations to avoid a weakening of the pellet structure due to cracks or
splintering of fragments. During drying of a pellet layer or a pellet bed at a
certain depth, two operations can be observed. Drying starts in the in-
dividual ball and uniformly proceeds in the pellet layer.
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2.2.1.1 Drying Procedure of Individual Balls

This drying commences when heated air or combustion gases flow over
wet green balls. In this connection, the gas temperature, dew point,
quantity and drying velocity play an important role. The moisture
contained in the green pellets starts to evaporate evenly on the entire
surface. After this evaporation, water from the pellet interior is emitted by
capillary forces to the surface. As long as this procedure continues, the
drying velocity remains constant. However, if the drying velocity on the
surface is greater than the water emission from the pellet interior, the
drying front travels down into the pellet interior. The water vapour thus
arising has to cover an ever increasing distance through the capillaries
which are already dried out until it reaches the pellet surface from where
it can escape together with the air flow. During this drying phase, the
drying velocity is no longer constant but decreases. As soon as the
capillary water evaporates, the drying procedure is terminated. However,
if the pellet contains hygroscopic or chemically-combined water, the
drying procedure only continues when the temperature of the drying
medium is high enough to dissociate the compounds. The velocity of this
third drying phase is again lower. The drying procedure of such a green
ball, which also contains hygroscopic water, was described by Krischer
and Jaeschke ") in a curve shown in Fig. 15.

On the ordinate, the drying velocity is plotted. It is measured by the
evaporated water amount, referred to the drying surface, during a given
period.

evaporated water amount , Y
= 2 - - m kg/m h
surface of material to be dried x unit of time

On the abscissa, the time is plotted which is needed for the various drying
phases.

There are three different drying velocity ranges which are indicated by
three breaks of the curve:

Range I: The water evaporates at constant velocity on the entire pellet
surface. This procedure continues as long as humidity from the pellet
interior is emitted at a sufficient speed by capillary forces or diffusion to
the ball surface. The constant drying velocity is influenced by the following
factors:
— Temperature and moisture content (dew point) of the drying gas,
— Volume and speed of the drying gas which flow, per unit of time, over
the ball surface,
— Surface of ball.
This range [ is thus characterized by the evaporation of surface water.
Range II: If the moisture from the interior of the pellet is emitted to the
surface more slowly than water evaporates there, the evaporation level
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Fig. 15. Drying stages of moist material

(drying level) moves further towards the pellet core. The water evaporates
inside the pellet, the diffusion distance to be covered by water vapour
becomes longer and the drying velocity diminishes. It is now determined
by the:
— Diffusion resistance
— Depth of drying level below the ball surface
— Diffusion index expressed in m/h.

Range II is characterized by the evaporation of capillary water from the
pellet interior. After this stage, the pellets are normally dry.

Range III: If the pellet contains moisture other than surface and capillary
water, the drying procedure continues under other conditions,

In this case, the temperature of drying gas is important for the dissocia-
tion of the water compounds. Besides the longer diffusion distance, this
dissociation has to be considered and consequently the drying velocity
decreases even more. It is virtually determined by the operations pro-
ceeding in the pellet core and by the ambiance of the pellet.

In Range III, the evaporation of the hygroscopic or chemically combined
water mainly takes place.

The term “moisture” is not uniformly defined in literature. One version
refers to the water amount of the dry substance. In practice, the wet
substance is frequently used as reference value on which the data given
below are also based. Moisture is thus defined according to the following

formula: water content Gr—G:
\,' — =

wet substance Gy

Gr = weight of wet substance

G = weight of dry substance
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The drying procedure determined with one individual pellet on a thermo-
scale is shown in Fig. 16. The ore, a hematite with 67.5% Fe, 1.2% AlO,
and 0.7% Si0O,, as well as 1.2% loss on ignition, was pelletized with 0.8%
Wyoming bentonite and 8.2% water and slowly dried in a laboratory-scale
drying oven at a temperature of 400 °C under air flow.
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Fig. 16. Drying of an individual green pellet

The left ordinate shows the remaining water content of the pellet as well
as the moisture decrease in percent while the right ordinate indicates the
loss of weight. Up to a moisture loss of about 67% during a drying period
of 4.5 mins. — plotted on the abscissa — the drying curve proceeds linearly.
The drying velocity up to this moisture content is constant. About % of
the water evaporates from the pellet surface. From now on, the drying
proceeds more slowly and asymptotically until the residual moisture
content of the pellet core has evaporated.

By volume and temperature of the drying gas the heat supply for water
evaporation has to be adapted to the relevant heat consumption in such a
way that during the capillary movement of water and diffusion of water
vapour, the relative position of the individual ore grains to each other is
not changed

If the heat supply and thus the formation of water vapour proceed too
quickly, cracking or even decrepitation may occur (shock temperature).
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The material-dependent properties of the ore, the grain size, size
distribution, dense or loose packing of grains play such an important role
that it is advisable to find out the drying conditions by tests with the ore to
be pelletized. Although the drying procedure of the individual pellet can
still be surveyed the drying conditions of green balls in layers are more
complicated.

In industial plants, green pellets are always thermally treated in layers of
a different depth, either in shaft furnaces, on travelling grates or in grate-
kiln plants.

The behaviour of green balls in layers of different thickness is thus of
interest for all three processes.

In view of the great number of factors affecting the drying technology, it
1s difficult to describe precisely each of these factors. On the other hand, it
is possible to ascertain qualitative dependencies. For this purpose, ex-
periments furnish, for the present, more reliable results than mathematical
calculations do.

2.2.1.2 Drying of Pellets in a Layer

Therefore, it is worthwhile to look into this matter more closely. The
equipment and measurements required for the drying are described under
items 4.5~4.5.2.3.

During drying, the drying gases may be sucked through the pellet layer
in a downward direction. This process is called down-draught drying. How-
ever, the gas flow may also be forced in an upward direction through the
pellet bed. In this case, an up-draught drying is involved.

A combination of the above methods is also possible and is, in practice,
adopted.

When the drying air flows through the first pellet layer, it absorbs a
certain moisture volume from the pellets up to their saturation (dew
point). During this operation, the drying air cools from its inlet tempera-
ture down to its evaporation temperature.

This water-vapour saturated air consecutively impinges onto wet and
cold pellet layers. On this occasion, part of the water absorbed by the first
pellet layer is condensed out and this condensation heat is transferred to
the second pellet layer which is thus also heated to evaporation tem-
perature.

The energy required for the evaporation of the water from pellets of the
directly adjacent layers is supplied from the incoming hot drying gases. In
this case the gas again cools down to evaporation temperature as long as
water is to be evaporated.

However, in the course of this interplay between heat and material
exchange, an over-wetting may occur so that a weakening of the pellet
structure and hence a decrease of pellet strength may temporarily take
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place. During down-draught drying, the lower pellet layers can be
weakened and compressed in such a way that the pellet bed may become
impermeable to gas. During. up-draught drying, the drying air flows
through the pellet bed in an upward direction. On this occasion, water
droplets may condense on the surface of the pellet bed.

Although the drying should be carefully carried out in one single direc-
tion to save energy, a combined up-draught and down-draught drying is
frequently applied. In this way, it is possible to render the lower layers
more resistant to pressure.

Some tests*®) are described below in which uni-directional drying as
well as the up-draught and down-draught drying with change in direction
were qualitatively tested. The pellet diameter was between 10 and 12 mm
and the moisture content of green balls 6.50% H,O.

2.2.1.2.1 Unidirectional Drying. To avoid a weakening of the pellet
structure, the drying gas temperature is kept below the shock temperature
at the beginning of the drying process. The temperature gradient of drying
is shown in Fig. 17 by way of example of up-draught drying. For this
purpose, a pot grate as represented in Fig. 39 was used. The charge
consisted of [0 cm hearth layer and 30 cm pellet bed. The drying was
achieved with hot air of 240—330°C. The temperature gradient was
measured with 7 thermocouples.

First, part of the heat amount is consumed for the heating of grate and
hearth layer. The first curve shows the temperature gradient after a drying
time of 1%, minutes (curve I); about 25% of the layer has been dried. After
5 minutes about % of the pellets are dry (curve II). The pellet top layer still
shows an evaporation temperature of approx. 42 °C although the bottom
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Fig. 17. Updraught drying of a green pellet layer
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layer has already a temperature of around 310 °C. With a further supply
of drying air, the moisture level moves upwards.

In the case of the shaft furnace, the drying zone is kept at a specific
furnace level because the dried pellets moving downwards, are replaced
from above by wet pellets.

2.2.1.2.2 Up-Draught — Down-Draught Drying. After 5 minutes the up-
draught drying was terminated in this demonstration test and replaced by
down-draught drying. The recorded temperature gradient is shown in Fig. 18.
Curve I indicates the end of up-draught, curves II and Ill represent the
down-draught procedure after ¥ and 3 minutes, corresponding to a total
drying of 8 minutes. This period was selected for a particular project for
which a longer total drying time on the pellet indurating machine was not

available.
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Fig. 18. Up- and down-draught drying of a green pellet layer

As can be seen from this diagram, about 15% of the pellet bed in the
middle of the layer had not yet been dried after 8 minutes although the
drying air had already reached a temperature of 450 °C. Part of the lower
layers was temporarily slightly cooler (curves II and III).

2.2.1.3 Dry Pellet Strength

Like green pellets, dry pellets have a short life which often is only a
matter of minutes. However, during this time, a minimum dry pellet
strength is necessary to ensure that the pellets withstand, for example, the
movement of the charge during its migration through the shaft furnace,
without damage. In other burning systems, for example in the case of a
travelling grate, a minimum dry pellet strength is also needed so that the
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pellets withstand the load of the layers located above or the pressure of
gases flowing through the charge.

+ The mechanical strength of green pellets is chiefly dependent on the
superficial tension and capillary tensile forces of the wetting agent whereas
other bonding mechanisms are of great importance for the dry pellets.

Even if, according to Rumpf %), no bridges exist between the individual
solid particles, adhesion and tensile forces may become active. Molecular
adhesion forces are always effective when the distance between the
individual grains is sufficiently short. Van de Waals’ forces are also to be
considered as possible bonding forces. Electrostatic forces may, in prin-
ciple, be acting if particles with a positive and negative load participate —
though it be to a very small extent — in the granulate formation.

These physical factors, being independent of the specific materials,
become active but their natural bonding force is insufficient for many ores
(e.g. high-grade magnetite or hematite concentrates) to attain the strength
of green pellets. In the case of such ores, binders have to be added. A
few other ores already contain components, similar to binders, which
enable a sufficient pellet dry strength to be obtained.

Table 4 shows the green and dry strength of pellets produced from dif-
ferent ores, see items 3.1.4 and 5.3. The dry strength of pellets 1-3 (con-
centrates) is insufficient while that of ore 4 is satisfactory. The dry
strength of pellets 1—3 can be improved by the addition of bentonite. In
practical operation, a dry pellet strength of about 10 Newton is required.
These values can be obtained either directly or by the addition of binders.
The gel-containing constituents in the ore or in the added binders —
seemingly soluble in water or reacting with water — concentrate in the ever
shrinking liquid bridges during drying. These processes can be compared
with the solidification of drying loam or clay. The dehydration of the gels
is accompanied by a shrinkage whereby the adhesion forces are increased.

Table 4. Compressive strength of green and dry pellets from various ore types

No.  Types of ore Compressive Strength in N/Pellet
without with 0.5% with 1.0%
binder bentonite bentonite

wet dry wet dry wet dry

1 Magnetite 11 7 12 20 13 33
Concentrate

2 Artif Magnetite 11 4 10 23 - -
Concentrate

3 Spec. Hematite 12 4 10 20 11 35

Earthy Hematite 14 30 16 70 - -
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Rumpf®) even designates this phenomenon as “mortar bridges”. Crystal-
lizing “salt bridges” *) can also contribute to the dry pellet strength. Even
if, nowadays, for metallurgical or ecological reasons, the direct addition of
salts has been abandoned, the formation of such bridges may, neverthe-
less, occur when ores are pelletized with sea water.

2.2.1.4 Shock Resistance

Apart from many influences which are connected with the nature of
each individual ore, the initial temperature of the drying gases is of
decisive importance for the dry pellet strength. The heat supply has to be
so controlled that the arising water vapour and the air inclusions still
existing in the pores can escape or expand from the pellet cores through
the capillaries without any ensuing over-pressure. An overpressure would
weaken the pellet structure and, thus, its strength by the formation of
cracks or by splintering of fragments3°). The admissible drying gas tem-
perature, at which the pellet structure is not yet damaged, is called “shock
temperature”, something which was already found out very early, e.g. by
Tigerschiold ”). The shock temperature can be raised by the addition of
binders, see item 5.4.1.1.2, Fig. 72.

Since a sufficiently high dry strength can be obtained with all types of
ores by using suitable binders, it is still important to adjust or, better, to
determine the drying velocity in tests in such a way that the formation of
cracks is avoided and the conglomerates, formed during green pellet
production, are not damaged.

Green ball formation and pellet drying are essential preparatory steps
leading to the production of pellets, ready for reduction. However, the
decisive step is the thermal treatment by controlled heating of a pellet bed.

2.2.2 Pellet Firing

The last processing step before utilizable pellets are obtained, is the
thermal induration of dried pellets. The induration imparts such charac-
teristics to the pellets, as are imperative both for their transportation and
metallurgical treatment, provided the preceding steps were made under
optimum conditions.

During the first years, when production was carried out on a smaller
scale and the portion of pellets in the blast furnace burden was low, few
features were sufficient for the determination of the pellet quality. With
rising pellet quantities, it was possible and necessary to study more
precisely the influence of the pellets on the blast furnace operation. As a
result, the quality specifications have become more rigorous. In addition,
special conditions had to be considered for the use of pellets in the direct
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reduction processes. Not only the sound transportability but primarily the

behaviour of pellets during the different reduction stages was given

particular attention. To meet the more severe requirements, various

process parameters are to be taken into account, such as:

(a) Influence of metallurgically-effective additives

(b) Harmonization of heating velocity and firing period

(c) Observation of close temperature ranges and precise control of the
firing temperature

(d) Elaboration of heating programmes especially adapted to specific ores
or ore mixtures.

In connection with these factors, the question arises regarding the type
and importance of efficient bonding mechanisms which have to differ
from those for the green and dry pellet strength. In numerous tests carried
out primarily with pellets from industrial plants, it was found that two
thermal bonding types are decisive for the quality of indurated pellets:

(a) Change of the crystalline structure during firing either by crystal
transformation and growth upon oxidation of magnetite to hematite or by
crystal growth when hematite is used only.

(b) The reaction of slag-forming constituents which are either present as
gangue in ores or concentrates or added before the ball formation, such as
bentonite, quartz or basic additives. Basic components react with acid
components and — under certain conditions — also with iron oxides.

Since the ores or concentrates to be pelletized always have a certain
gangue content and since additives are used to an increasing extent, both
bonding mechanisms simultaneously occur under normal operating condi-
tions. Additives are used because it is intended thereby to improve the
pellet quality. The importance and effect of the additives are in close
relation with the ore to be treated, see items 3.1.4 and 5.3.

The thermal treatment by heat supply with hot combustion gases
proceeds in two stages. The first stage, the preheating stage, directly
follows the temperatures of the drying zone. According to the ore type
involved, the temperature is raised from 300—~350 °C to 1250—1340 °C by
a continuous and controlled heat supply.

In the second, the final induration stage, the pellet charge is heated to an
optimum .temperature for each ore type, and this temperature is main-
tained for a controlled period. The said temperature is to be below the
melting temperature but within the reactivity range of gangue components
and additives. In general, the induration is achieved under a defined,
oxidizing atmosphere.

During preheating, various reactions proceed in parallel and succes-
sively according to the component composition.

— Evaporation of crystal water
— Decomposition of hydrates, carbonates, sulphates
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— Roasting of sulphur from sulphide components
— Conversion of iron oxides from siderite, limonite, pyrite as well as
mainly magnetite into the highest oxidation stage, the hematite.

The preheating velocity depends, inter alia, on the composition and
quantity of the combinations to be decomposed and also on the oxidation
velocity required for magnetite.

The bonding types decisive for obtaining the desired pellet character-
istics finally arise in the induration zone.

2.2.2.1 Bonding by Change of the Crystalline Structure

As a rule, the ores or concentrates to be pelletized contain a certain
percentage of gangue or additives which — even at minimum portions —
react with each other by the formation of intergranular melting phases. As
transport medium, these phases may play an important part for the
growth of iron oxide crystals. However, the behaviour of pure iron oxide
phases should be considered first.

The conglomerates, arising during the formation of green pellets and
their drying, are stabilized by thermal treatment and are further con-
solidated. The consolidation is achieved by energy supply during preheat-
ing and induration. The solids react with each other in conformity with
natural laws. The reaction proceeds below the melting temperature while
new solid phases are formed. Such reactions of fine crystalline and
pulverous materials develop in dependence on the energy supplied during
the temperature rise in various stages:

— First, an activation occurs in the crystal lattice which can be recognized
in the interfaces. A re-arrangement of the molecules takes place. The
particles draw closer together with strength beginning to increase.

— During the further temperature rise, the mobility of the ions in the
lattice increases. A lattice diffusion occurs which leads to re-arrange-
ments, vacancies are occupied and inclusions are eliminated.

— The -dislocations intensify and involve adjacent -crystals in the dif-
fusion.

— Crystal bridges are formed between the individual ore grains. These
bridges lead to a consolidation of the conglomerate.

— A re-arrangement of the crystal lattice and a re-crystallization occur.
The bridge formation changes to a bridge bonding. The re-crystalliza-
tion intensifies the latter.

— A further energy supply causes the rounding of the grains. The pores
between the ore grains become smaller.

The latest phase would be melting which, however, has to be avoided
because, in this case, individual pellets' would no longer exist.

This reaction development is well-known from solid-state chemistry and
physics. It depends on many factors, with the genesis of the ores being of a
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certain importance. Due to their small crystal size, fine crystalline ores of
sedimentary origin are more reactive than coarse crystalline ores which
require higher temperatures or more time for crystal growth.

The incentive of the crystal growth and consolidation reaction in a solid
state consists of the free energy of a system. On account of the tendency to
a thermo-dynamic equilibrium, the very fine particles with the greatest
interface energy lie on greater particles while the energy potential
diminishes. At a sufficient reaction time and adequate temperature as well
as at a further decrease of the interface energy, these particles would draw
near to a spherical shape.

The consolidation of the conglomerates is exclusively caused by re-
crystallization and crystal growth. The oxidation of magnetite during
heating is a special case insofar as the oxidation energy is additionally
available and from a crystallographic viewpoint, a crystal transformation
from the cubic magnetite to the hexagonal hematite lattice takes place
first. These newly formed very fine hematite crystals now start to grow
intensively according to the further temperature rise.

2.2.2.1.1 Crystal Change During the Induration of Pellets from Magnetite
Concentrate. The structure of a green ball is determined by its shape, size
and location of magnetite grains to each other, in a similar way to that

Fig. 19. Grain structure of green pellets from magnetite concentrate. 1 cm = 0.025 mm _

Fig. 20. End of oxidation, crystal growth and first bridging. Temperature 1150 °C,
l cm = 0.025 mm
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Fig. 21. Intensified bridging, crystal growth. Temperature 1250 °C, | cm=0.025mm
Fig. 22. Crystal growth after further temperature rise to 1320 °C, 1 cm = 0.025 mm

shown in Fig. 193). The concentrate indicated in this plate contains about
71% iron and less than 1% gangue.

During heating under oxidizing atmosphere, the magnetite oxidizes into
hematite at a simultaneous conversion of the cubic magnetite into the
hexagonal hematite lattice. According to the genesis of magnetite, the
oxidation starts at about 300—600°C and is to be terminated at a
temperature of |100°C. It begins on the crystal and grain surfaces, as
represented in Fig. 20. The first very small crystals simultaneously form
first bridges between the grains. At a temperature of 1150 °C, the oxida-
tion is finished and all the magnetite should be converted into hematite. At
the grain edges, numerous small new crystals have formed, which simul-
taneously intensify the formation of bridges between the individual grains.

Already at a temperature of 1250 °C (Fig. 21), the bridges have inten-
sified and the re-crystallization has brought about a growth and the
rounding-off of crystals. The optimum strength has been reached. Further
heating would result in further crystal growth and rounding off at tem-
peratures of about 1320 °C, Fig. 22, but dissociation of hematite would
start.

2.2.2.1.2 Crystal Change During Induration of Hematite Pellets. Hematite
ores and concentrates are being used to an ever increasing extent for pellet
production. Hematite is present, according to its genesis, in the form of
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Fig. 23. Crystal structure in a hematite pellet at 1200 °C, 1 cm = 0.025 mm
Fig. 24. First bridging via fine-grained hematite crystals at 1300 °C, 1 cm = 0.025 mm

Fig. 25. Crystal bridges and strong recrystallization at 1350 °C, 1 cm = 0.025 mm
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many crystalline variants as set forth under item 3.1.1.1. During the
induration the strength increase is only achieved — in contrast to magnetite
pellets — through crystal growth and recrystallization. This growth can
only be measured at temperatures of above 1200 °C. Up to this tempera-
ture, the individual ore grains and the pellet structure maintain their original
shape as shown in Fig. 23. The various grains lie side by side without any
bond. Only at higher temperatures of 1300 °C the small ore particles form
the first crystal bridges, Fig. 24, and recrystallization can be observed at
1350 °C as is apparent from Fig. 25. Fig. 24 also shows how important the
presence of sufficiently fine-grained ore particles is for crystal growth and
thus for creating pellet strength. There is a direct relationship between
grain size and crushing strength of pellets ). To ensure that a sufficient
formation of bridges occurs in the hematite, a longer induration time at an
optimum induration temperature is necessary. This is reflecting the
capacity of industrial pellet induration plants. For example, in travelling
grate plants, 28—30t of pellets can be produced from magnetite per m?
suction area and day, but only 22—25 t of pellets from hematite.

The theoretically possible acceleration of crystal growth by higher in-
duration temperatures cannot be realised¥). At temperatures above
1350 °C hematite starts to dissociate into magnetite and oxygen, resulting
in a weakening of pellet strength.

2.2.2.2 The Reaction of Slag-Forming Components

Usually, high-grade iron ores and concentrates are used for pelletiz-
ing only. Therefore, the gangue portion, mostly consisting of acid com-
ponents, is correspondingly low. In spite of a great variety of ore types
the pellets have to be of uniform mechanical and metallurgical con-
dition. It was investigated early which methods should be adopted to
equalize any different ore properties. A very efficient method proved to be
the addition of certain substances such as basic earthy compounds,
silicates, quartz, bentonite and others. Inorganic additives, or such which
do not volatilize during induration, participate in the reactions. They can
react either with the gangue constituents or with the iron oxides. When
they react with the gangue, they can form part of the intergranular melting
phase which, besides the crystalline phase, contributes to pellet solidifica-
tion although this phase is qualitatively insignificant compared to the
crystalline phase. This can be seen from the phase triangle, Fig. 26, which
is composed of the principal basic constituents such as CaO/MgO, the
acid constituents Si0,/Al,O, and hematite (Fe,0,). The analyses of some
well-known pellet types are plotted on the phase diagram. The domi-
nating role of the iron oxide phase is apparent. Although the inter-
granular phase is qualitatively insignificant, it plays an important part
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Fig. 26. Iron oxide corner in phase triangle Fe,0,~CaO —SiO, composition of vari-
ous pellet types

for the crystal growth primarily of hematite. For example, CaO re-
acts with Fe,O, at a simultaneous formation of different calcium ferrites
which substantially accelerate the crystal growth particularly at tempera-
tures of above 1250 °C. This is due to the fact that these ferrites melting at
lower temperatures speed up the diffusion of individual crystal ions in
such a way that the crystal growth proceeds more rapidly than in crystal
structures free from any melting phase. Even low CaO additions are suf-
ficient to produce this effect, as is shown in Fig. 27%). After the addition
of one or two percent CaO, a concentrate with 99.1% magnetite is
pelletized and indurated at different temperatures. An addition of as low
as 1% CaO is sufficient to make the hematite crystals grow more in-
tensively than the sample free of lime from temperatures of 1300°C
onward. SiO, in the form of quartz does not react with hematite during
induration. SiO, in the form of reactive silicates, which are partially or
completely converted to glassy or crystalline compounds can be combined
with ore grains to form silicate bridges.

As mentioned at the beginning of this section, certain additives are of
great importance for pellet production. Nowadays, in many pelletizing
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Fig. 27. Influence of CaO and firing temperature on crystal formation of hematite

plants, additives are increasingly used which serve not only for the original
purpose to improve the pellet strength, but go beyond that. In a similar
way, as in the production of self-fluxing sinter, the additives are selected in
such a way that the acid gangue components are neutralized to improve
to a large extent the slag formation in succeeding melting units or reduction
furnaces. The type and quantity of these additives depend on the analysis
of ores to be treated (see item 5.3).

2.2.3 Cooling of Indurated Pellets

There are two reasons why the pellet cooling is an important step in the
final pellet production.

On the one hand, the hot pellets have a certain heat content which, with
a view to a favourable heat balance, should be recycled, if possible with
small losses, to the heating process. In all pellet firing systems presently
applied on an industrial scale, corresponding technological and construc-
tional measures are taken.
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However, it is also important that the crystalline and glassy compounds
arising during induration are not damaged by a too rapid cooling. Relevant
tests have demonstrated ‘%) that pellets, which were carefully cooled by air
to 300 °C, will not be damaged if their further cooling is achieved in
water. However, during cooling pellets having a temperature of 600 °C,
almost at 50% crumbled into smaller fragments. Other tests yielded similar
results. In these tests, it was found that the crushing strength of pellets
having been quenched in water at a temperature of about 700°C
diminished to less than half of their initial crushing strength. Careful pellet
cooling for maintaining pellet strength in conjunction with extensive heat
recovery are demands which must be considered for the dimensioning of
the cooling units.

If, finally, the various processing steps from the raw ore to the finished
pellets are reviewed, it is found, that several bonding mechanisms are
responsible for the formation ofisound pellets.

— Liguid bridges between the individual grains of the conglomerate to be
pelletized are responsible for the strength of the green balls during
their formation.

— Solid bridges in the form of “mortar bonds” arising through gels, hy-
drates and inter-facial forces are responsible for the strength of dry
pellets.

— The final strength of indurated pellets is again due to solid bridges
arising by crystal change, crystal growth and sintering of the inter-
granular melting phases.



3 Raw Materials and Their Preparation
for Pellet Production

3.1 Raw Materials

According to their intended use for pelletizing and their chemical com-
position, there are two different groups of raw materials. One of them
consists of the iron-bearing minerals and represents the pellet matrix. The
other one comprises mostly raw materials low in or free from iron, which
are exclusively used for:

— facilitating the pellet production (binders)
— improving the physical-mechanical quality (binders and additives)
— modifying the metallurgical properties of pellets (additives).

3.1.1 Iron-Bearing Materials

The by far greatest quantity of iron-bearing materials consists of natural
ores either in the form of high-grade ores or concentrates originating from
the beneficiation of low-grade ores. When high-grade ores are used, the
iron content of the pellets is mostly higher than 65%. The concentrates
generally contain more than 64% iron. Occasionally, small quantities of
high-grade secondary materials such as calcines from pyrite roasting plants
are used. Some of these secondary materials may contain other impurities
either in the form of detrimental constituents to be separated such as
phosphorus, non-ferrous metals or utilizable components, e.g. vanadium
or copper. For the separation of such impurities, special process variants
are to be applied which are described in Chap. 7.

3.1.1.1 Natural Iron Ores

Natural high-grade iron ores and concentrates complying with the
demands made on the chemical composition of pellets are forming the
basis of the pellet feed. Natural ores with low iron contents which cannot
be upgraded, such as iron silicates, are insignificant for pellet production.
The iron ores which are nowadays industrially utilized originate primarily
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from highly metamorphic, initially sedimentary deposits with the pre-
cambrian era dominating as geological formation. A high portion of ores
from these deposits originates from weathering zones in which the iron
content was enriched. According to the climatic zone in which the
weathering took place, alumina minerals such as bauxite materials or
lateritic weathered products predominate as gangue constituents of the
iron ores in tropic zones. In cooler zones, silicate minerals or quartz are
dominating. In the original parts of these deposits, the quartz-banded iron
ores occur as itabirite, locally designated also as taconite or jaspilite, pre-
dominantly in the form of magnetite ore. Other deposits in the peri-
magmatic area, mostly pneumatolitic ore replacement deposits, often
contain the ore in two different forms: as carbonate and magnetite, and
also in the form of pyrite as accessory mineral.

The great quantities of geologically younger sedimentary deposits con-
sisting of cretaceous and dogger formations are of great importance for
many geographically limited areas but not as ore supplies to pelletizing
plants. The principal iron minerals used for pellet production are de-
scribed below:

3.1.1.1.1 Magnetite. Magnetite is the main iron-bearing mineral in un-
weathered and non-oxidized metamorphic sedimentary deposits or in
replacement ore deposits in the magmatic area. The iron contents of these
ores range from 20 to 50% for itabirites and up to 65% in the magmatic
deposits.

Its chemical composition is Fe,O,, frequently also designated as FeO-
Fe,O, with a theoretical iron content of 72.4%. A replacement of the
bivalent iron by manganese or calcium ions, of the trivalent iron by
aluminium ions can be observed in ore replacement deposits. In deposits
with a high formation temperature, TiO, contents are found which are
mostly present in the form of segregated ilmenite lamellae within the
magnetite crystals. Vanadium-pentoxide incorporated into magnetite lat-
tices, occurs in mineralized gabbro massifs mostly together with titanium.
Other undesirable accompanying minerals are apatite (Northern Sweden)
or metal sulphides (Peru, Marcona). Magnetite, being of the spinel type,
crystallizes as double oxide with the iron occurring in bivalent form as
FeO and in trivalent form as Fe,O,. The predominant crystal shape is the
octahedron or the rhombic dodecahedron.

In general, magnetite ores are beneficiated to achieve a chemical com-
position suitable for smelting. As the best-known process, magnetic
separation is applied and sometimes, in addition, flotation is also used.
During pellet induration, the magnetite oxidizes to hematite. During this
reaction about 498 kJ per kg magnetite are liberated which, as additional
energy, positively influence the induration process.
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3.1.1.1.2 Hematite. Hematite is the iron ore which occurs most frequently
and in the greatest quantities. According to its genesis, it is available in
coarse to medium crystalline structure designated as iron glance or
specular iron ore, in fine crystalline structure or in earthy condition as
earthy hematite. Its chemical composition is Fe,O; with a theoretical iron
content of 70.0%. Hematite is also the final oxidation stage of indurated
pellets. From a crystallographical viewpoint, it pertains to the corundum
group and predominantly crystallizes in the hexagonal system with a great
number of shapes in different combinations up to micaceous scales. Due
to weathering of magnetite to hematite, the cubic crystalline shape is often
maintained. This type of hematite is known as martite.

The primary itabirites mostly contain 30—45% iron with quartz and
silicates as gangue. More important are the weathering zones of itabirite
deposits in which the iron is enriched to contents of 50 up to almost 70%.
The iron content is mainly present as specular iron ore or earthy hematite,
in lower percentages also as magnetite or martite and — dependent on the
weathering degree — as iron hydroxide (“limonite”, FeOOH). The major
part of the iron ores used at present originates from tropical and
subtropical zones and represents lateritic weathering products. The caps of
such lateritic ore deposits generally consist of a hard ore layer of up to
20 m depth with high iron and alumina contents. Soft to brittle fine iron
ores (mostly iron glance) with iron contents diminishing with increasing
depth are situated underneath. The hematite ores and their concentrates
seldom contain metallurgically detrimental constituents except for the un-
favourable ratio of alumina to silica in some ores.

3.1.1.1.3 Weathered Ores. These ores deserve some additional lines since,
quantitatively, they are of very great importance as feed materials for
pelletizing plants. The best-known deposits are at present situated in Canada,
West Africa, Brazil, Venezuela, India and Western Australia. In all cases,
the original materials consist of itabirite deposits of the Precambrian Era
with magnetite and iron glance as basic minerals. By weathering, gangue
minerals, quartz and silicates are decomposed and removed to a greater
extent due to their higher solubility whereby the iron content in the
residual ore is increased. The gangue content is locally decreased to less
than 1% e.g. in some parts of Minas Gerais/Brazil.

The iron minerals are also subjected to atmospheric influences and are
thus partly converted to a high degree. A typical feature of the weathering
deposits is their heterogeneous composition and their considerable varia-
tions at shortest distances. The ratio of the individual iron minerals to each
other such as specular iron ore, earthy hematite, limonite and magnetite
changes within wide limits. Pelletizing plants for such ores can only be
operated with great difficulties unless they are preceded by homogenizing
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systems. The very close intergrowth of alumina minerals and limonite is
typical for the weathered lateritic ores.

3.1.1.1.4 Limonite. Limonite can be considered as a typical example of
weathered ore. This somewhat inexact collective term covers the iron hy-
droxide minerals. Mineralogically, they occur in the modifications “needle-
iron-ore” and “pyrrhosiderite” whose structural formula is FeOOH. Other
mineralogical designations are “geothite” or “lepidocrocite”. The inter-
mediate grades with undefined hydration degree are also specified as
“hydrohematite”. Iron hydroxide is the basic mineral of nearly all
sedimentary as well as metamorphic deposits. Economically important
limonite deposits originate from weathering zones of the itabirite and
siderite deposits as well as from deposits with oolitic and fragmental iron
ores (Mesozoic Era). In the former itabirite deposits limonite deposits
occur together with specular iron ore and earthy hematite. During the
pellet induration process, limonite is converted into trivalent iron oxide,
Fe,O,. This process is endothermic and therefore increases additionally
the heat consumption. After drying and preheating, limonite leaves a very
fluffy porous structure which calls for a rather long induration time at high
temperatures. Primary limonite ores sometimes contain phosphorus at a
percentage necessitating special steelmaking processes such as Thomas
and LDAC processes because separation of the phosphorous minerals by
mining methods is very difficult or only possible to a limited extent
(Minette) due to their dissemination with the iron minerals.

At present limonite is an important ore constituent in several pelletizing
plants, e.g. Robe River, Western Australia, Sidor, Venezuela.

From all ores used for pelletizing, hematite is the final oxidation stage
after induration, as shown in Table 5. Table 6 gives some data of ores
nowadays utilized without previous beneficiation.

Table 5. Conversion of iron compounds into hematite during induration

Types of compounds Formula % Iron content

before after
Induration  Induration

Hematite Fe,O4 70 70
Martite

Magnetite Fe;0, 72.4 70
Goethite/Limonite FeO (OH) 62.9 70
(Hydro-Hematite) (Fe,0; - H,0)

Siderite FeCO;4 48.3 70
Pyrite FeS, 46.6 70*

* After intermediate roasting
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Table.6. Type, chemical analysis and specific surface area of rich iron ores directly
used in pellet plants

Plants Types of Fe Fe' Si0, ALO; CaO MgO L.OL
ores tot.
Spec surface
area cm?/g in % about
CVRD Hematite 66 - 27 1.0 02 02 1.0
Brazil 1600 — 1800
Samarco/ Hematite 66.5/ - 2.5/ 04/ 0.1 0.2
Brazil 1500 - 1700 67.5 3.6 0.7
Hamersley/ Hematite/ 634 07 45/ 26/ 04 01 35-
West-Austr. Limonite 68.7 1.2 1.0 1.0
1200 - 2700
Robe River Limonite 57.5 n.d. 3.0 9.5
West-
Australia
Chowgule/ Hematite/ 63/64 — 15 15 4.0
Goa Limonite
India
Sidor/ Hematite/ 62.9 - 1.6 1.2 6.0
Venezuela Limonite 3400

3.1.2 Beneficiation Products

Ores having a metallurgically unsuitable composition undergo beneficia-
tion processes before pelletizing in which the undesirable constituents are
largely separated. The concentrates to be pelletized are often sufficiently
fine-grained for green ball formation as in the case of magnetite.

Apart from the gangue, the contents of deleterious substances such as
phosphorus, arsenic, titanium, chromium, chlorides, fluorides and non-
ferrous metals, which are partly detrimental during smelting and partly
affect adversely the quality of finished products, should be decreased by
beneficiation. Mineralogically, the beneficiation products mostly conform —
as far as the iron minerals are concerned — to the raw ores. Particular
reference should be made to the artificial magnetite arising from limonite
or hematite-containing ores by roasting under reducing conditions and
which is separated as magnetite by low-intensity magnetic separation and
occasionally by flotation. Owing to its high porosity and crystalline
structure, its reactivity to oxygen is very high. The beginning of its oxida-
tion is markedly lower than that of natural magnetite.

The iron content of concentrates, irrespective of the process according to
which they are obtained, is at least 64%, with few exceptions.
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3.1.3 Secondary Raw Materials

In some cases, apart from iron ores and their concentrates, materials are
pelletized alone or mixed with ores originating from other thermal or
chemical processes. Such materials cover pyrite cinders, leaching residues
and inplant fines. The cinders are produced during the roasting of iron
sulphides, such as pyrite (FeS,) or pyrrhotite (FeS). Their use is limited
due to the often existing non-ferrous metal (Cu, Pb, Zn), or arsenic
impurities. However, in some countries, there are exceptions. Pelletizing
plants for these ore types are under construction or in operation in Japan,
in the United States, Canada, Italy and Rumania.

During the roasting of iron sulphides (oxidation of sulphur to gaseous
SO,), the iron is oxidized to either Fe,O, or Fe,O, according to the
adjusted roasting atmosphere. In these cases, highly porous oxides are
involved. Residual sulphur contents of 0.5—2% are usual. Residues from
the leaching of copper or nickel-bearing sulphides such as chalcopyrite or
pentlandite, which are roasted before leaching, are also used as ores, for
example artificial magnetite concentrates from the Inco plant at Copper
CIiff, Ontario, Canada.

In pelletizing plants located in iron and steel works, nowadays attempts
are made to add in-plant fines to the ore mix to be pelletized. In this case,
materials are involved which are either obtained as waste materials with a
high iron content or are tolerated as basic materials. These materials
consist of BOF dust, mill scale, blast furnace dust and slag and BOF slag.
Examples of analyses are given in Table 7. The dusts have a high fineness
degree at a great specific surface area whereas slag and mill scale have to
be ground before pelletizing. The presence of mill scale calls for special
attention. The oil adhering may adversely affect the pelletizing process and
is to be carefully considered during the dedusting of the pelletizing plant
waste gases.

Table 7. Chemical composition of inplani fines*)

Fe Si0,  AlLO; CaO MgO MnO S

total

in % about
Blast furnace dust 34.8 10.2 2.7 1.1 1.2 1.2 04
Blast furnace slag 0.3 34.6 14.8 41.8 4.3 0.9 1.5
BOF dust 64.1 1.8 0.2 52 06 1.5 0.1
BOF slag 12.0 20.5 6.4 425 35 42 0.6
Mill scale 64.0 3.0 1.9 32 03 1.3 0.1

Pellet undersize 64.8 4.3 0.8 06 09 0.1 0.02
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3.1.4 Binders and Additives

3.1.4.1 Binders

Binders, in conjunction with the finely-ground ore particles, serve to
improve the properties of pellets in wet, dried or indurated condition. The
most important binding reagents, namely water and iron ore particles are
not considered here since they will be discussed in chapter 5. During the
development of the pelletizing process, a great number of organic and in-
organic substances were tested with regard to their suitability as binders.
However, nowadays only bentonite, slaked lime, limestone and dolomite
are used. Binders which are deleterious or which give off pollutants to the
waste gas of pellet plants are no longer taken into consideration. Although
some binders are simultaneously used as additives, bentonite serves as a
binder only.

3.14.2 Additives

Additives are provided for modifying the chemical composition of
pellets, especially their slag-forming constituents. Some of them have
binding properties too:

(a) Lime and lime-magnesium compounds,

(b) Recycling materials,

(c) Ores with a particularly high bonding ability,

(d) Siliciferous substances such as quartz, quartzite or rocks with a high
quartz content.

Siliceous material is sometimes utilized if the gangue content of the ore to
be pelletized is too low for obtaining an intergranular phase. Thus, in some
benefication plants the separation is, due to the elimination of metal
sulphides (Marcona) or phosphorous minerals (Northern Sweden), ac-
complished to such a degree that, subsequently, the insufficient gangue
content in the concentrate has to be increased by addition of ground silica.

Besides binders and additives, ground pellet return fines (fines from the
screening of indurated pellets) or ground sponge iron can be added to the
material to be pelletized. Return fines show an inert behaviour whereas
sponge iron improves the quality and raises the productivity (see items
5.3.1.6-38).

3.1.4.3 Bentonite

In this case, a clayey rock is involved originating as a result of
weathering from glassy, magmatic masses and occurring in cretaceous and
tertiary layers. The principal mineral component is montmorillonite. Be-
sides this main mineral, small quantities of quartz, mica, feldspar and
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kaoline are present. As concerns montmorillonite, the following structural
formula is given:

+ (Al, Mg),(OH),(Si, Al),0,, x nH,C %)

It has a lattice structure arranged in layers which is capable of absorbing
great water quantities between the individual layers; this is represented by
nH,0 in the formula. On such occasions the distances between the lattice
layers increase considerably. The mineral swells. This swelling property
and the high thixotropic behaviour are the most important characteristics
for its bonding capacity. The tetrahedral crystalline structure of silica can
incorporate calcium and magnesium cations in an exchangeable manner
with the Ca ions frequently being replaced by Na ions. These ions are
responsible for water bonding in the intermediate area between lattice
layers. There are two large groups, the calcium bentonites, predominantly
occurring in the Mediterranean area, and the more active sodium
bentonites in the United States. One of the bentonites with the highest
swelling capacity is the Wyoming bentonite. It is possible also to introduce
sodium ions into the calcium bentonite and such a bentonite is then
designated as activated bentonite. The swelling capacity is characterized
by the Enslin value. 1t is a typical coefficient for the swelling behaviour of
the montmorillonite group with intercrystalline swelling property. The
water absorption of a predetermined bentonite quantity is ascertained at
intervals of 30 minutes up to 24 hours altogether.
The Enslin value is calculated according to the formula:

V x 100

Ew—
I.]

Ew = Enslin value in %
V = absorbed water quantity in cm?
P = bentonite quantity in g.

The bentonite index indicating the swelling capacity and the emptying
index characterizing the viscosity of bentonite suspensions are used as
further data. There is a certain proportionality between these three
indices.
The chemical composition of some bentonites is shown in Table 8 ).
Without taking the interstitial water into account, the typical com-
ponents are as follows *'):

Si0, 66.7%, Al,O, 28.3%, H,0O 5%.
Bentonite beneficiation mostly consists of crushing or extrusion followed

by drying from an average natural moisture content of 30% (25-—50%) to
7—8%. To maintain the bentonite activity, the drying temperature should
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Table 8. Specifications of various Bentonite types

Chemical A B C D E F H I
analysis Ca.-B. Ca.-B. act.' B. act. B. act. B. Na.-B. Na.-B. act.' B.
Fe ges. 14.02 0.67 1.42 4.47 1.14 2.70 2.55 4.20
SiO, 4270 56.80 7276 56.56 72.08 60.50 60.64 56.90
Al,O4 17.40 337 11.72 19.10 1396 21.18 21.70 19.52
Ca0O 1.79 1.34 1.51 1.79 1.00 1.48 1.12 1.06
MgO 2.74  26.37 3.06 3.39 2.12 2.24 2.58 3.26
Na,0 0.04 0.25 2.14 2.31 3.00 2.25 2.56 3.20
K,0 0.11 0.44 0.70 1.70 0.58 0.62 0.44 0.99
L.OL 11.83 9.88 5.38 7.84 4.88 6.10 5.80 7.48
Spec. 6502 4340 8480 7056 7350 2900 3380 4610
surface

area

cm'/g

Permea-

bility

methods

Enslin 200 280 480 610 620 800 900 900
values

in%

act. = activated

not exceed 150 °C. Subsequently or during drying, the bentonite is ground
to at least 90% —0.044 mm corresponding to a specific surface area of up to
8000 cm?/g. The transportation is achieved in closed containers such as

tank cars or bags.

3.1.4.4 Lime Compounds

Limestone, CaCO,, and hydroxide, Ca(OH),, are preferably used. In
nature, limestone is sometimes contaminated by quartz or silicates such as
clay. Limestone is sedimentary stratified rock or of compact coralline
nature. The lime mineral consists mostly of calcite and more seldom of
aragonite. Both differ by their crystal form. Their chemical composition is
CaCO,. They are beneficiated by crushing, classification, washing and
grinding, if necessary. Excessively contaminated limestone and especially
limestone with a high clay content (marl) is not used for pelletizing.

Before limestone is added to the ore to be pelletized, it is ground to a
fineness corresponding to a specific surface area of about 2500—4000cm?/g.
The dry grinding method is usually adopted. In most cases, roller mills or
comparable mill types are used. Limestone is mainly employed for
modifying the pellet gangue basicity.
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As a binder, calcium hydrate Ca(OH), is preferred, which is produced
from CaO by slaking with water. Calcium oxide is obtained by calcination
of limestone, CaCO,, at a temperature of above 900 °C in several reactor
types such as shaft furnaces, rotary kilns or fluid bed reactors. The selec-
tion of the reactor type depends on the size and tendency to degradation
of CaCO, during heat treatment.

The oxide is continuously converted to hydroxide at a slightly over-
stoichiometrical water amount in quenching units similar to mixing screws
and is then ground in order to pulverize any remaining coarse-grained
constituents. As in the case of bentonite, transport is carried out in closed
containers.

Lime hydrate is both binder and basic additive. Dolomite or dolomite-
containing limestone is occasionally used as further basic additive. Dolo-
mite is a mixed crystal isomorphous to calcite. Its formula is (Ca, Mg)CC,
and it is prepared like limestone.

During pellet induration, the basic additives react first with the “acid”
gangue constituents whereby a neutral or basic matrix between the iron
oxide grains is formed.

3.1.4.5 Other Additives

If, apart from pellet induration, other reactions are to be carried out,
corresponding reagents can be used. Calcium chloride (Ca Cl,) is em-
ployed for the volatilization of non-ferrous metals such as copper, lead and
zinc of the pellet mix. Sodium carbonate or sodium sulphate is added if
vanadium is to be dissolved as sodium vanadate from vanadium-contain-
ing ores, see Chap. 7.

3.2 Preparation of Raw Materials for Pelletizing

Many of the natural ores, secondary raw materials, additives or binders
are naturally not suitable for direct processing into pellets. In these cases, a
preparation adapted to the raw materials involved is required. This refers
to the
— increase of iron content in the low-grade raw ore,

— separation of undesirable constituents,
— grinding to the fineness required for pelletizing.

The methods adopted for this purpose are described in the following
items as far as they are of importance in conjunction with pellet produc-
tion. In this connection, it is also recommended that the facilities required
for the performance of adequate tests (see item 4.2) should be provided in
the pelletizing laboratory.
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3.2.1 Separation

Separation methods cover all beneficiation processes which are neces-
sary for obtaining a suitable chemical-mineralogical composition of the
materials to be pelletized. Depending on the properties of the ores, several
methods are available for this purpose:

3.2.1.1 Washing

Washing is mainly used to decrease the portion of clayey constituents in
high-grade lateritic ores. Ores can be subjected to the washing process as
screened natural fine ores or after additional grinding. By washing, the
clayey constituents of the weathered ores are slurried with water and the
dissolved particles are separated. In this case very fine-grained alumina
compounds as well as some iron minerals, preponderantly limonite, go into
the tailings. For this reason, the concentrate always has a higher ratio of
magnetite or specularite to limonite than the raw ore. From a physical
viewpoint, this washing process is a classification process (separation
according to grain size). Due to the higher specific gravity of the ore
minerals compared with that of the gangue, an additional up-grading
effect occurs. The equipment used for washing consists of washing troughs
or washing drums, spiral classifiers, hydro-cyclones and tumble mills. The
iron concentration is not very high. But the iron losses are considerable in
the very fine tailing particles. Fig. 33, item 4.2.1 shows a beneficiation
flow-sheet for an earthy, limonite containing ore.

3.2.1.2 Gravity Separation

The gravity methods are based on differences in specific gravity
between gangue (2.8—3 g/cm?®) and iron minerals (4.5—5.1 g/cm?). These
methods are adopted for fine-grained ores with specular hematite or
magnetite as iron-bearing material and quartz-silicate gangue. Before
separation, the ores are ground to such a degree that the iron-containing
constituents are mechanically liberated from the gangue. The optimum
size range is between 1.5 and 0.1 mm. In the finer size range, the iron
recovery drops considerably. The most important unit which is often used
on an industrial scale is the spiral separator, known as Humphrey's Spiral,
which has an acceptable throughput.

Other apparatus, having in principle the same or even a better separa-
tion efficiency such as shaking tables are hardly used due to their great
space requirements and insufficient throughput. In future, the cone
separator according to Reichert, which within a short time has gained a
dominating position for preconcentrating heavy mineral sands, may partly
supplant the spiral separator. Humphrey’s spirals are used for example in
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the Carol Lake and Wabush Lake plants producing concentrates with an
iron content of above 63%.

3.2.1.3 Flotation

This process which has proved to be suitable for the concentration of
many sulphide ores has also gained a certain importance for oxidized iron
ores within the last 30 years. The separation is achieved on the basis of the
different physical-chemical surface properties of the individual mineral
constituents, particularly on the basis of their wettability by water. The ore
surface properties are influenced by several reagents which, owing to their
polar — nonpolar structure, are surface-active. Other reagents are em-
ployed to provide favourable conditions in the circulating liquid phase.
Such reagents are designated as modifiers. The water-repellent particles
and those difficult to wet accumulate on the air bubbles produced in the
ore pulp. They are discharged by foam formed by these and separated
from the pulp surface. In many cases, a reagent favouring the foam forma-
tion is necessary. The wettable grains of the gangue remain in the pulp.

When this separating method is adopted, it is understood that the
mineral particles separated by flotation must not exceed a definite upper
grain size diameter which is of the order of 0.1 mm and dependent on the
specific weight. The optimum size range seems to be 0.01—0.06 mm.
Initially, the flotation method was adopted in two plants in North America
for the direct concentration of itabirite specular iron ore in which con-
centrates with about 65% iron were produced from raw ore with about
50% iron. In one of the two plants, the flotation was temporarily carried
out at about 45 °C when concentrates with an iron content of 68 —69%
were required. In this way, a more intensive influence of the reagents and
a more efficient separation were achieved due to a lower viscosity of the
liquid phase.

In the meantime, the flotation method is adopted to a much greater
extent for the separation of residual gangue from concentrates and of
metal sulphides or phosphorous minerals from concentrates already
produced otherwise. In the case of this “inverse flotation”, the iron-
bearing minerals are thus hydrophilized or “depressed” and the remaining
gangue particles are hydrophobized and float in the foam. The concen-
trates produced by inverse or indirect flotation contain 63—67% iron. The
iron losses in the tailings are mostly below 10%.

3.2.1.4 Magnetic Separation

According to the magnetic properties of the iron-bearing minerals, two
different magnetic separator types are used (see item 4.3.1). The Jlow-
intensity magnetic separator is employed for highly magnetic ores such as
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magnetite. According to the necessary liberation grain size, the separation
is carried out in dry manner (above 2 mm grain size) or in wet manner
when a finer grinding is required. Drum separators with permanent
magnets are utilized as separators. The size of recently developed units is
3000 mm width and 1200 mm diameter at a capacity of 250 m*/h feed
pulp containing 20—50 weight % solids.

The Alnico magnets formerly used are at present being supplanted to a
high degree by ferrite magnets. The magnetic induction (field intensity)
measured on the drum surface or at a distance of 50 mm is 0.04—0.2 tesla.

In many cases, magnetite ores are so finely ground for liberation that the
concentrates produced already have the grain size required for pelletizing.
The low-intensity wet magnetic separation allows a high iron concentration
to 65—72% at a recovery of 95—97% referred to the highly magnetic ore
portion. In some cases, it is possible to upgrade martite ores with a high
residual magnetite content by using drums of a stronger field intensity.

Dry high-intensity magnetic separators with a field intensity of up to
2.4 tesla are sometimes used for weakly magnetic ores, primarily for those
with a mean size range of 0.05—2 mm. Under favourable conditions, a
concentration to 65—66% iron is possible. An important development of
the past twenty years is the high-intensity wet magnetic separator. It
permits the upgrading of relatively finely ground specular iron ores in
units having a capacity of 100—150 t/h. As regards the fineness of the ores
to be treated, its application range is partly identical with that of flotation.
In some cases the flotation concentrate processing problems can thus be
obviated when this separator type is used. Up to now, this separator type
is being largely employed for the beneficiation of Brazilian low-grade
itabirite weathered ores.

3.2.1.5 Magnetizing Roasting

Even at a very early stage, attempts were made to beneficiate hematite-
bearing ores by converting the hematite first to magnetite by reduction
and by separating the magnetite from the gangue in magnetic separators.
Shaft furnaces, rotary kilns and fluid-bed roasters can be used for
reduction. According to the density and porosity of the ore to be treated,
the ore is charged at a grain size of up to 20 mm. Gaseous, liquid and
solid fuels are usable as heating and reduction energy. Solid fuels can be
employed when they are sufficiently reactive, e.g. lignite. Due to the
relatively high fuel costs, this process is preferably used when cheap
energy is available or in conjunction with other processes.

Up to the fifties, a plant for the treatment of dogger ores with a
throughput of 10000 tpd **) was in operation in the Salzgitter district in
Germany. Large-sized plants are presently operating in the Soviet Union
and Australia. In a plant for the processing of nickel-containing ores,
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operated in Canada, artificial magnetite is obtained as is also the case in a
plant for the roasting of pyrite cinders in Italy.

Large-sized pilot plants were operated by Oliver Mining and Hanna
Mining Co. in the Mesabi range for several years.

However, owing to excessive costs, no industrial plants were erected in
this area.

According to this process, very high-grade concentrates with an iron
content of up to 70% could be produced. On account of its high reactivity,
the artificial magnetite already oxidizes at very low temperatures of
around 300 °C. The fact that it reacts very quickly must be considered
during heating and oxidation of green pellets from artificial magnetite.

3.2.1.6 Electrostatic Separation

In the magnetic field, mineral mixtures may show a different behaviour
according to their magnetizability so that the separation of magnetic and
non-magnetic solids is based on this property. Similar tendencies can also
be observed in an electrically-loaded field when electrically conductive and
non-conductive mineral mixtures are introduced. By charging the mineral
surfaces and subsequently discharging the conductive particles, migration
of the conductors in one direction and of the non-conductors in the
opposite direction can be achieved in an electric field. Conductors and
non-conductors can thus be separated from each other. This principle is
also applicable to iron-containing minerals of different conductivity or to a
mixture of the same with other iron-free minerals.

This process is particularly suitable for secondary cleaning of magnetic
concentrates which are contaminated by iron-containing minerals, such as
hornblende, garnet and mica or for secondary cleaning of gravimetrically
produced concentrates. A typical example is the Wabush Lake beneficia-
tion plant. In this plant, spiral concentrates are subjected to secondary
electrostatic cleaning after previous drying. Also in the case of magnetic
concentrates, as for example in a plant built in Northern Sweden, a
secondary electrostatic cleaning is carried out. Table 9 shows the results of
the principal beneficiation processes, analyses of raw ores and their con-
centrates.

According to this table, several suitable processes are available in which
a high iron content of the beneficiation products is obtained.

A second important task of pellet preparation is to ensure a suitable size
distribution of the raw materials for ball formation.

3.2.1.7 Proportion of Different Ores in Pellet Production

Up to about 1962, magnetite had almost exclusively been processed into
pellets and this primarily in the Mesabi Range. Only from that date on




Table 9. Chemical composition of pellets and concentrates produced from crude ores according to various beneficiation methods

Methods of Benefication Stage of Analysis *

Types of Ores Beneficiation

Plant/Location Fe Sio, ALO; CaO MgO LO.L

total bivalent

Washing Crude 62.7 1.8 24 2.7 nd. n.d. 4.0 &

Hematite/Limonite Concentr, 64.2 1.9 1.8 2.0 n.d. n.d. 3.7 [N

(Goa India) Pellet 66.0 0.3 1.9 22 0.5 n.d. - o
(1]

Gravimetry Crude 38.0 n.d. 40.5 n.d. n.d. nd. nd. £

Hematite Spiral Concentr. 64.93 nd. 5.62 0.21 0.20 0.18 0.34 B

(Lac Jeanine Canada) Pellet 65.05 5.64 0.30 0.20 0.17 0.11 g'

Flotation and flocculation Crude 36.0 nd. 45.0 nd. nd. nd. =

Hematite (Tilden Mine USA) Concentr. 66.0 5.0 g’

Pellet 65.0 5.7 0.7 n.d. n.d. £

Magneltic separation Crude 42.1 12.5 14.7 4.4 2.8 23 §

(Low-intensity) Concentr. 69.4 22.1 1.1 0.5 0.5 0.1 )

Magnetite Pellet 66.8 0.5 1.0 0.5 0.5 0.0 )
w

Magnetizing roasting Crude 36.4 1.0 459 n.d. n.d. n.d. 0.26 =4

Low-intensity separation Concentr. 66.9 20.2 5.6 0.8 n.d. n.d. .

Taspilite (Whyalla Australia) Pellet 65.0 1.0 5.4 0.7 0.35 L
(1]

Wet magnetic separation Crude 56.4 0.2 15.4 1.3 n.d. n.d. 1.8 _ﬁ::

High-intensity Concentr. 68.3 0.2 0.6 0.7 n.d. n.d. 1.2 =

Hematite (CVRD Brasil) Pellet Used in mixture with other ores

Gravimetry Crude 36.0 n.d. 414 n.d. n.d. n.d. n.d.

and Concentr. I 61.4 n.d. 5.8 n.d. n.d. n.d. nd.

Electrostatic separation Magnetite/ Concentr, II 66.3 n.d. 2.8 nd. n.d. n.d. n.d.

Hematite (Wabush Mine Canada) Pellet 654 n.d. 297 0.27 0.1 0.1

* Analysis of pellets incl. additives or binders

19
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were other ores increasingly used for pellet production, such as hematite
concentrates (Marquette Range, USA), magnetite-hematite mixtures
(USA and Canada) or hematite containing high-grade ores (Brazil,
Australia). Limonite-containing hematite was successfully pelletized on an
industrial scale even at a later date, from about 1966. (Goa, Robe River,
Western Australia.)

Table 10. Proportion of main ore types used in pellet
plants in 1978

Ore types 1C% tons/year %
Magnetite 156.0 534
Hematite 62.0 21.1
Magnetite/Hematite 47.0 16.0
Hematite/ Limonite 28.0 9.5
293.0 100.0

Ore mixtures were treated as late as about 1968—70. For this purpose,
the technological conditions had first to be elaborated. Table 10 gives a
survey of the ore supply for pellet plants throughout the world. It also
contains already the figures for the plants whose start-up is scheduled for
1978. Furthermore, this table represents the percentages of the various ore
types being used for pellet production up to this date.

v 3.2.2 Physical Properties of Fine-Grained Iron Ores

The physical properties of fine-grained iron ores are the most in-
fluencing factors for green ball formation, see items 2.1, 4.3.1, and 5.1.1.
Some of them are variable, others not. By controlling and influencing the
variable factors the pellet quality can be improved.

Such variable factors are the following:

— grain size and size distribution

— grain shape

- surface condition (e.g. peak — to — valley height, specific surface area)
— porosity

— pore types.

3.2.2.1 Size Distribution — Specific Surface Area

There is no definite information available on the ideal physical prop-
erties for green ball formation. In practical operation, a suitable size
distribution is empirically ascertained. Subsequently, one attempts to make
this size distribution reproducible by a precise description. With certain
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limitations this leads to the desired success. An immense difficulty is that
the ore to be pelletized undergoes fluctuations due to its raw material-
dependent properties. In many cases, homogenizing processes are at
present applied to equalize the ore properties to maximum extent.

A further problem is caused by the difficulty in performing an accurate
measurement of size distribution. This is comprehensible because the
major part of the grains of a pelletizable ground product is below the
usual size range of test screens. To avoid an excessive amount of work and
time, only the coarse grain size portion down to 0.037 or 0.045 mm is
determined by dry or wet screening, and the portion below this size range
which may cover 65—95% by weight is ascertained by adopting another
method.

A rather suitable criterion for this purpose is the determination of the
specific surface area (see item 4.3.2.). However, in this case also, the
measurement problems have to be taken into account. The usual methods
are those in which the permeability of a sample prepared according to
exact specifications is measured. By comparison with standard samples,
the size of the specific surface area of the sample is inferred and this size is
indicated in cm?/cm? or cm?/ g or more seldom in m® kg. A comparison of
different measuring methods, particularly when the gas adsorption pro-
cesses (e.g. B. E. T.) are included, shows considerable differences between
the measured values which may be up to multiple values of other
methods. However, in practical operation, it has proved that simple
permeability measurements, which can be quickly carried out, can be
standardized to such an extent that their reproducibility is sufficient for
process control. According to experience the specific surface area almost
exclusively depends on the proportion of particles, primarily of those
around 0.00] mm.
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Fig. 28. Grinding energy consumption versus specific surface
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Ore “grinding” should be carried out as “surface grinding” in contrast
to “liberation grinding” used for upgrading. The values found out by
measuring the specific surface are dependent on the type of iron minerals.
The wusual values for specular iron ores are 1600—1800cm?g and
1600—2300 cm?®/g for magnetite concentrates. If limonite portions are in-
cluded in these ores, a surface area of up to 4000 cm?/g may be found.
Pyrite cinders are of a similar order of magnitude. However, the measured
values for magnetite and specular iron ore are dependent on the surface
shape. Magnetite tends to disintegrate into cubic particles during grinding
while specular iron ore often yields flat, mica-like fragments. In the case of
specular iron ore, the surface values measured according to the permea-
bility method thus differ much more from the real surface than for
magnetite. The size of the specific surface area highly influences the
grinding energy consumption as can be seen from Fig. 28.

3.2.3 Grinding

Concentrates from disseminated magnetite ores are, in most cases,
already obtained at a grain size suitable for pelletizing whereas in other
cases this grain size has to be achieved by grinding. The grinding units
used comnsist of tumble mills with a grinding media charge composed of
steel balls, except for some cases in which grinding rods or ore fragments
(“pebbles”) are used.

Normally, the ore is fed to the mills as a pulp with a solids content of
60—80% by weight (wet grinding). Nowadays the dry grinding method is
adopted for about 15—20% of the capacity of plants under construction
and in operation. This grinding process is applied if wet ground ore cannot
be dewatered or not sufficiently by vacuum filtration. Particularly in those
cases in which purchased ores predominate the dry grinding method is
recommended to ensure a flexible ore supply.

The grinding can be achieved in an open circuit (single passage through
the mill) or in a closed circuit. In the latter case, hydrocyclones (wet
grinding) or air classifiers (dry grinding) are almost exclusively used for
classification of mill discharge. The decision as to whether the closed-
circuit or open-circuit grinding method is to be adopted is taken
empirically on the basis of grinding and pelletizing tests. Figs. 29 and 30
diagrammatically illustrate the differences between the two systems. In
most cases, the amount of energy required for grinding is, referring to the
same ore type, the lowest for wet closed-circuit grinding and the highest
for dry open-circuit grinding. The ratio of these values to each other
differs from one ore type to the other. No definite rule can be given. As
regards the capital costs, the wet open-circuit grinding is the cheapest
while the dry closed — circuit grinding necessitates the greatest expense.
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However, when considering the total grinding costs, including capital in-
vestment, the dry grinding method, Fig. 31, is more suitable for earthy
hematite ores since, in this case, the wear costs are substantially lower due
to the lower consumption of ball pebbles and mill lining than for wet
grinding. In this way, the costs for ore drying, which is carried out before
or during grinding, are more than compensated.

3.2.3.1 Dewatering

Wet ground ores must be dewatered before pelletizing in such a way
that their moisture content is identical, with, or slightly below, that of the
moisture required for green ball formation. The corresponding value is
about 8.5—10% moisture, according to ore type and grinding fineness.

Ores which are wet ground in closed-circuit are first obtained as a pulp
with about 15—20% solids by weight. In circular thickeners, the solids
content is raised to about 60—65% by weight.

Rotary vacuum filters, predominantly disc-type filters are used for
further dewatering to ensure a maximum capacity at a minimum space.
Before the ore pulp is fed to the filter, it is adjusted to an empirically
ascertained optimum density. This density corresponds to a solids content
of about 50—55% by weight for magnetite and 55—65% for specular
iron ore.

Filter discs made from metal, hard rubber, or plastic, have a fabric layer
as filter medium. Up to now, monofile plastic fabrics have prevailed.
Nowadays, relatively dense multifiles and partly felt-like plastic fabrics are
increasingly preferred. The filters comprising up to 12 discs have a
maximum suction area of 100 m? at a disc diameter of about 3 m. Larger
filters with a maximum diameter of 5.3 m have meanwhile been developed
and will possibly be used in commercial plants in the near future. A
vacuum of about 85%, referred to atmospheric pressure, is necessary for a
sufficient dewatering. This vacuum is produced in water-ring or rotary-
piston-type-pumps. A capacity of about 140—200 m?/h air is required per
m? filter area. In the case of iron ore, the vacuum filter capacity is
0.4—1.5 t/h per m* filter area.

Some ores cannot be sufficiently dewatered by filtration for ball forma-
tion due to their mineralogical composition. In some former plants, the
filter cake is, therefore, subjected to drying in drum dryers. This has de-
trimental consequences for the pellet quality because the drum discharge
consists almost completely of micro-pellets of about 0.5—3 mm from which
perfect green balls can hardly be produced. For this reason, in some
modern plants the filter cake formed on the filter disc is heated to a higher
temperature by using steam instead of air. The decrease of water viscosity
resulting therefrom is sufficient to improve satisfactorily the filtration. In
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principle, the same effect could also be achieved by a corresponding
temperature increase of the pulp but the relevant heat consumption would
be higher.

Finally, the endeavours to improve filtration by filter aids should be
referred to. Former attempts failed because the reagents known at that
time adversely affected the green ball formation. Today the chemical
industry seems to have reagents which do not show such undesirable
secondary effects so that an alternative to steam filtration may soon be

available.



4 The Pelletizing Laboeratery and its Tasks

The fundamental demand for indurated pellets is their uniformly good
quality irrespective of the raw material from which they were produced, of
the purpose for which they are used and of the system according to which
they are made. Due to different raw material properties it is necessary to
ensure in tests the required pellet quality. This can be done in laboratories
adequately equipped. Above all, in the design of new pelletizing plants it is
imperative to convert the results of tests obtained in the laboratories into
technological and constructional basic data.

Combined with sufficient experience available from industrial plants,
one can establish reliable and convertible data in the laboratory.

4.1 Application Range of Laboratories

Laboratories in which the stages starting from the ore up to the testing
of indurated pellets can be investigated are important for:

(a) Pelletizing Plant Constructors. For engineering companies building
pelletizing plants, a well-equipped pelletizing research center is imperative.
Careful test and research work is important for a reliable plant design and
for the guarantees regarding quality, capacity and energy consumption.

(b) Pellet Producers. The greatest number of pelletizing plants is located
near the ore deposit. However, it is seldom that an orebody is so
homogeneous that the original design data remains valid forever.

When the orebody undergoes any changes (particularly hematite-
limonite ores) other technological parameters are required for grinding,
possible benefication and for the induration process. These parameters can
be found out beforehand in laboratory tests so that necessary process
variations can be quickly made at a constant quality without great
production losses. Such investigations are also important if the pellet
quality has to be changed from for example blast furnace to direct
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reduction pellets for which other metallurgical properties are often
demanded. Such laboratory tests are of particular importance for pel-
letizing plants in which mixed ores are treated.

(c) Pellet Consumers. Purchasers of pellets are primarily the blast furnace
and the direct reduction plant operators. They often have laboratories in
which mostly indurated pellets are tested.

(d) Universities, Mining Schools as well as Independent and Public Re-
search Institutions. According to the tasks to be performed, such institutes
often have only specialized equipment. The laboratories can be adapted
and equipped according to and in conformity with the purpose of the tests
required. The institutions referred to under a and b should have the com-
plete scope of relevant facilities.

4.2 The Tasks of a Laboratory

From the processing of the ore up to the production of the finished
indurated pellet, the following functions are in general to be fulfilled:

— Choice of suitable benefication processes for different ores

— Determination of the optimum grinding of all raw materials

— Choice and use of binders or metallurgically efficient additives

— Optimum green pellet composition

— Elaboration of suitable firing patterns for determination of the necessary

pellet quality

— Dimensioning of the most important process units

— Data on the energy consumption to be expected.

Essential prerequisites to the determination of all the necessary data
are:

(a) the use of representative raw materials. According to the purpose of
tests, some hundreds of kilograms to several tons of testing material
may be required;

(b) furthermore, such equipment, facilities and furnaces which allow a
conversion of the results thus ascertained to industrial plants are to be
used.

Fig. 32 shows a testing programme according to which various iron ores
and additives can be processed up to the finished indurated pellet. Ac-
cording to the preparation stage of the ore, some process steps may be
omitted. Above all, for the design and construction of a complete plant
beginning with the raw ore and ending with the finished pellet, it is
advisable to incorporate the beneficiation, particularly the fine grinding,
into the laboratory cycle.
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4.3 Raw Material Preparation and Pellet Production

4.3.1 Raw Material Preparation

Analogously to the comments given under item 3.2, an adequately
equipped pelletizing laboratory should also include the most important
facilities and equipment for the beneficiation of ores.

(a) Washing of Ores. Finely disseminated ores should be ground to minus
0.5mm. In a preliminary test, a small quantity of ore is slurried in an
agitating tank and its suspension behaviour is examined. After a certain
settling time, the suspension is separated from the sedimented solids. After
weighing and chemical analysis of the separated solids portion, a metal
balance is to be established. In semi-industrial tests for the production of
major concentrate amounts washing apparatus of types which are gen-
erally used in industrial plants, such as washing drums, spiral classifiers,
wet screens and hydrocyclones are utilised. A flowsheet based on a test
with an earthy, limonite-containing hematite from Goa is described in
Fig. 33. In this case the iron concentration effect was of secondary interest
while the decrease of the alumina content was more important.
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(b) Gravity Methods. The characteristics of the ores are firstly ascertained
with only minor quantities. By heavy-media separation in organic liquids
of a higher density than water, the gangue is separated from the iron-
bearing material. The density of the heavy media — generally around
2.8 g/cm® for iron ores — is adjusted to optimum selectivity. These
laboratory tests are to be confirmed by experiments on a semi-industrial
scale. Suitable equipment for such tests is available on the market.

(c) Flotation. During flotation the ore surface is, in different ways, altered
by using specific chemicals. The effect of individual chemicals is studied.
Since, in contrast to many physical beneficiation processes, the time factor
plays a certain role during flotation, the next testing phase is carried out in
a continuously operating pilot plant. On this occasion, not only the time
factor but also the influence of middlings in internal circuits on the process
are investigated. Such tests on a larger scale are the prerequisites to the
eleboration of a suitable flowsheet. With a view to a good filtrability of the
concentrates and, if necessary, an efficient wettability of the grain surfaces
during pellet production, the choice of reagents is of importance.

(d) Magnetic Separation. According to their behaviour in a magnetic field,
the minerals can be divided into three classes, namely highly-, weakly-,
and non-magnetic minerals. Some minerals important for pelletizing are
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specified below *®), with the behaviour of iron in a magnetic field serving
as a criterion: .

iron =100 ) .
magnetite — 40 highly magnetic
titanomagnetite= 24.7

fi}clirerrhi?:te _ ?; weakly magnetic
hematite = 13

limonite = 08

quartz = 037

dolomite = 0722 _
calcite = (o3 Mon magnetic

In conformity with these properties, low-intensity magnetic separators are
used for highly magnetic ores and high-intensity magnetic separators for
weakly magnetic ores. For the determination of the liberation size, the
ores are ground to different fineness.

The Davis tube, which already with a few grams of material gives
representative results and guide values for further tests on a larger scale, is
suitable for highly magnetic ores.

Such tests are carried out with equipment having a capacity of about
1-3t/hour. Mostly drum separators are used. These separators are
normally equipped with permanent magnetic systems whose field in-
tensity, measured on the magnet surface, is about 0.2 Tesla.

A drum separator is used for dry separation while a liftout separator is
employed for wet separation. Both types can be arranged in a mass flow
circuit so that the data thus obtained is already valid for the design of in-
dustrial plants. Subsequently, representative pelletizing tests are run on the
major concentrate quantities thus produced.

Fig. 34 shows, for example, the beneficiation flowsheet for a magnetite
ore.

However, if weakly magnetic ores (hematites, limonites) are to be
upgraded, substantially stronger magnetic fields of up to 2.5 Tesla are
necessary. These separators are, therefore, called high-intensity magnetic
separators. In this case, a test with small amounts of material can yield first
data on the field intensity required. For the preparation of flowsheets,
apparatus on a semi-industrial scale with a throughput of several hundred
kilograms per hour are used. In the event of disseminated ores with an
adequate grinding degree, wet separators are most suitable. Dry separa-
tors are employed for more coarsely intergrown ores.

(c) Magnetizing Roasting. Lean hematite bearing ores are reduced to
magnetite under a weakly reducing atmosphere. This process calls for
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Fig. 34. Alternative routes for wet magnetic separation of magnetite ore in a pilot
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relatively high processing costs so that it is only used rarely on an in-
dustrial scale. Intermittently operating small rotary kilns or fluid-bed
reactors are employed for the performance of orienting tests in which the
principal characteristics are to be determined. Before the construction of
an industrial plant, pilot plants are generally erected and operated over a
period of at least several months.

(f) Electrostatics. If this process is taken into consideration, the behaviour
of the minerals in an electric field is first tested with small quantities.
With this process, the corresponding parameters must be closely observed.
The operating conditions must only vary within very narrow limits, they
havz to be precisely ascertained in previous tests. It is also possible to
condition the ore grain surface in order to increase the differences in the
conductivity of the various minerals.

4.3.2 Grinding

The most important prerequisite to green ball formation is a sufficient
fineness and a suitable size distribution of the raw materials. With the
exception of concentrates, which often are already obtained in a sufficient
fineness from the beneficiation plant, natural ores, coarser concentrates
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and additives have to be ground or re-ground. The grinding tests carried

out in the laboratory have virtually two purposes: ’

(a) Preparation of grinding samples with a representative size range for
the performance of pelletizing tests.

(b) Determination of the most economic method taking the capital in-
vestment, energy consumption and wear into consideration with the
demand for high-grade pellets being of greatest importance.

There are four variants for the performance of fine grinding:

— Open-circuit dry grinding in ball mills,

— Closed-circuit dry grinding,

— Open-circuit wet grinding,

— Closed-circuit wet grinding (see item 3.2.2.2).

In all cases precrushing to minus 6 mm is recommendable, Figures 29
and 30.

Grinding rods or pebbles may also be used instead of grinding balls.
Pebbles are ore fragments having a diameter of 40—80 mm.

In the case of earthy hematite and particularly limonite, only the dry
grinding method should be adopted because after wet grinding, these ores
cannot be sufficiently dewatered by filtration for green ball formation. An
adequately equipped laboratory should comprise sufficiently dimensioned
grinding test facilities for this purpose. This particularly applies to
pelletizing plant constructors.

In order to limit the scope of test work accordingly it is advisable to run
pellet firing tests in parallel to the grinding tests since often after a few
tests preliminary decisions can already be taken. Moreover, the fineness
has, of course, to be determined in all grinding tests. Two methods have
proved to be successful but it is recommended to ascertain the fineness
according to both methods:

(a) Screen Analyses. Normally, the sreening is achieved in a dry manner.
In this connection, a screen cut of 0.045 mm = 325 mesh has become
usual. In principle, the screen cut may also be lower, down to 0.032 mm. In
this regard, the use of air-blown screens has proved to be suitable. After dry
grinding, some ores tend to form loose agglomerates. In such cases, the
wet screening method is preferable. A screen analysis is reliable for the
particle size range below 0.02 mm. For the precise determination of these
very fine fractions in connection with the grinding degree, it is additionally
necessary to ascertain the specific surface area (see item 3.2.2.1).

(b) Surface Determination. For this purpose, the method according to
Blaine, known from the cement industry, was first taken over and is
nowadays adopted for pelletizing also. In some laboratories, the Svenson
method is preferred.
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Neither method is quite independent of human errors, i.e. of the person
charged with the performance of the pertinent test.

In this respect, the more mechanised surface determination with the
Fisher-Subsieve-Sizer is less sensitive. Each method yields reproducible
results. However, the absolute values obtained, indicated in ¢m?/g or in
cm?/cm?, are not always identical.

Before the performance of screen analyses and surface determinations, a
preparatory treatment of the samples for the destruction of pseudo-ag-
glomerates by gentle grinding with rubber balls is often required. A
previous repulping in alcohol for dissolving the agglomerates has also
proved to be successful *%).

4.3.3 Grinding Equipment and Grinding Energy

To obtain a size range required for practical operation in the grind-
ing tests, it is recommended to use mills with a minimum diameter of
0.6 m where the ratio of length to diameter should be about 1.5:1.
Furthermore, continuous grinding is to be given preference. In the case of
closed-circuit grinding, care should be taken that the classifiers be
sufficiently dimensioned since often they only ensure a representative
classification from a certain capacity onward which may involve the use of
correspondingly greater mills. This detail should be particularly considered
“for wet grinding with hydrocyclones as classifiers.

The performance of large-scale tests in mills with e.g. 1.0 m diameter at a
throughput of 1—3t/h is recommended for ascertaining the exact energy con-
sumption. The throughput is dependent on the grindability of the ore and of
the required fineness. Consequently a larger ore quantity of up to 50—100t
is recommended for such tests. In the event of a closed circuit, it takes about
3 hours for wet grinding and about 4 hours for dry grinding until the
system is in balance. Normally, several tests have to be run to obtain
dependable results. The specific energy consumption for grinding can be
determined by:

Measuring the torque at the shaft before the main drive pinion or
stopping the mill rotation by using a prony brake or determining the
active power consumption of the mill motor.

Such measurements especially the torque metering yield very reliable
data for dimensioning the grinding equipment and for the determination
of the energy consumption. Table 11 shows test results which were
obtained during grinding tests in large-scale pilot mills.

In these tests, the ore was ground in various grinding systems to the
same fineness. Consequently, the quality of green and indurated pellets is
roughly identical within the scope of test accuracy.



76 4 The Pelletizing Laboratory and its Tasks

Table 11. Influence of various grinding methods on grinding energy and properties
of hematite pellets

Wet grinding Dry grinding

Ball mill Pebble  Ball mill
mill
Circuit Circuit
open  closed open  closed
1. Specific surface area 1600 1600 1600 1600 1600
(cm?/g)
2. Grinding energy (Kwh/t) 18.0 14.5 16.5 21.0 15.5
3. Wet compression strength 7.0 7.0 7.0 8.0 8.0
(N/pellet)
4. Drop number at 46 cm distance 4.0 35 44 3.6 36
5. Green pellet moisture 8.5 8.2 8.2 7.4 1.5
content (%)
6. Dry compr. strength 14 14 9.0 9.0 9.0
(N/pellet)
7. Compression strength of 3000 3500 3200 3600 3400
fired pellets (N/pellet)
8. Tumbler index 0.6 mm (%) 35 32 34 35 43
9. Swelling rates (JIS) (%) 15 14 16 14 21
10. Specific capacity of a 24 25 23 26.5 24

travelling grate (t/m? 24 h)

As regards the energy consumption, closed-circuit wet grinding yields
the lowest values. In the case of closed-circuit dry grinding, the energy
consumption is almost the same *°).

In some cases, the specific power consumption for grinding may be
determined with a certain precision by adopting the Bond method **). But
often, in the case of surface grinding, this method is not precise enough.

4.3.4 Filtration

Wet grinding is followed by filtration in all cases in order to achieve a
moisture content of the filter cake which is at or better below the optimum
green pellet moisture content. As concerns the filter cake moisture content
to be attained, small-scale tests with filter plates give indications. However,
continuous filtration tests with the corresponding filter type, such as disc
or drum-type filters are recommended for dimensioning the filter plant.
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In the event that the filter cake is difficult to dewater, hot steam filtration
may be advantageous. A thermal secondary drying is not only expensive
but also often leads, primarily when drum-type dryers are used, to un-
desirable agglomerates which may bring about great difficulties during
green ball formation. These agglomerates hinder:

(a) the desired close size range of green pellets from being achieved,
(b) a homogeneous mixture, particularly with additives after drying.

A further possibility for the subsequent regulation of the filter cake
moisture content is the use of drying additives. In this connection, the
highly water-bonding bentonite has, in particular, a considerable influence
as has also calcium oxide (CaO) when special measures are taken.

4.4 Mix Preparation for Ball Formation

4.4.1 Mix Preparation

All fine-grained components for the pellet mix, binders or additives are
previously mixed intensively. An optimum mixing is, of course, achieved
during the common grinding of raw materials. However, possibly existing
great differences in the grindability of ores or additives must be con-
sidered. In the case of wet grinding, no bentonite can be added since the
swelling of bentonite would adversely affect the filtrability. To ensure a
homogeneous mix, different mixer types are used. Small-sized experi-
mental units of some of these types exist. In laboratories batch-type
positive mixers have proved to be suitable. Since they operate intermit-
tently, the charge components and mixing time can be precisely controlled.
In these mixers, a pre-wetting of the complete mix to a moisture content
being about 1—2% below the optimum pellet humidity is also achieved.

The testing material to be pelletized is then to be continuously and
uniformly charged to the balling equipment preferably by using a variable
speed belt. In the event of mixtures tending to the formation of lumps, it is
recommended to insert a fluffer for fluffing any undesirable conglomerates
before the mix is fed to the disc.

4.4.2 Green Ball Formation

The balling drum and the balling disc have for many years proved to be
equally suitable for green ball formation.

Lifgren*) compared the quality of green balls produced from Malm-
berget magnetite concentrate both in drums and in discs of industrial
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plants and detected practically no differences. When choosing a balling
unit for the laboratory, in most cases the disc was selected. However, this
decision has nothing to do with the choice of the unit to be used in the
industrial plant to be designed. A main reason for the preference of a
disc is its easy handling. Discs operate practically without circulating
undersize load or with only a small amount. Consequently, no recircula-
tion of undersize is required, and the disc quickly comes into balance, i.e.
the quantity of pelletizing material supplied corresponds to the same
amount of green balls discharged. Within a shorter time and with smaller
quantities of testing material satisfactory results are obtained more quickly
in the disc than in the drum. The question regarding the convertibility of
laboratory test results to an industrial plant is positively answered by opera-

Table 12. Comparison of green pellet properties produced in discs on pilot and in-
dustrial scale

Equipment Discs- Discs- Pilot- Airplane-
No.2 No.3 disc tire

Size (¢ m) 6 6 1.0 -

Spec surface area (cm?/g) 1500 1500 1500 1500

Green-strength (N/pellet) 7.8 7.3 7.6 7.0

Drop number (46 cm) 5.8 5.1 4.6 2.6

Moisture (% H,0) 9.3 9.3 8.9 7.9

Size (mm #) 12-15 12-15 12-15 12-15

tional values of industrial plants, as can be seen from Table 12. The results
obtained in a disc having a diameter of one meter are comparable with
those reached in discs with a diameter of six meters. Consequently, it is
justified to use a balling disc of smaller diameter for the work performed
in the laboratory.

The last column of Table 12 gives the results obtained with another unit,
the so-called “airplane-tire”. This simple balling unit consists of an
adequately supported, rotating tire. Testing material is intermittently
introduced into the interior of the tire and green balls are produced in
batches. The tire primarily serves for determining the green ball quality
while it is not suitable for capacity determination.

The green ball formation in an experimental disc serves for the deter-
mination of:

— optimum moisture content

— conditions for the formation of green balls of different diameter

— possible capacity in dependence on the shape and fineness of grains
and other ore characteristics.
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Fig. 35. Experimental disc and pre-mixer

In order that the experimental disc can fulfil these functions, it must
meet the following requirements:
— disc diameter: 60—80 cm
— rim height: about 20 cm (to be varied)
— disc slope: adjustable between 45—55°
— rotating speed: adjustable between 10—18 R P M.
— adjustable location of ore and water supply.
The material supply is to be achieved steadily and evenly spread.
Fig. 35 shows such an experimental disc and a premixer arranged
beside.

4.4.2.1 Green Ball Formation and Testing Methods

Green balls cannot be stored during their transportation from the balling
to the indurating unit due to their low mechanical strength.

The pelletizing plant constructors intend, therefore, to keep the trans-
portation route as short as possible with a minimum number of transfer
points and low drop heights.

In modern travelling grate plants, for example, the transportation times
are between two and maximum four minutes with about four to five
transfer points and drop heights of 60 to a maximum of 100 cm. The
testing methods adopted at present were established according to these
practical requirements.

4.4.2.1.1 Pellet Moisture Determination. About 100 g of green balls are
dried in a drying oven at a temperature of 105—110 °C.



80 4 The Pelletizing Laboratory and its Tasks

4.4.2.1.2 Crushing Strength. A certain minimum crushing strength is
necessary in order that the pellets can withstand the compression load in
the pellet bed on a belt conveyor, drying grate, indurating grate, or in a
shaft furnace.

The average crushing strength of green and dried pellets is controlled by
compressing at least 10 pellets between parallel steel plates up to their
breaking. The mean value of the tested pellets gives their crushing strength.
In a simple manner, this test is carried out on a platform balance with
weight indication by means of a pointer. The pellet to be tested is placed
on the lower steel plate of the balance and is gradually compressed with a
steel plate while the pointer position is observed. The pellet breakage is
indicated by the jumping back of the pointer. The maximum weight load
observed corresponds to the crushing strength measured in N/pellet.
Often, mechanically operating testing units are recommended. If the
crushing strengths ascertained with a platform balance are compared with
the results of a mechanized test press, there are practically no differences
for pellets of the same diameter, as can be seen from the following data:

Crushing strength: N/pellet

Green Pellet Dried Pellet
Hand press 11.1 40.6
Automatic press 11.6 46.9

This method of determining the crushing strength is scientifically in-
correct since pressure is always referred to a plane surface which is not the
case with a pellet. A point load, represented by a point crushing strength,
is also not correct for the spherical surface of a pellet. However, the
measurements result in practically comparable values as reference values if
the examination is carried out with pellets of approximately the same
diameter. Consequently, small pellets must yield a lower strength than
those of a greater diameter*®). Control measurements with the same
earthy hematite as described above confirmed this assumption. Pellets
having a diameter of 10 mm, 12 mm and 15mm yielded the strength
specified below both for green and dry pellets:

Pellet diameter in mm 10 12 15

Green pellets N/P 8.0 9.3 11.1

Dry pellets N/P 33.6 39.0 40.6
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The pellets must withstand a further load during the drops in the course
of their transportation. Two values are ascertained for these drops.

4.4.2.1.3 Drop Number. The drop number indicates how often green balls
can be dropped from a height of 46 cm = 18" before they show per-
ceptible cracks or crumble. Ten green balls are individually dropped on to
a steel plate. The number of drops is determined for each ball. The
arithmetical average values of the crumbling behaviour of the ten balls
yield the drop number. According to experience, the minimum value is
four. As a result, a pellet is to withstand, without any damage, four drops
from a height of 46 cm. Comparative values are given in Table 13. If the
necessary values are not achieved with the ore alone, binders are added.
The ball diameter is also to be indicated for the determination of the drop
number because, in this case, also correlations exist.

4.4.2.1.4 Drop Resistance. This testing method is only occassionally
adopted today. By using this method, the crushing strength of green balls
is found out after three drops from different heights. This value is an in-
dication of the admissible height difference at various transfer points
during green ball transportation. About 7 Newton are required as
minimum strength for three drops from a height of 46 cm.

Desired values for the mechanical properties of green, dry and indura-
ted pellets have to be ascertained in laboratory tests, 4.6.1—4.6.1.2 and
shown in table 13, first column. For comparison, measured values of pel-
lets produced from various ore types in industrial plants are also indicated.

4.4.3 Capacity Determination

Although pellet plant constructors have been gaining experience in in-
dustrial plants with different ores for several years, it is recommended that
capacity determinations be carried out on an experimental balling disc.
The maximum capacity can be recognized by the decreasing quality,
particularly by an extension of the size range of the pellets produced.

Optically too, the capacity limit can be recognized by an increasing
pellet surface roughness. From the considerable number of publications
dealing with the question regarding the dimensioning of pelletizing plants,
the article issued by Bhrany ¥) is to be noted. He has set forth a theory
which permits the design of industrial balling discs on the basis of
laboratory experiments.



Table 13. Mechanical properties of pellets, desired and obtained in industrial plants

Test specifications according to standard
methods

Desired values

Results in commercial plants (examples)

Magnetite Hematite Limonite Mixture of
Hematite ores
Additives Variable Bentonite Lime hydrate 0.5% Bentonite 2% CaCO;
0.7% 1% (Ca/OH), 3.0% CaCO, Lime stone
Lime stone
Grinding  -0.045 mmin % Variable 72 98 67 58
spec surface area (cm?/g) 1900 1900 2630 2200
Green pellets compression strength (N/pellet) 10 11 13 16 16
Drop numbers at 46 cm distance Minimum 4 7 5 7 10
Dry pellets compression strength 10 33 15 32 39
(N/pellet)
Indurated pellets compression strength 2000 3100 3600 2800 4100
(N/pellet)
Tumbler index (% + 6.3 mm) 94 97.5 97.0 95 9%
Abrasion index (%-0.5 mm) 5 22 2.8 42 3.5
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4.4.4 Bulk Density

The determination of bulk densities of ores, concentrates and additives
is important for the dimensioning of bins and handling equipment. In
addition, this determination gives indications of the capacity of ball
forming units, which is decisively influenced by the bulk densities.

4.5 Green Ball Induration

The induration of green balls means their thermal treatment in the

following stages:

— Drying of green balls

— Heating of dried pellets and oxidation of magnetite pellets up to in-
duration temperature

— Firing at induration temperature

— Cooling of indurated pellets.

Depending on the intended purpose, the various trials are carried out
with testing materials in furnaces having a different thermal capacity and
volume. Orienting tests are run on quantities of individual pellets of up to
one kilogram. Tests performed with quantities of up to 80kg are
performed in pot grates, which serve to:

— ascertain the quality of the pellets produced as a dependence on the raw
material properties,

— determine the oxygen required for the most complete oxidation of
magnetite to hematite,

— determine the temperature profile for the ore types involved,

— determine the capacity of e.g. travelling grate plants expressed in tons of
pellets produced per sq.m. grate area and day,

— obtain data for gas flow and heating balances.

4.5.1 Furnaces for Orienting Tests

(2) In an orienting test the shock sensitivity during green ball drying is
determined. For this purpose, shock tests are carried out in a muffle
furnace which can be heated from 100 °C to 1000 °C. Ten wet pellets are,
for example, introduced into such preheated muffles to find out the
number of pellets which burst at a predetermined temperature. The
admissible shock temperature is that at which all pellets remain un-
damaged. More precise measurements are made in a pellet layer through
which gas is flowing. For this purpose, pellets are charged in a basket to a
tube furnace as shown in Fig. 36.
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Fig. 36. Tube furnace for drying tests with green balls in a gas stream

(b) Orienting pellet induration tests are run in conventional laboratory
furnaces, e.g. muffle furnaces, which can be heated up to a temperature of
about 1350 °C. In these tests, small pellet quantities are used mainly to
ascertain the optimum firing temperature.

4.5.2 Stationary Pot Grate for Principal Tests

The above two furnace types can be found in every metallurgical
laboratory while the principal tests are performed in special equipment
developed for pellet firing, the so-called pot grate. In these pot grates,
representative tests for firing according to the travelling grate, grate-kiln
and shaft furnace process can be carried out. Irrespective of special pelletiz-
ing processes this pot grate is often used for general investigations also
those of a scientific nature. The drying, preheating, firing and cooling are
achieved in the same pot grate with the process gases being sucked or forc-
ed through the pellet layer. According to the firing system applied, the
bed height varies between 20 cm for the grate-kiln process and about
40 cm for the travelling grate process.
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The pot grate was developed on the basis of down-draught sintering
technology. It was then adapted to the special thermal conditions of pellet
firing. In particular, the so-called side wall effect initially caused troubles
in the course of the process. This effect brought about two phenomena:

(a) The gas flow is faster along the wall than in the pellet bed. As a
result, the measured waste gas volume is greater than in industrial plants.

(b) The heating gases in the zone near the wall give off a considerable
part of their heat energy to the wall. In this way, the pellets placed on the
wall area are not heated to the necessary temperature and their quality is
thus correspondingly lower. Two possibilities for avoiding or diminishing
this effect are used in practical operation.

4.5.2.1 Pot Grate with Side Walls and Hearth Layer

Fired pellets of a smaller diameter than that of green balls or screened
fired pellet fragments are placed between the stationary side wall and the
green ball feed. This intermediate layer represents an insulating zone
which dams heat convection and holds off the hot gases from the
stationary smooth side wall. This side wall material can be separated by
simple screening from the fired pellets after termination of the test. The
main portion of the sample can be used for quality determination.

Since the pot grate bottom is composed of metallic grate bars, it needs
to be protected against overheating. This is achieved with a layer of
indurated pellets of 6—10 cm thickness.

The green pellet bed is thus protected by a “refractory envelope” con-
sisting of the same material as the pellets. Smaller pellet samples from
different ore types could also be embedded in one or several baskets of
stainless steel into the middle of the green pellet layer. After termination of
the test, these baskets can be separately withdrawn. Fig. 37 shows the
section of such a pot grate with side wall protecting zone, hearth layer and
pellet filling.

4.5.2.2 Pot Grate with Corrugated Side Walls

Attempts were also made to avoid air-in-leakage by using a refractory
brick lining of an inside corrugated shape. In this case it is recommended
that any finished pellets should be preferably withdrawn from the middle
of the bed or for relevant tests baskets be employed. The section of such a
pot grate is represented in Fig. 38 #). In both cases hearth layer can be
used. Instead of side layer or refractory ramming mass a newly developed
refractory fiber mat is nowadays used which is resistant to temperatures
up to 1600 °C. This material has the following characteristics:
— high temperature resistance
— low heat capacity
~ good insulating effect
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Figs. 37/38. Alternative pot grate systems for heat treatment of pellets

4.5.2.3 Control Scheme of Pot Grate Tests

In the firing tests, different test conditions can be varied and checked,

such as:

— air flow direction, drying method

— gas volume, suction and pressure in the wind box

— preheating rate and temperature profile

— fuel type: oil or gas

— heating gas atmosphere by using additional oxygen, if necessary.

Above all, temperature control is decisive for the quality of fired
pellets and process development so that in all important locations thermo-
couples. are installed. The side view of such an equipped stationary pot
grate as it is frequently employed for pellet firing is shown in Fig. 39.

4.5.2.4 Movable Pot Grate

In the pot grate, the consecutive process stages develop in a stationary
state in contrast to the travelling grate in which the individual process
steps proceed locally and separately from each other.

When the necessary flow direction of the process gases is reversed, the
test conditions are impaired in the stationary pot grate by the fact that the
ancillary equipment connected with the pot grate, such as wind box and
firing hood, cannot be brought so quickly to the temperatures required for
the process. This has detrimental consequences primarily at the end of the
firing process. During the change-over to cooling, the air is first preheated
on the hot walls of the wind box and then passes in preheated condition to



4.5 Green Ball Induration 87

B, Burner

_____ T
]I

Burner hood movable

T1 Abaove pellet bed

T2 Middlz of pallet bed

73 Above heorth loyer
T4 Below heorth layer

75 In grote bar

_—: ————— T6 In windhox

—— Wosle gas or
= Orying gus or
ftt— [roling air

ﬂ[/ T- Temperature control points

Fig. 39. Temperature control in pot grate tests

the pellet charge. However, in an industrial plant, cool air can immediately
flow through the pellet bed. Also during preheating, delays which are
caused by the heat consumption of the burner hood brickwork must be
considered. Learning from this experience one proceeded to render the pot
grate movable. It is, as in an industrial plant, brought into another position
during each of the various process stages. Fig. 40 shows the scheme for
such a pot grate which is moved from the right side to the left side during
the heating operation. In positionI, green balls are fed to the pot grate. In
position I, the updraught drying is achieved while in position III the final
drying, preheating, magnetide oxidation, firing and after-firing are ac-
complished. In positionIV, the hot charge is cooled with an updraught
air flow. The pot grate is emptied in position V.

The arrangement of the measuring device, particularly that for measur-
ing the temperature in the pellet layer corresponds to the scheme shown in
Fig. 39. Fig. 41 is a photograph of a laboratory equipment with various
pots, heating device and instrument panel. From the three pots shown in
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Fig. 40. Movable pot grate system for heat treatment tests

the plate, the pot in the centre serves for testing, the two others are
stand-by pots. The data logged during the measurement is automatically
recorded. The measuring instruments can be directly connected to a
computer.

All data is logged, stored and is at any time available for renewed
evaluations. These data can also be directly utilized through the computer
for the design of industrial plants.

Fig. 41. Photograph of a movable pot grate system
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4.5.3 Pilot Plants

Reference is made to Table 13 which shows the minimum demands on
pellet properties empirically ascertained and the values measured in in-
dustrial plants, which were originally established on the basis of test results
obtained in laboratories. In this way, proof has been furnished that it is
possible to design and construct pelletizing plants on the basis of
laboratory results. In some cases, it will, nevertheless, be advisable to
operate a pilot plant having a capacity of 10—20 tpd pellets.

The purpose of such a pilot plant is:

—to provide major quantities of pellets for specific reduction tests in
pilot plants of different direct reduction systems,

— to test new firing systems,

— to investigate new process variants for trying out different fuels, e.g.
coal alone or mixed with gaseous or liquid fuel.

However, results from pilot plants are no longer needed for the design of
conventional plants.

4.6 The Properties of Indurated Pellets
and Their Testing Methods

From the indurated pellets such properties are demanded which are
necessary for their behaviour during transportation (physical properties)
and primarily during metallurgical treatment either in the blast furnace or
in direct reduction plants (metallurgical properties). The pellet quality is
evaluated by adopting appropriate testing methods, which were developed
from experience gained mainly in industrial plants. Attempts are succes-
sively being made to develop and introduce international standards, called
ISO Standards. These standards are elaborated and proposed by the Inter-
national Organization for Standardization. Countries with a high pellet
import rate, such as Japan, are using in parallel, their own testing methods.
Laboratories of pellet exporters should be equipped for the use of all im-
portant testing methods.

4.6.1 The Physical Properties

Testing methods were initially taken over from those used for other
products, as for example from the cement industry for testing the crushing
strength as well as from coking plants for testing the tumbling behaviour.
At an early stage W. E. Marshal %) pointed out the importance of the
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mechanical strength of pellets in the blast furnace. He found clear
correlations between the quantity of flue dust and the tumbling behaviour
of pellets charged.

4.6.1.1 Crushing Strength, According to ISO TC 102/SC 3 DP 4700

It is apparent from practical operation, that the pellet consumers
demand a minimum strength of an average sample of about 2000 N/pellet.
In order to determine the crushing strength, one individual pellet is
placed between two steel plates in a similar manner as for green balls and
the compression load is increased according to a specified time schedule.
Pellets of an optimum roundness and most uniform diameter are selected
to ensure an even point load. A minimum of ten pellets is used for each
test. In the case of travelling grate plants, the examination is carried out
for the upper, middle and bottom layer of pellets. The average strength of
ten individual pellets is then regarded as crushing strength.
Nowadays, various testing methods are applied:
(a) Hand press: It is operated by hand the power being hydraulically
transmitted.
(b) Hydraulic press with motorized drive.
(c) Electrically operated press with a weight placed on a movable lever
arm.

4.6.1.2 Tumbler Resistance

Although the abrasion test according to ISO Standard 3271 1975 E has
been standardized internationally, a pelletizing laboratory should comprise
facilities which will allow different examinations to be made according to
the customer’s wish. There exists in parallel to ISO, the ASTM (American
Society for Testing and Materials) as well as the JIS (Tumble Test
Japanese Industrial Standards). The ISO Test, according to ISO Standard
3271 1975 E is, for example, carried out as follows:

From a representative sample, 15 kg of pellets with a grain size of above
8 mm are introduced into a drum having the following dimensions:

diameter= [ m
length =0.5m

Two lifters, each 5 cm high, are located inside the drum which is rotated
for eight minutes at a speed of 25 rpm, i.e. 200 revolutions. Subsequently,
the pellets are screened and the fractions + 6.3 mm and —0.5 mm are
ascertained. The percentage of the separated fractions in proportion to the
feed weight is the value of the Tumbler Index (+ 6.3 mm) and Abrasion
Index (—0.5 mm). All values should be checked by repetition of the test.
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Since for each measurement a relatively large pellet amount is consumed,
1SO developed a method for a 3 kg pellet charge.

A comparison of physical and mechanical quality of green and indurat-
ed pellets between desired and measured values in industrial plants is
given in Table 13.

4.6.1.3 Microporosity

Nowadays, no great importance is attached to the determination of the
microporosity, which was temporarily considered as important for the
evaluation of the reduction velocity in pellets. According to experience,
this velocity is in practice always so high that even porosity variations
between about 10—30% hardly cause great differences and the major part
of pellet qualities is within the upper part of this range. Only pellets of a
very glassy structure can be more dense but such pellets are exceptions.

The porosity (P) is determined by measuring the true specific density
(D) with benzene or kerosene in a pycnometer.

The apparent specific density is measured with mercury according to
the replacement method.

x 100 in %.

The porosity is

4.6.2 Behaviour of Indurated Pellets During Reduction

The demands hitherto made on the pellet quality exclusively referred to
the mechanical behaviour of pellets during storage and transportation.
With the beginning of reduction, additional properties are required such
as:

— good reducibility which corresponds to a high throughput and an
economic energy consumption,

— low tendency to swelling, correspondingly good gas permeability of
pellet charge,

— good mechanical resistance in all reduction stages at low and high
reduction temperature, which means little degradation, little abrasion,
minimum strength and good gas permeability,

— low tendency to sticking under operating conditions, no cluster forma-
tion and no uneven gas permeability,

— softening and melting behaviour in accordance with other blast furnace
burden components.

The necessity of knowing these properties before the pellets are used in
the reduction furnaces was recognized in good time. Consequently,
methods for testing the blast furnace charge components were developed
accordingly. Some of them were taken over unchanged or, in some cases,
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in a modified manner for direct reduction. From early knowledge of the
behaviour of natural lump ores, sinter and pellets, it is essential to
influence the charge in such a way that during reduction no difficulty
occurs. In the case of natural lump ores, this is not possible. Their
properties are determined by nature. The situation is different for sinter
and pellets. By the selection of adequate additives and by a variable firing
pattern, the behaviour of pellets during reduction can be largely influenced
in advance. As a result, the testing methods are of increasing importance.

They shall be practicable in a laboratory, most simply applicable and
imitate the effect of important parameters. However, they cannot simulate,
in all details, the reduction procedure neither in the blast furnace nor in
the direct reduction plant, but a similar correlation between the process in
an industrial plant and the laboratory investigations shall be ensured.

The great importance of such testing procedures can be recognized by
their large number nowadays being applied. An adequately equipped
pelletizing laboratory should, therefore, comprise a maximum number of
the principal testing facilities. In view of the worldwide interest the
establishing of internationally valid and recognised testing methods is
intensively pushed forward. The ISO Standards are right now receiving
more and more attention, but the JIS, Japanese Industrial Standards, must
be considered if pellets are supplied to Japan. LKAB in Sweden as an
important pellet and ore supplier, are attempting, together with inter-
national organisations, such as the British and German Steel Industry, to
develop adequate standards. However, the endeavours of all organisations
are. increasingly concentrated on international cooperation*). Special
testing methods still exist in plant complexes where pellets are produced
for internal blast furnaces.

The reduction conditions in blast furnaces are, in the first phase, very
similar to those of shaft furnace reduction processes if the differences in
the reducing gas atmosphere are neglected. The temperature profile is also
similar at the beginning but changes at about 800°—1000°C. In this
temperature range, the oxygen removal during direct reduction ends.
Sponge iron is cooled and available for melting to steel in other furnaces.
For this purpose, it is necessary that sponge iron has a certain mechanical
strength and a good tumbling behaviour.

The final reduction in the blast furnace proceeds differently. The
partially reduced material remains in the same furnace and is heated to
higher temperatures up to the liquid phase. In this phase, the gangue
separates as slag from the metallic iron in the form of liguid pig iron. In
this case, the pellets must have a softening and melting behaviour which
adapts to the properties of the other burden components.

In direct reduction, a softening of the charge is, in any case, to be
avoided during reduction. Consequently, great value is attached to the
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knowledge of the softening behaviour (sticking). According to the different
demands made on the charge properties, tests are carried out by adopting
various methods.

4.6.2.1 Testing Methods for Reduction

These methods serve to find out the behaviour of pellets during reduc-
tion compared with natural lump ores and classified sinter.

4.6.2.1.1 Mechanical Strength. Sufficient mechanical strength of fired
pellets is an important prerequisite to their optimum behaviour during
transportation and reduction. The corresponding testing methods are
described under item 4.6.1.

4.6.2.1.2 Examination of Fired Pellets for Blast Furnace Operation.
During reduction, highly oxidized pellets of good quality pass through
several process stages while a structural change occurs. It is imperative
that in these phases the pellet quality is maintained as far as possible. Such
changes may already occur at a relatively low temperature of 500 ° to
600 °C resulting in a certain degradation and thus impairing the gas
permeability of the pellet charge.

At rising temperatures of up to 1000 °C, the pellet volume may increase
beyond the initial volume. This volume increase, known as “swelling”,
decreases the voids in the charge accordingly and thus impedes the gas
flow.

With swelling, the strength may diminish so that the pellets may even
crumble whereby the gas permeability is further impaired. According to
the chemical composition of the pellets, they start to deform plastically at
a relatively early stage and can thus also impede the gas flow. Various
methods are adopted for examination of pellet quality during the
reduction stages conforming to existing standards. However, some pellet
consumers are still using other, similar methods.

Mr. R. Linder *'), as one of the first researchers developed a rotary kiln
method in which, during the kiln rotation, the behaviour of ores, sinter or
pellets is studied under a changing atmosphere in the presence of coke of a
size roughly the same as that of pellets and at a temperature ranging
from ambient temperature to 1000 °C. The accumulating fines portion,
reduction degree and crushing strength of the discharge were ascertained.
This method was applied for several years. In some cases the rotary kiln
proposed by Linder is in a similar form used for dynamic testing methods.

4.6.2.1.2.1 Low-Temperature Disintegration Test (Static Test). [ISO/TC
102/8C 3 (Sect. 98) July 76 341 E Fourth Draft Proposal ISO/DP 4696].
The purpose of this test is the determination of degradation under condi-
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tions as they prevail in the upper part of the blast furnace. Pellets screened
at 10—12.5 mm remain for one hour at a temperature of 500 °C under a
weakly reducing atmosphere in a vertical tube furnace. After careful
cooling under a nitrogen atmosphere, the kiln discharge undergoes a
special tumble test according to ISO/TC 24—75 and is then screened. As a
result, the reduction disintegration degree is indicated by the percentage of
fractions plus 6.3 mm, plus 3.15 mm and minus 0.5 mm.

4.6.2.1.2.2 Low-Temperature Disintegration Test (Dynamic Test). [ISO/TC
102/SC 3 (Section 87) 286 E April 1974]. Under equal conditions, the
reduction is carried out in a rotary kiln (similar to that used by Linder)
with the disintegration behaviour during rotation being tested. After cool-
ing under a nitrogen atmosphere to ambient temperature, the discharge is
then screened as in the previous test. Fig. 42 shows the scheme of such a
testing unit conforming to the ISO Standards.

Rototing vessel & equally spaced
contoining sample ! lifters 20 mm high

L/\/\ /\/\/\ /WU 200mm in length

\ — Thermocougle
Gas mJ!lel‘_D.WV‘—{_TLn = 1 J 1‘_—_'_‘%

Codling \/\J‘ A /\\/\/ as nlel -
coll Chain \/ halves C0; C0;; N

drive

- Electrical healing -+

Fig. 42. Externally heated rotary kiln for low-temperature breakdown test (LTBT)
according to ISO TC102/SC 3 286 E (1974)

4.6.2.1.2.3 Swelling Test. [ISO/TC 102/SC 3 (Section 89) 288 E August
1974]. The purpose of this test is limited to the study of the swelling
behaviour of pellets. They are placed in a tube furnace so that each pellet
has, after swelling, sufficient space without coming in contact with other
pellets. The temperature is 1000 °C % 10 °C. The atmosphere consists of
40% CO and 60% N,. The test is achieved by four single determinations at:
15, 40, 75 and 120 minutes with a reduction of 25—80% being attained.

The volume of a certain number of pellets is measured before and after
the test.

4.6.2.1.2.4 Reduction under Load Test (RuL). [ISO/TC 102/SC 3 430 EJ.
The purpose of this test is the control of the gas permeability of a pellet
bed of 1.2 kg (10—12.5 mm diameter) at a temperature of 1050 °C with
40% CO, 60% N, and at a pressure of 0.5 bar (da N/cm?).

The differential pressure above and below the charge is continuously
measured at a predetermined gas volume per unit of time. This pressure
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changes when the gas permeability varies. If the pellets are deformed or
disintegrate under test conditions, the permeability of the bed decreases
and the differential pressure rises. Apart from the differential pressure, the
pellet weight is permanently checked. In this way, the oxygen removal is
measured. Fig. 43 diagrammatically illustrates equipment designed as per
the ISO Standard.

4.6.2.1.2.5 Other Testing Methods. As already mentioned at the beginning
of this chapter, still other testing methods are used by pellet consumers.
This particularly applies to the Japanese steel industry because it imports
great pellet quantities from different countries such as Australia, Chile,
India, Brazil and Peru.
— Standard JiS M 8713 — 1972.
Method for Measuring the Reducibility of Iron Ores serves for testing
the reducibility, reduction velocity and strength of reduced pellets.
This standard was developed from different versions of the “Gakushin’
method which was adopted at the beginning of the sixties.
— Standard JiS M 8715 — 1968.
Method for Measuring the Swelling Index is used for testing the swelling
behaviour of pellets.
— The ISO Standard TC 102/SC 3 357 E of the draft proposal ISO/DP
4695 “Iron Ores Determination of Relative Reducibility”, is sometimes

applied additionally.
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4.6.2.1.3 Examination of Pellets for -the Direct Reduction. In principle,
similar conditions apply to direct reduction processes as prevail in the top
part of the blast furnace. However, the gas composition is different and
the reduction potential is greater. Moreover, the pellets should not soften
prematurely (sticking) and form lumps but are to be discharged as in-
dividual pellets.

After reduction a minimum strength is required for their transportation.

Although several industrial plants have already been successfully operat-
ing for some years, no generally valid standards, similar to the ISO
Standards have as yet been established. Nevertheless, it is already known
which pellet properties are most important.

4.6.2.1.3.1 Low-Temperature Disintegration Test (Dynamic). Standard
ISO/TC 102/SC 3 (Section 87) 286 E April 1974 (item 4.7.1.2.2) is used
for this test at a temperature of 600 °C.

4.6.2.1.3.2 Swelling Test Ti is suggested to perform swelling tests similar to
ISO/TC 102/SC 3 (Section 89) 288 E August 1974 at other gas composi-
tions. In the case of the Hojalata y Lamina Process the sample is treated
for 30, 60 and 90 minutes at a temperature of 1000 °C with a reduction gas
containing 74% H,, 13% CO, 8% CO, and 5% N,. After cooling, the
volume increase, reduction efficiency, crushing strength and metallization
degree are measured, see item 4.6.2.1.2.3.

4.6.2.1.3.3 Sticking Test. [ISO/TC 102/SC 3/429 E, RMC = “Reducibil-
ity Metallisation and Clustering Test”’] In this test, the sticking is to be
studied at different temperatures from 760 °C to 870 °C and at a gas
composition of 55% H,, 35% CO, 6% CO, and 4% CH,. After cooling the
furnace discharge is screened at 25, 20, 16 mm and the percentage
+ 16 mm is considered as sticking criterion.

4.6.2.1.3.4 Direct Reduction Disintegration Stability Test (DRDS). [ISO/
TC 102/SC 3/428 E!. During direct reduction with gaseous reductants it is
important” to determine the stability of iron ores and pellets. This
determination has to be carried out in a rotary kiln under the following
conditions:
— temperature: 750 °C or 800 °C,
— gas composition: 55% H,, 35% CO, 6% CO, and 4% CH,,
— time: 3 hours.

After careful cooling, the kiln discharge is screened at + 6.3 mm and
—~ 0.5 mm. Subsequently the crushing strength of the particles + 6.3 mm is
ascertained. A tumble test is performed with the fraction + 6.3 mm. After



Table 14. Desired properties of reduced pellets, values-obtainable in industrial plants®

Test specifications according to standard Values Minimum requirement Results obtainable
methods
Blast furnace Gaseous (direct)"
reduction
Low-temperature disintegration (dyn.)
ISO TC 102 SC 3 sect. 87286 E in% +63 mm +80 -
500 *C blast furnace —-0.5 mm -20% B ~10
600 °C direct reduction +6.3 mm = +80 and
in %—0.5 mm - —-10 -5
Free swelling
ISO TC 102 SC3 sect. 89 288E 1000 °C
Swelling index % -20% not required 10-15%
Compression strength N/pellet ca. 450 —16% HyL 450
Degree of reduction (depending on given time) % 60% not required 70-75%
Rul test
Reduction under load aprox.
ISO TC 102/SC 3 430 E, R =Reducibility
Pressure drop 80% red. deg,. (dR)/(dt) 40 0.8% min not required 1-1.1%/min
(differential pressure)
Bed height at 80% mbar 2 mbar 1 mbar

reduction in % of the initial height

In Connection with table 13
® Depending on special Reduction Process
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tumbling, the tested material is screened at + 6.3 mm and — 0.5 mm.
Finally, the metallization degree is defined.

In this connection reference is made to an article issued by D. Kanedo
and his colleagues which was eleborated for shaft furnace processes in the
central research laboratory of Kobe Steel Ltd., Kobe, Japan *).

4.6.2.1.4 Present State of Testing Methods. Although several testing
methods have been finally elaborated, some others are still under
preparation. In this connection it should be noted that all these methods
might be improved in future. Table 14 shows the test standards which
nowadays are preferably utilized.




S Process-Influencing Factors

Due to the nature and often varying properties of the ores it is difficult
to predict the pellet quality. Therefore, it is of great importance to have
necessary instruments at hand to compensate for these variations. There
are many factors available for influencing the pellet quality and for
securing good properties of indurated pellets irrespective of the ore
nature.

The various factors can be classified into two groups:

(a) The first group is raw material dependent and not variable. They
consist mainly of the ore nature, e.g. magnetite, hematite or others, and of
the crystalline form in which they appear. If they have a positive
influence, they ensure a good pellet quality. If they have a negative
influence, attempts must be made to counteract this effect by other factors.

(b) The second group is independent of raw material properties and
variable. They allow an efficient correction of negative factors of the first
group and contribute to a uniformly good pellet quality. Some of the
factors affect chiefly the green ball formation whereas others influence the
thermal treatment. These factors mostly react in combination with others.
Most important are the factors of the second group, which will be dealt
with below.

5.1 Factors Influencing Green Ball Formation

Evenly formed green balls serve as a basis for the mechanical strength
and other properties of the indurated pellets. Sufficient fineness and
surface properties of the ores and the optimum quantity of water are the
principal factors for green ball formation. For most ores, the addition of a
binder is, nevertheless, unavoidable in order to ensure the necessary
strength of green balls.

Three of these factors play an important role:

— granulometric properties
— optimum moisture content
— efficiency of binders.
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However, the influence of one of .the factors without the others is
insufficient, but their simultaneous co-action is advantageous.

5.1.1 Granulometric Properties of Raw Materials

This term covers all properties in connection with the ore grain shape,
such as: grain size, size distribution, shape and form of surface of the
various grains, for example crystalline form, rugosity, porosity and, in this
conjunction, wettability and adsorptive capacity as well as pore volume in
the conglomerates. A further important factor is the so-called specific
surface area of grains. It gives some information about the fines portion
in the lower range of 5 microns — which is difficult to ascertain by screen
analysis — as- well as about the porosity and rugosity of the particle
surface. The grain size is found out by screen analysis with the fraction
(—0,045 mm) (—325 mesh) playing a decisive role. The specific surface
(see item 4.1.1) is defined as the ratio of surface to weight or volume
incm®/g or cm?/cm3.

5.1.1.1 Grain Size, Size Distribution and Specific Surface Area

Out of the great number of factors, the grain size and size distribution
play an important part. As early as 1912/133* the fine-grained
Norwegian and Swedish magnetite concentrates gave the incentive for the
first tests for the development of the pelletizing process. For the formation
of pellets the decisive value was found to be the portion —0.045 mm which
is generally used as a criterion for the fineness of grains.

In most cases, particularly for the magnetic separation of magnetite, the
liberation fineness is sufficient for direct green ball formation. For mag-
netites containing impurities, further grinding may be required, e.g.
phosphorous compounds (Northern Sweden) or sulphides (Marcona) for
their separation.

For some raw ores, it is possible to reach already the intended iron
oxide concentration at a coarser grinding degree, e.g. in spiral concen-
trates. However, further grinding is needed for their pelletization. To save
grinding costs, the material is only ground until the size distribution re-
quired for optimum green ball formation and quality of indurated pellets
has been reached.

Nowadays. large quantities of high-grade iron ores are already pro-
cessed into pellets without previous beneficiation. In such cases, the
grinding is only undertaken for green ball formation, and only up to the
fineness required. As far as grain size is concerned, the raw materials to be
pelletized can be classified into three categories:

(a) During beneficiation, the raw ore is already so finely ground that the
concentrate can be directly formed into green balls.
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Table 15. Chemical composition and screen analysis of pellet feed from various ore

sources
I IT 111
Magnetite Spiral concentrate Hematite crude
concentrate Wabush (Canada) ore- CVRD
Vitafors (Sweden) Tubarao (Brazil)
Chemical analysis
Values in % (about)
Fe tot. 68.9 66.9-69.3 68.5
Fe” 21.7 03- 1.6 0.2
SiO, 3.8 24- 16 1.3
AlLO; 0.47 n.d. 0.5
CaO 0.15 n.d. 0.1
MgO 0.27 n.d. 0.1
LO.J. - n.d. 03
Screen analysis
mm I IT 111
Delivered as Coarse Pellet Crude Pellet
concentrate concentrate feed fines feed
+1 14.9
+0.5 7.0 6.4
+0.25 42.8 7.0
+0.125 0.7
+0.063 13.9 50.2 11.8 326 6.0
+0.045 83 - 52 12.4 6.7
—-0.045 71.8 - 83.0 26.7 86.6
Spec ~1.765 =~ 1.920 =~ 1.820
surface
areacm’/g

(b) During beneficiation, a coarser-grained concentrate is obtained. Fur-
ther grinding is required for green ball formation.

(c) Fine ores or mixtures have naturally such a high iron content that
their beneficiation is superfluous.

The raw ore has then to be ground. The relevant costs are to the
expense of pelletizing.

Table 15 shows some data of different raw materials which correspond
to the above description and may serve as an example of the raw
materials treated in a great number of pelletizing plants. Due to many test
results and data from industrial plants, it is known that a high portion of
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very fine particles is a decisive factor to achieve the optimum effect of the
capillary adhesion forces.

Fig. 44 °°) demonstrates the influence of the fine particles on com-
pression strength for green and indurated pellets.

Curves I and II confirm the increase of strength with rising portions
of fines. Above a certain fineness the curves become steeper. From this
results that besides the size distribution other factors such as specific
surface are active. Curve III shows a linear correlation between specific
surface and pellet strength. Curves I and III are based on the same ore
mixture. The specific surface provides more reliable information about the
pelletizability of fine-grained ores. As can be seen from curveIV, the
strength of indurated pellets is also dependent on the fineness and specific
surface of ore.

The interdependence between curve II for green balls and curve IV for
indurated pellets produced from the same ore mixture is obvious. The
decisive influence of the rising fines portion on the strength of fired pellets
and their close relation to the abrasion behaviour are shown in Fig. 45.
After the correlation between pellet quality and fines portion had been
determined in laboratories and pilot plants, the question regarding the
results obtained in industrial plants was of interest. For this purpose, and
as far as it could be used, pertinent data from 16 industrial plants, which
were commissioned during a period from 1956 to 1978, was compiled.

In those plants still operating, pellets from different raw materials are
produced.

Five plants are based on magnetite — four on hematite — in three plants
a magnetite-hematite mixture is treated, in three plants a hematite-
limonite mixture is processed — and the operation of one plant is based on
a mixture of ores — purchased on the world market. The results are indi-
cated in Fig. 46. In the lower partA, the portions of fine particles
(curve 1) and the specific surface area (curve 2) are plotted. In part B the
green ball strength (curve 3) and in part C (curve 4) the strength of fired
pellets are represented. The vertical columns correspond to various groups
of ores used:

Group I: magnetites

Group II: hematites

Group III: magnetite-hematite mixtures
Group [V: hematite-limonite mixtures

and an ore mix comprising various constituents, V.

A comparison of the two curves in part A shows some interesting dif-
ferences. At first, the relative uniformity of the specific surface area of the
ground ores between 1500—2000 cm?/g is striking. On the other hand, the
fraction —0.045 mm undergoes much greater variations (70—95%). The
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reversion of the values for ores No. 13 (Goa) and No. 14 (Venezuela)
containing relatively small fine grain portions at high specific surface area
is remarkable.

The green ball strengths recorded in part B are more in parallel with
the values of the corresponding specific surface area than with those of
fraction —0.045 mm. This would be a confirmation of the correlations
found in previous tests. The relatively wide variations of fired pellet
strength (part C) are dependent on the prevailing operating conditions,
and particularly on the use of additives and the market situation so that
they do not have to tally absolutely with the values of parts A and B.

Fig. 46 also allows a statement on the technology of the ore prepara-
tion. According to this technique, the ore can be ground to such a degree
that a largely uniform specific surface area is obtained despite different
raw ore properties. However, the recorded details are rather of a qualita-
tive nature than of a quantitative one. Therefore, it will always be neces-
sary to carry out grinding tests for each particular ore to be pelletized to
avoid unnecessary grinding expenses. For this reason, one should indicate
the efforts often made to produce suitable pellets by a coarser grind-
ing ®) and the attempts to adapt the proper grinding process (see item
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3.2.2) to the ore type involved should be pointed out. Considerable
expenditure was made to define the influences of the principal factors in
mathematical terms. Corresponding remarks are made under item 13.1.

5.2 Influence of Water Addition on
Green Ball Formation

During green ball formation, the effect of water as a binder is of
decisive importance. Provided that sufficient granulometric properties are
ensured, it largely depends on the amount of water added whether green
pellets can be formed. The ore fines or concentrates to be pelletized may
already have a certain moisture content according to their previous
preparation. If the ore originates from dry grinding, it is available as a dry
conglomerate. In the case of wet separation or wet grinding, a filter cake is
obtained which, according to the ore nature, may be more or less moist.
This results in different starting conditions for ball formation referred to
the optimum moisture content required, namely:

(a) The grain mix is dry. The full amount of water required is added.

(b) The filter cake does not yet contain the optimum amount of water.
The lacking quantity of water is added.

(c) The filter cake has the optimum moisture content.

(d) The filter cake is too wet. It has either to be predried or a drying addi-
tive may be used.

5.2.1 Optimum Moisture Content

The influence of the granulometric properties on the green ball strength
can only become effective with an optimum water content. These are the
two decisive factors for green ball formation.

The green ball quality can be influenced by further factors. Their effect
often overlaps so much that it is hardly possible to identify the role of
each individual factor.

Thus, the question regarding the optimum moisture content cannot be
clearly defined. It is desired to use a minimum water addition due to the
heat required for evaporation and owing to the specific capacity of the
firing equipment.

Particular attention should be given to two important green ball proper-
ties: high compression strength and drop resistance which are comple-
mentary. A high crushing strength is achieved at a slightly lower water
addition, but better drop numbers with pellets of a higher moisture con-
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tent. The green pellet growth from individual grains or conglomerates
proceeds, as shown in Fig 12, through different phases under the
influence of a rising water addition and rolling movement of material,
item 2.1.2.3.

5.2.1.1 Optimum Moisture Content and Specific Surface Area

The correlation of optimum moisture content and the granulometric
properties of a specific ore is shown by data taken from records?) in
Fig. 47 A and B. Green balls were produced from a magnetite concentrate
with an iron content of 68.0% which was ground to different fineness and
corresponding specific surface areas between 1100 and 3370 cm?/g. The
water content was varied up to the optimum range. Crushing strength and
drop resistance were ascertained in dependence on the specific surface
and water content. Fig. 47 shows maximum strength at different moisture
contents and varying specific surface areas. The green ball strength
decreases at values below and above optimum moisture content whereas
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the drop resistance further increases at higher values, see Fig. 47 B.
During green ball transportation, the drop resistance is of greater
importance than the crushing strength. In practical operation, it can there-
fore be observed that the green balls are slightly overwetted. The
optimum moisture content should be determined for each particular ore.
Dry ground material should be prewetted to improve the balling
operation as is shown in Fig. 48. Pellets of 12 mm diameter are produced
from a magnetite concentrate with a different initial moisture content and

50 - 0
A I i
_|__ I Pelle! forming efficiency ‘|‘
“E [ Moisture i green pellets
S U0 [ /I// 38
g T | s
% 1200 = AT
£ 100 7

g Z . 6 g L]

% H0in mognetite concentrote —

Fig. 48. Influence of original moisture content in concentrate on pelletizing disc ef-
ficiency

the balling capacity is ascertained at optimum moisture content. This
capacity is the lowest for a dry ore and reaches its maximum value at opti-
mum moisture content of incoming ground material or filter cake. The
filtration technology after wet grinding is nowadays developed to such a
degree that the filter cake can be supplied at optimum moisture content.

5.2.1.2 Optimum Moisture Content and Surface Condition
of Ore Particles

Besides the grain size and specific surface area the shape and surface
conditions of the individual ore grains play an important role in green
ball formation. The green ball porosity is influenced by the quantity and
type of connecting bridges due to the surface of the grain structure. A
substantial contribution to green ball formation is made by the wettability
of the grains. Glossy crystal surfaces have a lower absorption power than
rough surface and micro-pores. From a good wettability of the grain
surface, a higher moisture consumption results. Table 16 shows data of
some ores with different wettability in conjunction with their specific
surface area, optimum moisture content and crushing strength.
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Table 16. Moisture content for optimum green pellet strength of different ore types

No. Type % Degree of grinding % Crushing Pellet
of ore Fe H.,0 strength o
about % spec. pellet
—0.045 mm surface
area/cm®*/g wet  dry
1 Magnetite  68.3 70 2000 7.1 11 7 12-15
2 Hematite 66 90 1500 9.0 13 3 12-15
3 Earthy 65 74 2050 10.5 14 30 12-15
Hematite
4 Artificial 69 90 1900 15.0 11 4 abt. 20
Magnetite
from
Pyrite-
cinders
5 Flotation 61 60 2800 142 23 45 18-20
Pyrite-
cinders

In the case of ore 1, the green balls consist of cubical magnetite crystals
with glossy fracture surfaces, the water consumption is relatively low.
Similar remarks apply to ore 2, pellets from specularite crystals. An earthy
hematite, raw material No. 3, has a higher water consumption. The
wettability of this ore is better than that of the magnetites. The two ores, 4
and 5, artificial magnetite and flotation pyrite cinders need a higher water
addition for green ball formation. Both raw materials originate from
roasting processes — in the case of one raw material, oxygen and in the
other, sulphur was removed. Part of the water is absorbed by the micro-
pores of the individual ore grains. This water does not directly contribute
to the formation of capillary forces which is demonstrated by the water
consumption of 15% for artificial magnetite although the green and dry
pellet strength is roughly identical with that of natural magnetite. The
flotation pyrite cinders show a slightly different behaviour. The green and
dry pellet strength is higher. Apart from the great specific surface area,
bonding by salt bridges may constitute a favourable factor.

The influence of the granulometric properties of ores in combination
with water for green ball formation is very often insufficient since only
few ores can be formed into suitable green balls without additional
binders. Only ores already containing natural constituents which, for
instance, tend to gel formation can be formed into green balls. In practical
operation, additives are normally used, see Table 13.
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5.3 Influence of Binders and Additives

Andersson already considered it very advantageous to use water and
additionally binders for ball formation. Thus, he mentioned in the third of
his patent claims *), molasses, sulphite waste liquor, sulphates, chlorides
and slaked lime. Brackelsberg *) used soluble sodium silicates as special
hardening agent which brought about solidifying salt bridges during
drying and heating of pellets.

It has thus been proved that, during the first development phase of the
pelletizing process, binders already played an important part besides
water. During the second development phase in which mainly concen-
trates were treated, binders were already tested in the very first experi-
ments and in particular bentonite played an important part. During the
third development phase in which concentrates, natural ores and mixtures
were pelletized, there was a greater number of possibilities for improving
the pellet properties. In case of mixtures a combination of the properties
of various ores may be advantageous for bonding purposes. Normally this
bonding is achieved by using additives which can be so selected that they
change the chemical composition of the pellets compared to that of crude
ore to improve the metallurgical behaviour of the indurated pellets.

The purpose, efficiency and nature of additives used may vary in the
following manner:

(a) They improve only the mechanical-physical properties of green, dry
and fired pellets.

(b) In addition, chemical composition and metallurgical properties are
influenced.

(c) The additives serve only for metallurgical purposes.

(d) The additives may be liquid, solid, soluble or insoluble.

(e) They can react with water either by hydrate, salt bridges or gel forma-
tion with a simultaneous influencing of moisture content.

(f) They can evaporate, burn or volatilize during heat treatment.

(g) They can also form compounds with the ore constituents, both with
gangue and iron oxides.

(h) They can prove advantageous or detrimental from a metallurgical
viewpoint according to their chemical composition.

The type and quantity of additives depend on the purpose for which
they are used. They are classified as follows:

(a) Additives are only used for improving green ball formation as well
as green, dry and indurated pellet properties. The amount of additives is
limited to this purpose and is independent of the chemical structure of the
pellet feed. These additives are designated as binders. Their prototype is
bentonite.
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(b) Additives may react as binders, according to (a) but they may also
be used for influencing the chemical composition of the pellet feed such as
lime hydrate. They can be designated as binders or additives.

(c) Additives have no influence on the bonding mechanisms. They must
be prepared like other constituents of the pellet feed. Their main purpose
is, in principle, the change of the chemical composition of the indurated
pellets. A typical example is limestone or dolomite which are designated
as additives only.

The effect of a great number of additives is compiled in a wide-spread,
extensive literature. The most frequently used and most efficient additives
are discussed below.

5.3.1 Factors for Improving the Mechanical Properties

The life span of green balls and the transportation route from the
pelletizing to the firing unit are relatively short.

According to the arrangement of the equipment involved, some transfer
points are unavoidable in this route where the pellets drop from a higher
to a lower level. On account of the low drop resistance of green balls,
design engineers endeavour in pelletizing plants to reduce the transfer
points to a minimum and to provide small drop heights. In modern travel-
ling grate plants, for example, the transportation time is 2—4 minutes and
the pellets may drop four or five times from a height of 60 to a maximum
of 100 cm.

On the basis of such experience, corresponding testing methods for
pellet quality were developed and described in chapter 4. If the desired
values for green or dry pellets produced from different pelletizing raw
rqaterials are not reached, the use of a binder is imperative.

5.3.1.1 Bentonite as Binder

Bentonite, described as a mineral under item 3.2 has some remarkable
properties. It combines with water and forms a gel at about five to six
times its weight with its volume increasing to approximately tenfold.
Bentonite envelops the ore grains together with water and can thus only
become active in connection with water.

Due to its high water bonding power, it can also bring about an
apparent drying of filter cake which is too wet without variation of the
total moisture content.

5.3.1.1.1 Influence of Bentonite on Green Pellet Strength and Drop
Resistance. The effect of bentonite is studfed below on the basis of the
influence of the granulometric properties and optimum water addition.
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Here too, only guide lines can be given for different ore types. By way of
example, for a hematite with a specific surface area of 1700 cm?®/g and a
magnetite with a specific surface area of 2100 cm'/g, the influence of
different bentonite additions on the properties of green and dry pellets at
optimum moisture content was investigated *'). The result is shown in
Fig. 49. The green pellet strength changes only insignificantly (Curves I),
while the dry strength is highly influenced (Curves II).
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Fig. 49. Influence of bentonite on green and dry pellet compressive strength

Since bentonite is one of the most frequently used binders, values from
industrial plants treating very different ores with and without about 0.7%
bentonite addition are shown in Fig. 50, A, B, C. For green balls produced
from magnetite (M), artificial magnetite (A. M.), crystalline hematite (H),
earthy hematite (EA. H.) and an ore mix consisting of various compo-
nents, the following data are compared:

green pellet strength A
drop numbers B and
dry pellet strength C.

No notable influence on the green pellet strength was observed.
(a) The plasticity is considerably improved. All ores have higher drop
numbers when bentonite is added.
(b) The drop indices thus obtained are sufficient both for further trans-
portation and for different transfer points.
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Fig. 50. Influence of 0.7% bentonite on properties of green and dry pellets from
various ore types

5.3.1.1.2 Influence of Bentonite on Dry Pellet Strength. As already shown
in Curves II of Fig. 49, the use of bentonite has a great influence on dry
pellet strength. The bentonite, finely distributed in the water, concentrates
during drying particularly in the residual liquid, especially at the contact
points and on the contact surfaces of the ore grains. During final evapora-
tion of water, the gels concentrated there dry up and form solid mortar
bridges the influence of which can be recognized by the increased dry
pellet strength. The influence of gels is also clearly shown in Fig. 50, B,
and C with the pellets from earthy hematite and ore mix reacting most
intensively. Those operations proceeding during drying also have an
influence on the shock temperature. At a bentonite addition of 0.7% the
amount of gelatinously combined water may be up to 2.5 — three times
the bentonite weight. This is about one third of the total moisture content
which only escapes slowly in the third drying phase, as shown in Fig. 15.
In this way, the drying proceeds gradually and not abruptly — and at a
higher drying temperature. In all pelletizing plants, the drying and
heating cycle is adjusted to a gradual heating velocity to avoid the
negative influence occurring at an excessive heating velocity.

5.3.1.1.3 Influence of Bentonite on Crushing Strength and Abrasion
Resistance of Fired Pellets. The crushing strength of fired pellets is chiefly
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attributable to crystallization processes and reactions of gangue constitu-
ents. For high-grade concentrates, crystallization processes and for ores
with a major gangue content, glassy slag formations additionally play an
important role. Neither in the one nor in the other case are the bentonite
additions of decisive importance. In connection with investigations on the
optimum fines portion, pellets with and without 0.62% bentonite addition
were indurated ). The result is shown in Fig. 51. The strength increase
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Fig. 51. Combined effect of 0.62% bentonite and grain size on compressive strength
and abrasion resistance of indurated pellets from hematite at 1300 °C

at a rising fineness degree is obvious. However, the bentonite addition is
of minor importance. The effect on the pellet transportation is more
favourable ‘since the tumbling behaviour is particularly improved at a
coarser grain size (Curves Ia and Il a). During micrograph studies, a
slightly stronger bridge formation between the finest ore particles —0.02 mm
was observed when bentonite was added; this improves the abrasion
behaviour.

5.3.1.1.4 Different Bentonite Types. The most important bentonite prop-
erty is its swelling capacity, see item 3.1.4.3. The swelling capacity differs
for various bentonite types so that its suitability as a binder has to be
examined before the bentonite type is selected. Fig. 52 shows the green
and dry pellet strength as well as the drop resistance of pellets produced
from a magnetite-hematite mix with 65.3% iron content, 6.0% SiO, and an
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Fig. 52. Influence of various bentonite types on green and dry pellet properties

addition of 0.7% bentonite, according to Kortmann and Mai *), with 7
different bentonite qualities (A—1I) having been used and arranged in con-
formity with their rising swelling property (see also Table 8, item 3.1.4.3).
Certain variations occur in the pellet humidity (I). The green pellet
strength practically does not change (IV) while the drop indices (III) and
dry pellet strength (II) rise with the addition of bentonite of a higher
swelling capacity.

5.3.1.1.5 Influence of Bentonite on the Chemical Composition of Pellets.
In many ores and concentrates to be pelletized, the acid constituents SiO,
(and AlO,), are preponderant in the gangue. During the subsequent
metallurgical treatment, they have to be neutralized by basic components
which can also be achieved during pelletizing. Bentonite consists of about
60—70% SiO, and of 15-20% Al,O,. According to the quantity of
bentonite added, the portion of acid constituents which are to be
compensated rises proportionately. In the case of ores or concentrates
with a high iron and low gangue content, the percentage of acid con-
stituents originating from bentonite is much higher than for ores or con-
centrates with a high gangue content as is shown by way of example in
Fig. 53. 0.5, 1.0 and 2.0% bentonite is added to three concentrates with 1.7,
44 and 7.1% SiO, and Al,0,. The acid gangue portion then rises by
100% for the concentrate with the highest iron content and by as low as

Drop mumbers —e—



5.3 Influence of Binders and Additives 115

o
Increase of ocid components In %

Content of ocid components in % —ee=

\l |
-

0 05 1 z
Bentonite oddition in ¥ —==—

Fig. 53. Influence of bentonite on acid gangue components

22% for concentrate with a high gangue content. From a metallurgical-
chemical view-point, bentonite is, in any case, a detrimental constituent
the scorification of which is a cost increasing factor. Therefore, it is
advisable to keep the bentonite rate as low as possible, which is also done
in practice. In the major part of the plants, the bentonite rate is below
0.7% and mostly below 0.5%, irrespective of the ore nature.

5.3.1.2 Influence of Alkaline Earth Compounds

As a consequence of the foregoing those additives are more advanta-
geous which both improve the mechanical properties of pellets and have a
positive metallurgical effect. Such additives are, in any case, basic
minerals, e.g. calcium compounds which react with the acid gangue con-
stituents during induration. They can be used in different forms, namely
as:

(a) calcium oxide : CaO

(b) calcium hydroxide Ca (OH),
(c) calcium chloride Ca Cl,
(d) calcium carbonate Ca CO,

(e) calcium magnesium carbonate (dolomite) (Ca, Mg) CO,
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According to their properties, these compounds may, as binders, influ-
ence the green and dry pellet strength as well as the drop resistance of
pellets. At a sufficient firing temperature, they bring about, in most cases,
an improvement in final pellet strength. The first two compounds can be
used as binders. The compounds Nos. 4 and 5 virtually serve as basic
additives for neutralization of acid constituents in the ore and are adapted
to it. They only have little influence on green ball formation. Calcium
chloride is only employed in special cases if it is necessary to volatilize
impurities of non-ferrous metals, such as copper, lead, zinc. The use of
lime compounds (see item 3.2.2) has been known for pelletizing almost as
long as that of bentonite.

5.3.1.2.1 The Influence of Calcium Oxide [CaO] and Calcium Hydroxide
[Ca(OH),]. If, during moistening, CaO is added, it reacts with water and
calcium hydroxide thus formed becomes effective as a binder. According
to the equation CaO+H,0=Ca (OH),, a stoichiometric water amount is
combined. The reaction is highly exothermic. During hydration, the
volume expands threefold.

Due to the considerable volume increase, the slaking process has to be
completely terminated and the hydroxide be thoroughly mixed with ore
before green balls are formed. If this is not the case, the burnt lime is only
slaked during green ball formation which, at the beginning of the drying
process at the latest, inevitably causes a local volume increase and damage
to the pellet structure. To avoid such difficulties, only hydroxide is
employed in practical operation which is ready for use without any pre-
treatment. Published values on the influence of CaO thus refer to the
effect of Ca (OH),. In the course of hydration and simultaneous volume
increase, a very great specific surface area is obtained which may be
10000 cm?®/g and over according to the adjustable conditions. A higher
water amount adheres to this big surface than corresponds to the
stoichiometry of hydrate formation. This excessive water in conjunction
with the great surface even imparts the character of a hydrogel to the
hydroxide; the colloidal properties of the hydrogel improve the plasticity
of the ore mix and, above all, strengthen the bonding mechanisms
during drying. If Ca (OH), is chiefly added to improve the mechanical-
physical properties, the corresponding amount can be low and indepen-
dent of the acid gangue constituents of ore.

5.3.1.2.1.1 Influence of Calcium Hydroxide [Ca (OH),] on Green Pellet
Strength and Drop Resistance. During the firing of pellets to the tempera-
ture required, all the aforesaid lime compounds are dissociated to CaO
which, at firing temperatures, reacts with the acid gangue or with Fe,O,.
The lime addition has, in any case, a neutralizing effect during slag
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formation. Lime compounds are. normally cheaper as additives than
bentonite even if they are less effective. Therefore, it is worthwhile to
ascertain the influence of Ca(OH), on the physical properties of pellets
which is illustrated in the following example '4/2%):

An Itabira-type hematite was used and mixed with slaked lime both
having the following characteristics:

Itabira ore Lime hydrate

Fetot. =64.5% Ca(OH), 94.4%

F- = 0.3% CaCO, 2.7%

SiO, = 4.4% CaO 1.0%

ALO, =n.d. H,0

CaO = 0.3% (ALO, + Fe,0,) 1.7%

MgO = 0.1% spec surface approx. 10000 cm'/g

At first, the influence of the great specific surface area of lime hydrate
on the mix to be pelletized was ascertained. For this purpose, ore of three
different sizes was used. The result is shown in Fig. 54. The specific
surface area of the mix composed of ore and lime hydrate does not greatly
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Fig. 54. Influence of Ca(OH), on specific surface area of ore
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Fig. 55. Combined effect of specific surface area and Ca(OH), on compressive
strength of green pellets

vary according to the mixing rule. At greater fineness degrees, a certain
grain size increase depending on ore property may occur, due to a certain
coagulation.

By the addition of very fine-grained material, like hydrated lime, the
improved specific surface area of the mix could allow the use of ores with
coarser fineness.

In all the subsequent tests, 0.5, 3.5 and 7% Ca (OH), were used. A
trial with 0.5 bentonite addition was performed for comparison. The pellet
size was uniformly kept between 10 and 12 mm diameter. The influence
on the green pellet strength is shown in Fig. 55. As expected, the
influence of bentonite is insignificant. The strength of green pellets
produced from coarse-grained ores (740—1120 cm?/g — CurvesI, II)
remains at or below 10 N/pellet even at higher amounts of Ca (OH),
additions. Only when the ore has a higher Blaine index of 1720 cm?/g the
hydrate addition becomes effective. Ca (OH), has a positive influence on
the drop resistance, Fig. 56, similarly to the more efficient bentonite.

5.3.1.2.1.2 Influence of [Ca(OH),} on Dry Pellet Strength. A good
bonding power of hydrated lime in dry pellets is shown in Fig. 5§7. The




? [
13
T
72——’]1‘_________ o e
0 /
— L~
€ A
§ e 1 |
2 84— e el
§ — 1
1 s
| Z
6 1 4
2/
£ /,/ Specific surface of ore
| / 1 740emi/g
—/ I 120cmifg
2 I 720cm?/g
0
g5 0 05 1 2 3 b 5 ]
Bentonite CalOH}y in % ——o=
in%

Fig. 56. Influence of Ca(OH), on drop resistance of green pellets

T
a0
]
f ” | ///,/‘______-——
if
§ o - ’,7// L
= X 7/_ /
g 5 | pd ]
s o ﬁ F A A //
= 0 A//
£ -V
% 0 = / Specfic surfore of are
z I TWcm¥g
S i 1 120em¥g
I 170em¥ g
10
i
05 05 i 3 4 5 ] 7
&!‘Ilu}ﬂ? Lo {OH) ;i % ——=
in%

Fig. 57. Influence of Ca(OH), on compressive strength of dry pellets



G000
/m'//‘
5000 L
i /
g P ]
= 000 / //
-]
[
_E 3000 ¥ //
% I f—1 / /
o i
5 e 7 |/
=
E T — Specitic surface of ore
&
8 - I M0en¥g
1000 Il 20emifg
| M 1720em g
n ||
05 0 05 2 3 & 5 f 7
Bencnte ‘ o (QH)y in % ——=
in %

Fig. 58. Influence zf Ca(OH), on compressive strength of indurated pellets

T
27 i
t 2% Snecific surfoce of ore
g ; \ [ 740cm¥g
& 21| 1 120em¥g
= |
¥ : \ Il 720wy
=1
&
=
< 151 1}&—-\—-— \
a1 e
 HEREN L]
2 g1 | \\
o m*—\\ =t
" -__-____-_-'_'—-—4
L Tt
|
ol |
0! 05 1 2 3 4 5 § 7
Beej-lufnrle O {0R); In %o —————
in%s

Fig. 59. Influence of Ca(OH), on tumble resistance of indurated pellets



5.3 Influence of Binders and Additives 121

kK| |
|
| e S i
‘_-_-'-'---
§7 e
‘_-_-'-———
| m *_... T~ I
=2 B
= | \
2 04—
£ 18 I
—g " | Specific surfoce of ore
=" ! 1 %0cm¥g
I 20em¥g
12 Il V20em¥g
5l —
05 0 05 1 i k| & 5 B 7
89(.1cpite Ca [H)y in % ——m=—
n%

Fig. 60. Influence of Ca(OH), on porosity of indurated pellets

bonding power of bentonite is higher and comparable to about 2% lime
addition. Since, as appears from the results, the influence of lime hydrate
should mainly be considered in connection with the specific surface area
of ore, the observations made with hematite ore are also valid for pellets
from magnetite concentrates.

5.3.1.2.1.3 Influence of [Ca(OH),] on Crushing Strength, Tumbling Resis-
tance and Porosity of Indurated Pellets. The influence of calcium hydrate
on the final strength of fired pellets is remarkable, Fig. 58. Even the
more coarsely ground ore already shows strengths of more than
2000 N/pellet with an addition of 0.5% Ca(OH),. These strengths
rise up to an addition of 5%. At a higher addition of 7%, the
strength diminishes. It may be that a glassy structure is formed which
is indicated by the relatively low porosity of these pellets, as shown in
Fig. 60. The abrasion values improve with rising hydrate addition as can
be seen in Fig. 59. The porosity of fired pellets produced from the coarse-
grained ore, Fig. 60, CurvesI and II only changes slightly with higher
hydrate additions. However, the ore with the greater specific surface area,
Curve [II, reacts more intensively and the porosity decreases, but its
reducibility is still sufficient.

5.3.1.2.2 Influence of Calcium Carbonate (CaCQ,) and Dolomite
[(Ca, Mg)CO,] on the Strength of Indurated Pellets. As described under
item 3.2, carbonate is a natural mineral which is insoluble in water and is,
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therefore, ineffective as a binder during green ball formation. Limestone is
used rather for neutralizing the acid gangue. Consequently, no great influ-
ence on the green and dry pellet strength is to be expected. Limestone is
liable to the same conditions for green ball formation as the ore itself. It
should have at least the same fineness to ensure that after the carbonate
has previously been dissociated calcium oxide completely reacts with
gangue and hematite. Free CaO should not be present in the indurated
pellets because, after a certain time, it hydrates and then causes a
weakening of the pellet structure, see Fig. 62. Since limestone is ineffective
as a binder for improving the green ball properties, only its influence on
fired pellets will be described %), An acid magnetite concentrate
was pelletized with very pure limestone. Table 17 shows the chemical
composition and size distribution.

Table 17. Chemical composition and screen analysis of a
magnetite concentrate and limestone for special pelletizing

tests
Concentrate Limestone
in % (about) in % (about)
Fe total 63.5 —~
Si0O, 8.4 1.0
Al,O4 0.5 -
Ca0 0.1 55.0
CO, - 43.2

Screen analysis

+0.1 mm 9.3 21.0
+0.045 mm 9.9 70.5
—0.045 mm 80.8 8.5

During the formation of green balls having a diameter of about 15 mm,
the lime addition was varied between . and 12% and the firing
temperature between 1150 and 1300°C. The green ball strength was
practically not influenced. In the case of dry pellets, only small differences
were found. For comparison the optimum indurating temperature was
first ascertained without limestone addition as shown in Fig. 61. For this
concentrate, a maximum strength was obtained at 1250 °C which results
from its chemical composition. Subsequently, the influence of a rising
amount of limestone addition was ascertained at 1150 °C and 1200 °C first
of all directly after firing and again after a storage of 6 weeks in a
protected room, Fig. 62. At the higher firing temperature (1200 °C) a
substantially higher strength was obtained which reached its maximum at



5.3 Influence of Binders and Additives 123

LS00
! o0
=
i
S / \
=
=
= 50
5
gm /‘/

300

2000

1150 1200 1250 500

Firing tempercture in OC ——me=
Fig. 61. Influence of firing temperature on compressive strength of pellets from
magnetite concentrate without binders

5000 /5
o \
4500 /f
f 4000 A \
_‘g
. J \
-; 0 Pt e
£ /,w-“"\‘:"‘*\ 200°¢
E // (
-
§ ol N %
: "L AN
3 e T~
’_.--“ Ty "“-\rffut \\\ |
o %
~
——— After wesks storoge N
200 | i
0 1 4 G B 0 b4

Adgition of limestone in % ——

Fig. 62. Influence of limestone and firing temperature on compressive strength of
indurated pellets from magnetite concentrate, before and after 6 weeks of storage



124 .5 Process-Influencing Factors

mr\\\ | il
I \ i
N

a d 4 B (] 0 i

Addition of limestone in Y, ——==

Fig. 63. Combined effect of limestone and firing temperature on porosity of in-
durated pellets from magnetite concentrate

a CaCO, addition of about 8% while at 1150 *C the maximum was at 6%
CaCO,. After a storage of 6 weeks, the strengths of both samples con-
siderably diminished. White spots of lime hydrate were observed in the
pellets which did originate from not scorified free CaO. The screen
analysis of limestone showed some portions of too coarse particles. The
maximum strength which, for all samples was around 2500 N/pellet, is
remarkable and indicates the great influence of slag bond. As can be seen
from Fig. 63, the porosity of fired pellets is highly dependent on their CaO
content. Up to a certain CaO amount it decreases and the micro-
structure becomes more dense. At a higher CaO addition, it rises again, a
fact which can be explained by the formation of a greater number of
macro-pores, as can be demonstrated by micrographs. In each case, the
porosity was sufficiently high so that it would not adversely affect the
behaviour during reduction. Merklin and De Vaney observed similar
results with another magnetite and increasing additions of limestone or
dolomite. In view of the great economic importance of limestone addition,
many researchers have dealt with this problem *), chiefly in conjunction
with the production of self-fluxing pellets. The main reason for the
addition of limestone or dolomite is the production of pellets with a rising
portion of basic constituents and thus with increasing basicity.
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5.3.1.2.3 Influence of a Mixture of Different Additives on Pellet Properties.
In tests for the production of self-fluxing pellets from a magnetite con-
centrate with 71.3% Fe, 0.7% SiO,, 0.1% Al,O,, 0.38% CaO and 0.14%
MgO, increasing and different quantities of finely-ground limestone,
dolomite and for a time sand, for raising the total slag portion were
added. Inter alia, the mechanical pellet properties were ascertained. Due
to the low bonding power of the alkaline earth carbonates in green and
dry pellets, bentonite was added. The results of some of these tests are
compiled in Table 18. The concentrate had a specific surface area of
1810 cm'/g and the pellet diameter was adjusted to 9—15 mm. As was to
be expected, the green pellet strength did not differ markedly. As concerns
the dry pellet strength and drop resistance, only the bentonite influence
was perceptible. The strengths of fired pellets were quite different. Pellets
without lime and dolomite addition showed the lowest value (test 1). A
higher lime addition resulted in a higher strength (tests 2—5 and 7). When
limestone was replaced by dolomite alone (tests 6 and 8), the crushing
strengths were slightly lower. The main purpose of this test series was to

Table 18. Influence of additives on properties of indurated pellets from magnetite

Test specification 1 2 3 4 5 6 7 8
Additives

Bentonite % 06 06 06 - 06 06 06 06
Limestone % - 135 37 37 81 - 09 -
Dolomite % - 135 37 37 - 74 09 41
Quarzite % - 10 27 27 27 21 - -
Basicity 036 090 094 094 1.8 075 1.0 05
CaC/Sil,

Basicity 040 1.0 1.1 1.1 1.1 1.1 1.1 2.0
CaO +MgO/

SiO, + AlLO;

Green pellet N/pellet 13 16 11 11 17 13 11 14
Compression

strength

Green pellet Times 62 6.8 4.6 3.6 5.0 7.8 36 4.6
drop number

Dry pellet N/pellet 33 33 18 80 30 38 18 29
strength

Fired pellet N/pellet 2630 3410 3830 3500 3830 3340 3480 3440
strength

* Grain size —0.045mm = 85.8%; Spec surface = 1810 cm%g; Pellet size =
9-15 mm; Moisture = 8.4~8.9% H,0, optimum firing temperature.
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indicate the influence of the mechanical properties of green, dry and fired
pellets by mixing the pellet feed with various additives.

Similarly as with magnetite, the addition of basic carbonates and
mixtures of other additives also has an effect on hematite ore. The
pertinent results are shown in Table 19. As always, bentonite increases the
dry pellet strength more intensively than does calcium hydroxide. A com-
bination with limestone results even at a lower temperature in a high
strength of fired pellets. Moreover, it is known that ores with a lower
fines portion can also be processed into suitable pellets. This knowledge is
utilized in many industrial plants where mixtures of bentonite, lime
hydrate or carbonates are used. As regards the correlations between basic
additives and optimum firing temperature, reference should be made to
items 5.4.3.1.2 and 6.1.2.3.5 for the effect of additives on the pellet
behaviour during reduction.

Table 19. Influence of additives on properties of pellets from hematite ore*

Test No. 1 2 3
Firing temp in °C 1300 1300 1280
Additives Ca(OH);0.5% Bentonite 0.5% Bentonite 0.5%

Limestone 4.5%

Compression strength in N/pellet (about)

Green 11 14 14
Dry 7 46 2
Fired 4250 2300 5240
Abrasion in % 46 6.8 35
0.5 mm

Fe = 66.2%; SiO, = 3.3%; CaO = 1.0%

5.3.1.2.4 Influence of Calcium Chloride {CaCl,] on Pellet Properties. If
additives are employed to improve the pellet properties any inherent
unavoidable detrimental influences should be reduced to a minimum.
When calcium chloride is used, the basic constituent has, at corresponding
temperatures, the same effect as other lime compounds. However, chlorine
liberated during firing may cause corrosion. Nevertheless, such an
additive can still be successfully employed if, by a chemical reaction
between chlorine and impurities in the ore such as non-ferrous metals,
copper, lead and zinc are to be removed or possibly recovered as valuable
substances. Nowadays, calcium chloride is used in several industrial
plants, above all for processing pyrite cinders containing non-ferrous
metals. Relevant details are described under item 7.2.
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5.3.1.3 Influence of Alkali Compounds

For a similar reason alkali salts are also employed during pelletizing,
e.g. when vanadium-containing ores are treated. Alkali forms a soluble
vanadium salt. This can be dissolved from the pellet. The influence of
alkali salts is thus discussed under item 7.3. The detrimental effect of
alkali salts particularly during reduction of pellets has been known for a
long time and is the subject of many studies, see item 6.1.2.3. This effect is
so enormous that every endeavour is made to eliminate alkali salts to the
maximum possible extent from the mix to be pelletized.

Concentrates beneficiated with sea water are sometimes rewashed with
water containing a low percentage of salt as, for example, in the case of
Marcona concentrates.

5.3.1.4 Influence of Ores with Good Bonding Properties

The grinding expenses for obtaining the fineness required for pelletizing
represent an important cost factor in pellet production. This fineness
largely depends on the properties of the various ores. Crystalline ores
demand a higher fineness degree than those of an earthy character, as is
shown in Table 16. Consequently, one can conceivably improve the
pelletizability of a crystalline ore by mixing with another ore having a
greater bonding power. Such combination is possible, for instance in
plants treating different ores.

For the design of a pelletizing plant at a North Sea port, this possibility
was once studied. In this case, Itabira hematite was used, see item
5.3.1.2.1.1. An earthy Dogger ore with a rough, porous surface and a fines
portion of 36% below 0.045 mm was used as additive; its specific surface
area was 2400 cm?/g. Its chemical analysis showed the following approxi-
mate values:

Fe tot. =22—34%
Si0, =11-20%
CaO = 8—12%
AlO, = 6— 8%
MgO =1- 2%

Loss on ignition =20—22%.

For many years, the above ore had been processed in German blast
furnaces. The Itabira hematite had been ground to different fineness
degrees between 740 cm?/g and 1720 cm?/g specific surface area. 5 and
10% of earthy ore was added to the coarser hematite *'). The results thus
obtained are given in Table 20. From the addition of 5 or 10% of earthy
ore, satisfactory pellet properties (tests Nos.3 and 4) were already
obtained with a relatively coarse grinding of crystalline ore. The addition
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Table 20. Influence of earthy iron ore as additive on properties of hematite pellets

Test conditions Mixture

1 2 3 4
Rich hematite ore (Brasil) 100% 100% 95% 90%
0.045 mmin % 67 30 30 30
Specific surface area (cm'/ g) 1720 740 740 740
Earthy low-grade ore specific surface area 830 910
(cm?/g)
Addition of earthy ore to Hematite in % - - 5 10

Pellet quality
Compression strength in N/pellet

Green 9 4 11 15
Dry 28 13 38 56
Fired 2400 1100 2500 3720
Drop number of green pellets 8 2 9 11
Abrasion index of fired pellets 6.8 28.3 10.5 1.7
-05mmin%

of an earthy ore from Cerro Bolivar (Venezuela) to the crystalline Kiruna
magnetite concentrate exerts a similar influence.

5.3.1.5 Behaviour of Ore Mixtures

After demonstrating that the behaviour of ores during pelletizing can be
improved by the addition of another ore ~ which need not be the rule —
the question soon presents itself regarding the behaviour of several ore
mixtures during pelletizing and the properties of such pellets. The treat-
ment of ore mixtures became acute when the construction of pelletizing
plants in the vicinity of blast furnaces similar to sinter plants was con-
sidered.

In such a case, it was necessary to treat ores of different origin and mor-
phology in the form of varying mixtures, and nevertheless to produce
pellets of uniform quality. Countries covering their raw ore demand
mainly by imports, such as Great Britain, the European continent and
above all Japan are particularly interested in the construction of such
pelletizing plants. The operation of these plants which may be installed in
the vicinity of sinter plants already existing offers the advantage that the
ores can be processed, according to their composition, either in a sinter or
pelletizing plant. The simultaneous availability of both agglomeration
systems allows the application of a more flexible import strategy. First
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investigations were carried out at an early date the purpose of which
sometimes was the treatment of domestic ores ') Systematic investiga-
tions with ore mixtures from sinter plants, which were pelletized after fine
grinding, were reported in 1962 '*). At the suggestion of a German steel
plant, studies regarding the erection of a pelletizing plant on the basis of
imported ores in the European continent were started around 1962 2*).
For this purpose, seven ores and concentrates available in the European
market were chosen. The pelletizing properties of some of these raw
materials were already known, those of others were not. Ores especially
prepared for sinter plants (sinter feed) were partly involved. The ore
types, hematite and magnetite, the chemical analysis and the size portion
minus 0.045 mm as well as the portions of the various ore mix constituents
are compiled in Table 21. The amount of bivalent iron indicates the
endeavour to maintain a uniform portion of magnetite in the mix.
Similarly as for individual ores, the portion of fines minus 0.045 mm was
at first varied and the green balls of 9—15 mm were fired at 1300 °C, see
Fig. 64. The behaviour of mixtures is similar to that of individual ores, see
Figs. 44, 45, 51, sometimes even better, see Table 20. The results of tests
run on mix 2, Table 21, were not shown in the above figures, since only an
insufficient number of measured values was available. However, these
figures correspond with the other values.

Table 21. Chemical composition and size of various ores, concentrates and mixtures

for pellet feed

Ores of various Type Size % % Portions in mixture
origin -0.045mm Fe

I II [1I v
Sydvaranger M* 576 66.3 6 3 4 3
Mano river H* 1.7 54.7 18 9 13 12
Brazil fines H 26.7 66.5 18 27 40
Marcona (sinter feed) M 26 63.0 18 9 13 12
Krivoj rog M 73.0 63.3 9 9 7 6
Kiruna M 41.7 71.9 18 37 13 47
Bomi hill M 24 65.6 13 6 10 8

100 100 100 100

Chemical composition of mixtures

Fe tot 645 675 654 670

Fe” 124 141 94 154
Si0O, 56 41 49 36
CaO 03 03 02 02

M = Magnetite
* H = Hematite
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Fig. 64. Influence of particle size on properties of indurated pellets from ore mixtures

For comparison,- Curve V was additionally introduced from Fig. 51
(Curve I). The difference in crushing strength between Curve V (hematite)
and Curves I, IV, (mixtures) is not significant. In view of the relatively low
slag portion, the formation of crystals is more important. Basic additives
also have a favourable influence on mixtures, as can be seen from Curves
III, IIla, IIIb. Finally, it can be stated, that ore mixtures with sufficient
grain size distribution or with additives can be formed into pellets of good
quality, similarly as for individual ore types without any difficulties. The
mix is ground to about 67% minus 0.045 mm at a specific surface area of
approx. 2600 cm?/g. Less than 0.5% bentonite is used as binder. The pellets
produced meet the requirements of the blast furnace operation.

The knowledge thus acquired in the laboratory tests was realized in a
commercial plant at the Ijmuiden steel plant in Holland. There, a pellet
plant with an annual capacity of 3.5 million tons based on imported
ores **) has been operating since 1970 beside a sinter plant of equal
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capacity for the production of a highly basic sinter. The combination of
the two agglomeration plants can be considered as a typical example for
an optimum preparation of imported ores for blast furnace operation.
Bragard and Matthieu **) reported on the construction and operation of
a small pellet plant in Belgium with an annual capacity of 0.5 million tons
of basic pellets from mixtures of calcareous minette, Swedish concentrate
and Venezuelan hematite in different proportions. Due to the good
bonding power of minette, no extraneous binders were necessary. Here
also the quality of the pellets produced met the requirements of the blast
furnace operation. The considerations leading to the construction of pellet
plants are very interesting although at both works sinter plants were
already in operation. In both cases, the extension of the agglomeration ca-
pacity was under discussion. The decision was taken in favour of the erection
of a pellet plant due to the greater flexibility which was expected, and also
achieved, with regard to ore import and the equally high demands made
by the blast furnace operation on the quality of agglomerates. In Japan,
the conditions for the construction of pelletizing plants near blast furnaces
are also favourable, a fact which is confirmed by the erection of several
plants with an annual capacity of about 6 million tons of pellets ).
Here, as well as in Great Britain, further plants with an annual capacity of
3 million and 5 million tons are under construction or will shortly be
started up.

In this way, it has been demonstrated that based on ore mixtures pel-
letizing plants can be built advantageously near the blast furnaces.

5.3.1.6 Influence of Oxidized and Prereduced Return Fines

The question arises whether an influencing factor both important and
necessary for down-draught sintering, namely the use of return fines,
might also be of interest for pelletizing. During sintering, a high portion of
40—100% by weight of the sinter mix is continuously circulated as return
fines. These return fines virtually consist of fine-grained sinter obtained
during different process and transport phases. The conditions for pellet
production are quite different. Pellets consist of individual balls of pre-
scribed dimensions. The amount of fine-grained abrasive material arising
during transport of indurated pellets is correspondingly low and hardly
exceeds 3% in commercial plants. This low quantity is returned, normally
after separate intermediate grinding, to the circulating pellet load without
producing a special effect. From the process-technological viewpoint,
there is thus in contrast to sintering no reason to attach great importance
to the return fines problem. Nevertheless, H. W. Gudenau and W. Wen-
zel ') investigated the influence of greater return fines amounts on the
properties of indurated pellets produced from different ores with the
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return fines normally being present as oxidized fines. Tests with up to 35%
prereduced return fines were also carried out. The results of such tests run
on hematite ore with 64% iron and with a rising return fines quantity
having a fineness degree of 40% —0.045mm at optimum firing tem-
perature are shown in Fig. 65. Curvel only shows a slight influence of
oxidized return fines addition while Curve II indicates a substantial im-
provement of crushing strength when prereduced return fines are used.
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Fig. 65. Influence of oxidized and reduced return fines on compressive strength of
indurated pellets

During careful firing and with a sufficient oxygen content of burning gas,
reoxidation and recrystallization of the crystalline structure occurs.

Under equal oxidizing conditions, prereduced return fines could be
replaced by sponge iron with the total iron being finally present as
hematite in the pellet. However, it would also be imaginable to allow the
metallic iron of sponge iron to react directly with iron oxides under a
controlled, non-oxidizing atmosphere.

5.3.1.7 Influence of Sponge Iron on Pellet Properties

This question was thoroughly studied by the author %2%). High-
grade specially prepared concentrates from hematite and magnetite
with iron contents of 68.9% and 70%, and SiO, values of 0.68 and 0.1%
were ground to 2040 and 2280 cm?/g specific surface area. Increasing
quantities of sponge iron with iron contents of 96—98% at a specific
surface area of 600—700 cm?/g were added during green ball formation.
Pellets of 10—12 mm diameter were produced.
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53.1.7.1 Influence of Sponge Iron on Green and Dry Pellet Strength. It
would have been possible that sponge iron could react with the moisten-
ing water during green ball formation. This wouc have resulted in a loss
of metallic iron by corrosion. However, the sponge iron used, which was
produced from the concentrate involved at temperatures of 1150—1200 °C,
showed a low reactivity against water during the short time of contact. In
addition, the sponge iron had a relatively coarse grain size with a specific
surface area as low as about 600—700 cm?/g so that after pellet drying no
change of the amount of metallic iron previously added was observed.
The strength of green balls formed from magnetite concentrate and
sponge iron with and without bentonite addition was compared. The
result is shown in Fig. 66. Without bentonite, the green and dry pellet
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Fig. 66. Effect of sponge iron and bentonite on compressive strength of green and
dry pellets

strength is very low irrespective of whether sponge iron is added or not.
The rising rate of sponge iron added even decreases the strength, probably
due to the coarser grain size resulting from sponge iron addition. Only
bentonite raises the strength. The measurements made with hematite con-
centrate were similar, but lower values were obtained. The tests did not
show any reaction of sponge iron. Thus, there was no danger of metallic
iron being lost in this phase of pellet production.

53.1.7.2 Influence of Sponge Iron on the Strength of Indurated Pellets.
The purpose of these tests was to produce pellets low in gangue with a
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Fig. 67. Effect of sponge iron on compressive strength of indurated hematite pellets

high iron content by sponge iron addition in order to avoid the disintegra-
tion which would otherwise be expected during reduction. The metallic
iron of sponge iron was to react with Fe,0, and Fe,O, to form lower oxides
while the new crystal combinations and crystalline structures arising were to
bring about the pellet strength. To avoid undesirable reactions between oxi-
dizing heating gas atmosphere and metallic iron, the basic tests were carried
out with nitrogen at temperatures between 950 and 1150 °C and an indura-
tion time of 15—40 minutes. The temperature of 1100 °C was found to be suf
ficient and further tests were performed at this temperature. Fig. 67 rep-
resents the influence of a rising sponge iron portion on the crushing strength,
Curve I, in contrast to a decreasing pellet strength during reduction of
fired pellets without sponge iron addition by using reducing gas, Curve II.
When adding approx. 10 parts of sponge iron, the hematite phase is
converted to magnetite, and a crushing strength of 2200 N/pellet is
already achieved with no further change at higher sponge iron rates. The
reaction of metallic iron with oxides is already terminated at 1100 °C after
20 minutes. Metallic iron similarly reacts with magnetite pellets having a
strength of almost 3500 N/pellet, Fig. 68.

The two Figs. 67 and 68 indicate an interesting possibility for substan-
tially improving the quality of indurated pellets which was particularly
observed during their reduction, as described under item 6.2.
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5.3.1.8 Influence of Inplant Fines on Pellet Properties

Since a growing number of pelletizing plants are erected within a steel
plant complex, it is possible to incorporate a part of the inplant fines daily
accumulating at the iron and steel works into the pellet feed. This refers,
for example, to dust and slurries from gas cleaning installations of blast
oxygen furnaces and blast furnaces, mill scale, calcareous B. 1. F. slag as
well as pellet fines screened out before entering the blast furnace. Above
all, products with a high lime content are interesting as additives. In a
pelletizing plant in Mexico, the use of such inplant fines in the mix is
envisaged %). Magnetite concentrates, hematite ore and inplant fines are
used as iron-bearing materials. Lime compounds are added in order to
produce basic pellets with a basicity of more than one. The recycled
materials consist of six different constituents which have to be ground to
the required fineness before they are mixed. The chemical analysis of the
recycled materials is shown in Table 22. Out of a large number of tests
carried out for design work, the behaviour of three mixtures is described
below with the basicity having been uniformly adjusted to 1.3. The com-
position of mixtures is given in Table 23.
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Table 22. Mixture and chemical composition of inplant fines as components of pel-

let feed %)

’ Fetot. Si0, ALO; Ca0 MgO MnO S Compo-
sition
in%

Blast furnace 34.8 10.2 2.7 1.1 1.2 1.2 04 3.7
dust

Blast furnace 03 346 148 418 43 0.9 1.5 404
slag

BOF dust 64.1 1.8 0.2 52 06 1.5 0.1 5.2
BOF slag 120 205 64 425 35 42 0.6 21.1
Mill scale 64.0 3.0 1.9 32 03 1.3 0.1 8.5
Pellet 64.8 43 0.8 06 09 0.1 002 211

Granulometric properties of mixture —0.045 mm = 55.6%; Spec. surf area cm?/g
2200

Table 23. Mixture of pellet feed: ores, inplant
fines, limestone and hydrated lime ¥)

I 1I I1I
Magnetite 955 82.4 65.9
Hematite - - 16.5
Inplant fines - 16.6 16.1
Limestone 3.5 - -
Lime hydrate 1.0 1.0 1.5

The mixtures were uniformly ground to 68—71% minus 0.045 mm and a
specific surface area of about 1680—1750 cm?®*/g. The incorporated recy-
cled materials have no notable negative influence on the strength of green
nor on dry or indurated pellets (Fig. 69).

The abrasion resistance of all pellets has to be regarded as very good.
To sum up, it can be stated that, after an adequate preparation, recycled
materials can be added to the pellet mix without impairing the pellet
quality — provided that they do not contain any detrimental metallurgical
constituents.

This is an important contribution to the integration of pelletizing plants
into the blast furnace area.

5.3.1.9 Influence of Organic Binders

Inorganic or mineralic binders additionally change the chemical com-
position of the indurated pellets and may influence the metallurgical
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Fig. 69. Influence of in-plant fines on pellet properties

behaviour during further treatment. On the other hand, organic binders
burn or volatilize at the latest during pellet firing. Consequently, they do
not change the chemical composition of the pellets. At a very early stage
organic binders were already tested at least on a laboratory scale. In this
connection, reference should be made to the afore-mentioned patent of
Andersson 3).

Due to the comparatively high prices of such substances, there was and
is, for the most part, interest only in waste products of other industries,
such as bitumen and spent sulphite liquor. In view of the considerable
quantities which can possibly be added during pelletizing of iron ores, the
mineral oil industry is interested in rendering such products attractive ).

Since the efficiency of organic binders is limited by the temperature,
any influence on the final strength of indurated pellets is hardly to be
expected. Some of such types of binders are mentioned below:

Starch is a frequently tested binder, which was added in quantities of
0.45—2.3 kg/t concentrate by Erie Mining Company during pelletizing of
magnetite. Apart from an improvement of plasticity, starch primarily
increased the dry pellet strength ).
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Spent sulphite liguor, obtained as a by-product in the pulp and paper
industry, is a product which is relatively cheap in some places. Spent
sulphite liquor contributed to an improvement of the green and dry pellet
strength during pelletizing of Sierra Leone concentrate. After firing, no
further influence was observed.

Bitumen, a by-product accumulating during mineral oil processing, is
often used as emulsion which also improves the green and dry pellet
strength.

5.3.1.10 Influence of Coal Addition

In the past, the shaft furnace, as burning unit, played an important
role '¢). However, it was difficult to ensure uniform heating of pellet feed
over the whole furnace section. To achieve this goal, 1.0—1.5% anthracite
was added to the concentrate or the green balls were coated with finely-
ground coal. This method was previously adopted in all shaft furnace
plants and also initially, even at lower coal rates, in some travelling grate
plants. In the course of the years, the incorporation of solid fuel into green
balls was abandoned because the difficulties during induration and above
all the varying quality of indurated pellets experienced at that time
outweighed the expected advantages.

Nowadays, the shortage and increasing prices of fuel oil suggest the use
of coal again. Two possibilities were investigated, the addition of coal to
fine particles during balling and the burning of coal in separate burning
chambers. Detailed studies of coal addition are described by B. Hiitter #').

Up to 2% of coals of different reactivity was added to five different ores
ground to the fineness required for green ball formation. The pellet
diameter was uniformly 10—12 mm. Neither the green nor the dried pellet
strength changed as compared with that of pellets without coal addition.
However, the crushing strength of indurated pellets decreases with coal
addition of more than 0.5% for magnetite pellets and the resistance to
abrasion diminishes at a coal addition of above 1%. On the other hand, it
was possible to raise considerably the capacity of the pelletizing travelling
grate for hematite pellets. Therefore, the negative and positive influences
are to be outweighed for each particular case.

Fig. 70 shows the influence of increasing coal additions on hematite and
magnetite pellets. In the case of hematite, the strength rises up to about
0.5% coal addition. The strength then decreases but is still sufficient up to
1.5% coal addition. This influence is explained by partial reduction of
hematite to magnetite and subsequent incomplete reoxidation of magne-
tite to hematite. Higher coal additions may even result in a further
reduction towards the formation of wus:stite which, within the time
available, does not reoxidize again and forms fayalite with the silica
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Fig. 70. Influence of coal addition on pellet strength and productivity of travelling
grate

present. At present, the pelletizing plant at Ijmuiden is being operated
with low addition of ground coke which allows a reduction of natural gas
consumption without impairing the pellet quality.

Other travelling grate plants are using meanwhile also coal addition
successfully.

Development work was recently started to burn the coal in suitable
combustion chambers and to introduce hot combustion gases exclusively
into the burner hood. A detailed description of this interesting application
of firing technology to pelletizing plants is given in the Skillings Mining
Review ).

5.3.1.11 Summarizing Considerations

Binders were already used in the first pelletizing tests. Water-soluble
salts were preferred which form salt bridges during drying thus improving
the mechanical strength of pellets. Nowadays, salts are used in few special
cases only.

Binders and additives are at present selected according to the following
aspects:

(a) Improvement of green ball properties, above all better plasticity for
increasing the drop resistance during transportation.

(b) Increase of dry pellet strength for the subsequent heat treatment
stages.
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(c) Improvement of indurated pellet properties, in principle, their behav-
iour during reduction.
(d) Binders should be cheap and not adversely affecting the chemical
composition of pellets and operation.
(e) Nowadays, alkaline earth compounds of different mixtures are pre-
ferred. One attempts to keep the bentonite addition at a minimum.
In all plants at present in operation, binders and additives are used. In
the meantime, a separate industry has developed for providing additives
and binders.

5.4 Influence of Thermal Treatment
on Pellet Properties

The considerations relating to the fundamentals of pellet production
(item 2.2) already demonstrated the great importance of thermal treat-
ment for the final pellet quality. Furthermore most binders and additives
only become fully effective in conjunction with heating and firing. The
treatment can be divided into three (thermal) phases:

(a) Drying at 250—400 °C
(b) Preheating up to 11001200 °C
(c) Firing at 1200—1350 °C.

The time and velocity of the necessary temperature rise depend on the
properties of the individual ores and mixtures. The importance of the
drying phase and its bases were already explained under item 2.2.1. In
this connection, the various factors were indicated which become effective
and influence the pellet quality. The principal factors are described below.
In view of the complexity of this procedure, mathematical considerations
have additionally been made for interested readers and set forth under
item 13.3.

5.4.1 Factors Influencing Green Ball Drying

For clarification of the drying procedure, it appeared advisable — to
consider further aspects ®). The most important factor influencing the
drying procedure is the drying medium: drying air or drying gas. Variable
factors are temperature, velocity of gas flow, and drying time. They not
only determine the pellet quality but also influence the time of total
thermal treatment and thus, the burning unit capacity, see Figs. 83 and 84.
These three factors are interdependent. The effect of one should only be
considered in conjunction with others. For the relevant tests a tube
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furnace, shown in Fig. 36 %), item 4.5.1, was used. Pellets of 10—12 mm
diameter produced from a magnetite-hematite concentrate with 67.5%
iron and optimum size distribution were tested. The bed height applied in
the tests was 6 cm. The criterion for the drying progress is the drying
degree *“1” which can be represented by the following formula:

[nitial-final moisture

s

initial moisture

When *“1” reaches the value one, the drying is terminated. The following
parameters were varied.

5.4.1.1 Temperature of Drying Gases

5.4.1.1.1 Influence of Drying Gas Temperature on Drying Time. The
greater the temperature difference between drying medium and green ball
feed, the shorter is the period required for drying. The temperature of the
medium should therefore be as high as possible. The temperature
influence at a predetermined velocity of flow of drying gas is shown in
Fig. 71. For reasons set forth in Figs. 15 and 16, item 2.2.1 the drying
velocity is not in parallel with the temperature. From a temperature of
about 250 °C, the drying slows down more and more. The time for water
evaporation and steam diffusion in the pellets are limiting factors. The
drying temperature is further limited by another pellet property, viz. the
shock behaviour of green balls.

Orying gos velocity 0.8 m/s
0 Petlet size 10 - Zmm
Pellet layer Gom

N

= Drying time in min

50 00 50 300 B0 4
Orying gos temperature in 00—

Fig. 71. Effect of drying gas temperature on drying time
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5.4.1.1.2 Influence of Temperature on Shock Resistance of Pellets During
Drying. As indicated .under item 2.2.1.4, the shock temperature is of
decisive importance for the pellet quality. The shock behaviour of each
individual ore is a limiting factor for the drying temperature and drying
speed. It is virtually determined by the type of ore, granulometric
properties of ore, porosity of the green balls and binders. Owing to the
effect of drying temperature on the drying time, one attempts to improve
the shock temperature possibly by the addition of binders as explained in
the following test 28). The shock temperature of green balls of 10—12 mm
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Fig. 72. Influence of drying gas temperature on shock behaviour of pellets with and
without additives

diameter produced from Itabira blue dust with 69.3% iron was ascertained
with and without the addition of bentonite and lime hydrate. The results
obtained are shown in Fig. 72. Depending on the green ball structure the
maximum permissible shock temperature of 240 °C without binders can
be raised up to 600 °C with bentonite and up to 440 °C with lime hydrate
addition before the pellets start to be damaged. The result refers to this
specific ore, but can be regarded as typical for the drying procedure and
shock temperature of green balls from other ores.

5.4.1.2 Influence of Velocity of Drying Gas Flow on Drying Degree

The velocity of flow is measured in meters per second at 0°C and
1.0 bar referred to the free sectional area of the furnace as W =Nm/s.
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This velocity of gas flow is an important factor for the dimensioning of
fans in the drying zone and for the size of reaction surface of travelling
grates or the volume of shaft furnaces or rotary kilns. Optimum design
data are obtained by pot grate tests.

Three different air velocities of W,=0.045, 0.27 and 1.29 m/s were
applied. The latter value is already within the range of velocities occurring
in a travelling grate pelletizing plant. Fig. 73 very clearly shows the
influence of air velocity. At a velocity of 1.29 m/s the drying is already
terminated after five minutes while the drying takes 14 minutes at an air
velocity of 0.27 m/s. Consequently, an optimum velocity of flow is to be
aimed at.
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Fig. 73. Effect of drying gas velocity and time on dryng stage

5.4.1.3 Change of Pellet Strength During Drying

The basic conditions for the green and dry pellet strength are very
different. The crushing strength of green balls is chiefly determined by the
capillary forces of water. It reaches its maximum value when the liquid
filling degree in the capillaries is about 0.8—0.9. During drying, the liquid
bonds are reduced and gradually replaced by others. In the case of dry
pellets, solid bonds are virtually effective between the ore particles. It is
important that the pellets retain sufficient strength even in this inter-
mediate stage to withstand the mechanical stress both in the shaft furnace
and on the travelling grate. D. F. Ball ®®) studied the strength of
magnetite and hematite pellets with and without the addition of bentonite
and iron sulphate during drying. At the beginning of moisture removal, he
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observed a slight strength increase and, shortly before the final drying, a
minimum strength. Gudenau, Wenzel und Izgiz™) found an interme-
diate strength increase during drying for different ores, and this strength
increase was far above the green and dry pellet strength. From this it
follows that the capillary forces become more effective during drying than
during moistening and green ball formation.

If drying is achieved in a pellet layer, the strength indices vary
according to the progress of the drying front, so that the strength is
slightly different in the various pellet layers. In a test ?") run on pellets of
10—-12mm diameter and with a moisture content of 7.5%, the drying
progress and the corresponding pellet strength were investigated in two
layers each of 6 cm height. To ensure that a measurable dry pellet
strength can be achieved, 0.7% bentonite was added to the mix. The
variation of the moisture content of the bed as well as the strength of the
upper and lower layer were ascertained. The measurements were made
every minute. The results obtained are shown in Fig. 74. A greater top
layer strength as opposed to bottom layer strength can be clearly observed
which means that the pellet strength varies with the moisture content
during drying. Towards the end of the test, the strength curves approach
each other.

The observation made with a 12cm bed height can be analogously
applied to greater bed heights. As can be seen from Fig. 18, item 2.2.1, it
may happen that the drying zone is already overlapped by the preheating
zone which directly follows. As is apparent from Table 4, item 2.2.1, the
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Fig. 74. Difference of compressive strength in two layers of a green pellet bed
during drying
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drying strength of pellets without binder addition is often insufficient to
meet the mechanical requirements. Since nowadays practically all pel-
letizing plants are operated with binders as is described under item 5.3, a
sufficient dry pellet strength is ensured in industrial plants.

5.4.2 Preheating of Dried Pellets

The preheating zone is the thermal link between the drying and firing
of pellets. It ranges from 300/400 °C up to 1200 °C. As already indicated
under item 2.2.2, different reactions may develop simultaneously or
consecutively during preheating. These reactions such as decomposition of
hydrates, carbonates or sulphates as well as roasting of sulphidic con-
stituents may be important both for the final pellet quality and for the
capacity of pelletizing plants. Last but not least all iron oxides besides
hematites are converted into the highest oxidation stage, namely hematite.
The preheating velocity in this zone must be harmonized with the com-
pounds to be decomposed and oxidized.

The oxidation of magnetite is most important since it has a decisive
influence on both the mechanical strength and the behaviour during
reduction. During magnetite oxidation, the bivalent iron is converted to
trivalent iron (see item 5.4.3.1). The progress of oxidation is normally
analytically ascertained through the remaining part of bivalent iron. After
complete oxidation, bivalent iron should no longer be present. However, it
is also possible to analyse the progress of oxidation through the change of
weight during magnetite preheating under oxidizing atmosphere ™).

5.4.2.1 Change of Weight and Strength During Drying and Preheating
of Green Balls

During drying, the weight of green balls diminishes by the quantity of
moistening water evaporated until a constant weight is reached.

Ores with decomposable compounds containing hydration or crystal-
lization water or carbonates vary their weight in accordance with the new
compounds thus arising. For instance, in the case of magnetite pellets, the
weight again rises when the oxidation starts. Here and also in the other
compounds, a constant weight is only achieved when the iron oxides have
finally been converted into hematite. At the same time, a different
increase of pellet strength may occur during drying and, above all, during
heating. The different behaviour of magnetite and hematite green balls
was comparably investigated ®) and the results obtained are shown in
Fig. 75. The principal test data were as follows: Magnetite pellets with
71.3% iron and 6.8% water, pellet diameter: 10—12 mm, specific surface
area of concentrate: 1810 cm?/g.
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Fig. 75. Combined effect of drying gas temperature and time on green pellet weight
and compressive strength

Hematite pellets with 64.6% iron, 7.1% water, pellet diameter 10—12mm,
specific surface area: 1845 cm?/g, pellet bed height: 6 cm, weight of wet
pellets: 300 g, initial temperature of heating air: 300 °C, relative heating
air velocity: 0.09 m/sec.

The measurements were made in the tube furnace represented in Fig.36,
item 4.5.1. The low air velocity was intentionally chosen in order to avoid
too rapid a heating and to extend the heating procedure. Both ore samples
had practically no loss on ignition. In this way, the drying and heating
could be carried out speedily.

Curve I of Fig. 75 shows the average temperature gradient in the pellet
layer.

After the drying of magnetite pellets (Curve IT) had been terminated —
after 20 minutes, the minimum weight had been reached — the oxidation
started at 400 °C with weight increase. The oxidation is terminated at
about 1000 °C and constant weight. During oxidation, the crushing
strength continuously rose and reached about 1100 N/pellet at [100°C
(Curve IV). The arising hematite crystals (see Fig. 20) formed the first
crystal compounds.
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The corresponding curves for hematite pellets develop quite differently.
After drying, a constant weight is obtained which is maintained during
induration (Curve III). In the case of hematite, a bridge formation occurs
only at higher temperatures so that up to 1100 °C a low crushing strength
of about 200 N/pellet is observed, (Curve V). The different strength
development in curves IV and V shows that the hematite produced from
oxidized magnetite has a much higher reactivity and that crystal growth
already occurs at lower temperatures, as is further apparent from ‘the
complementary curves IV and V in Fig. 76.

5.4.3 Firing and Cooling of Pellets

During firing as well as cooling, those pellet properties should be
obtained which are required for their further treatment. The firing directly
follows the preheating. According to the ore type, quantity and com-
position of additives, it is carried out at temperatures up to 1250 °C
and 1350 °C under an oxidizing atmosphere. A certain minimum tem-
perature has to be attained in order to enable the necessary crystal trans-
formations and the reactions of oxidic gangue constituents. The maximum
temperature is limited by the beginning dissociation of hematite and
sticking of pellets because of softening of constituents. The optimum firing
temperature and cycle in conjunction with the corresponding firing
period is the decisive influencing factor for pellet induration.

Practically all the other influencing factors either granulometric proper-
ties or the various additives only become fully effective at the optimum



148 5 Process-Influencing Factors

thermal treatment. Besides the strength increasing reactions others occur
in parallel which have partly begun already in the preheating zone, such
as decomposition of carbonates or sulphates and the rest of hydrates.
Exothermic reactions too, mainly the oxidation of magnetite, may play a
certain role at the beginning of the firing zone. It is necessary to control
these partly opposed reactions by the speed of heat supply so that a
decrease of pellet quality is avoided. The smaller the number of influ-
encing thermal factors to be adapted to each other, the simpler is the
control of preheating and firing temperature. From this comes the attempt
to use, if possible, one single outer heating source, such as oil or gas, but
not simultaneously coal. The heat supply has to be so proportioned that
the temperature steadily rises. Too slow a heating has no negative
influence on the pellet quality but the firing time is extended which results
in a capacity decrease of firing units. Too rapid a heating can bring about
a heat accumulation in the pellet surface which causes overheating and,
thus, a quality decrease. The greatest additional influencing factor is the
oxidation of magnetite which has to be incorporated into the firing
pattern during preheating and firing.

5.4.3.1 Heat-Hardening of Magnetite Green Pellets

Magnetite is almost exclusively processed as concentrate. The con-
centrate can originate either from natural magnetite-containing ores or
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from other ores as a result of magnetizing roasting followed by magnetic
separation. The artificial magnetite has a much higher reactivity than
natural magnetite. This is particularly demonstrated by the oxidation to
hematite, which in the case of artificial magnetite already starts at lower
temperatures and proceeds more quickly than with natural magnetite.
Fig. 77 shows the considerable difference. For example, the oxidation
degree of artificial magnetite is at 400 °C nearly identical with that of
natural magnetite at 1000 °C.

During this oxidation, magnetite is converted to hematite. The mecha-
nism of this oxidation was the subject of intensive investigations ") and
does not yet appear to be fully clarified. The following factors are of
importance during oxidation: temperature, gas flow, velocity and oxygen
partial pressure of heating gases, grain shape and grain size of concen-
trates. The porosity of dry pellets plays a certain role. According to the
present state of knowledge, the oxidation proceeds in two subsequent
partial phases to y Fe,O,.

The first phase proceeds much more quickly than the second. The
oxidation is an exothermic reaction according to the formula:

2Fe,O0,+% O, & 3Fe,0,—Q

The Q value is approximately 260 kJ/Mole. This additional heat source
has to be considered and used accordingly during preheating and firing.

Due to oxidation heat, the pellet core is heated to a higher temperature
than the pellet surface. This involves the risk of a more intensive sintering
or even melting of pellet core and due to shrinkage its separation from the
pellet shell which results in a considerable pellet quality impairment '),
The adaptation of oxidation velocity to firing velocity has a positive effect
during firing of magnetite pellets. At a constant pellet quality, the heat
consumption, firing unit capacity and firing temperature are more
favourable than during firing of hematite pellets.

During the oxidation of magnetite to hematite, first hematite crystals
are already formed at low temperatures on the edges and surfaces of ore
grains and crystals. These crystals simultaneously cause the formation of
the first bridges as shown in Fig. 20, item 2.2.2.1.1. At 1150 °C magnetite
pellets already reach a strength of 1100 N/pellet while the hematite pellets
only have a strength of about 200 N/pellet. When the firing temperature
is further raised, the strength increases, as can be seen from Fig. 76. This
figure is to be considered as a supplement to Fig. 75. Curve IV shows the
further strength development of magnetite pellets and Curve V that of
hematite pellets. The corresponding variation of crystalline structure,
shown in Figs. 21 and 24 of item 2.2.2.1.1/2 should be noted.

Callender ") studied the influence of the preheating and firing tempera-
ture on pellets produced from artificial magnetite concentrate with and
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without additives. The crushing -strength of pellets produced without
additives rises up to a temperature of 1300 °C. The influence of 1% lime
hydrate was clearly perceptible by temperature decrease.

5.4.3.2 Influence of Firing Temperature and Basic Additives on the
Strength of Pellets from Magnetite Ores

According to the chemical composition of ore or concentrates and the
intended use of pellets, the basic additives are varied. Quantity and type
of additives determine the optimum firing temperature.

Interdependence between these two factors and time can be observed
from Figs. 61 and 62 of item 5.3.1.2.2. Without additives, a specific
maximum strength is achieved, Fig. 61. This strength can be substantially
increased with the use of additives, Fig. 62. For an equal pellet strength, it
should be possible to lower the firing temperature accordingly when basic
additives are used. The result of such test series *) is represented in
Fig. 78. Two magnetite concentrates with portions of 10% SiO, and 1%
Si0, were fired with different amounts of basic additives at such tem-
peratures which are permissible for the highest pellet strength without
additives. The concentrate with a high gangue content (Curve I) had
reached its optimum strength of 3500 N/pellet at a temperature of
1250 °C, whereas the concentrate low in gangue had achieved its maxi-
mum strength of 2500 N/pellet at 1350 °C. With an increasing rate of
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additives both concentrates can be indurated at much lower temperatures
for obtaining constant strength. Ca(OH), (Curve IT) or CaCO,; (Curve I)
have a similar influence. Artificial magnetite with 64.3% Fe and 9% SiO,
reacts more sensitively to lime hydrate addition (Curve I1I).

5.4.3.3 Firing of Hematite Green Pellets

In the case of magnetite and natural hematite, the pellet strength is
virtually determined by crystal modifications. In contrast to pellets from
magnetite concentrates the solidification of hematite pellets has to be
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Fig. 79. Influence of firing temperature on grain growth in hematite pellets

achieved by crystal growth in one step only. This requires a higher
induration temperature and longer firing time as already explained under
item 2.2.2. The importance of the temperature for the growth of crystals
from hematite pellets with 99.5% Fe,O, is shown in Fig. 79 3?). Only from
1300 °C onward was a notable change of particle size observed. In parallel
to this growth and bridge formation, the strength increases with rising
temperatures, as is apparent from Curve V of Fig. 76 referring to pellets
produced from natural hematite ores. Only at temperatures above 1250 °C
is an appreciable increase of crushing strength obvious, which reaches its
optimum value at 1320 °C. In this connection the visible crystal changes
on micrographs Nos. 24/25 of item 2.2.2.1.2 which occurred at rising
temperatures are informative. The crystal growth is not only dependent
on the temperature but also on the time, as shown in Fig. 80 3%). At a firing
temperature of 1250 °C, 30 minutes are needed in order to obtain a
specific crystal size, but only five minutes at a temperature of 1350 °C.
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5.4.3.4 Influence of Temperature and Basic Additives
on Hematite Pellet Quality

Basic constituents reacting with hematite should also have a tempera-
ture-decreasing effect as demonstrated by Fig. 81. For pellets from
magnetite, a similar influence is shown in Fig. 78.
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5.4.4 Reactions of Additives with Iron Oxides and
Gangue Constituents

During the thermal treatment of pellets containing basic additives, the
latter should form compounds with the gangue minerals or iron oxides at
appropriate firing temperature. During induration, primarily Fe,0,, CaO
and SiO, react with each other with the iron portion greatly dominating,
Fig. 26, item 2.2.2.2. The iron oxides Fe,O,, Fe,O, and FeO influence
the type of the new arising compounds. In view of the short firing period
at optimum temperatures, balances according to the phase theory can
hardly be expected. Nevertheless, the study of the correlations between
the individual constituents shown in the equilibrium diagram indicates
the direction in which the mineralogical compounds to be expected may
develop. The kinetics of the formation of individual phases due to
reaction in a solid phase play an important role. The equilibrium relations
of the three constituents Fe,0, — CaO — SiO,, which may also be in-
fluenced by other factors, have been repeatedly investigated *).

For a better explication of these correlations, it is advisable to consider
the system Fe,O, — SiO,, CaO - SiO, and Fe,O, — CaO. The low
reactivity of SiO, with Fe,O, is known ).

At adequate firing temperatures, Fe,O, reacts, according to the CaO
concentrations, by the formation of lime ferrites 7#77), such as:

CaO - 2 Fe,0, calcium diferrite

CaO - Fe, 0, monocalcium ferrite

2 CaO - Fe,0, dicalcium ferrite
of which CaO - Fe,O, is most interesting for pellet production. CaO and
SiO, already react at 1000 °C in a.solid state to form orthosilicate,
CaO - Si0,.

When all the three constituents react under an oxidizing atmosphere, a
glassy slag phase is virtually formed up to a basicity (CaO : SiO,) of 0.8
from which it is difficult to identify clearly a defined mineralogical phase,
such as CaO SiO,*). Apart from the matrix of Fe,O;, the glassy phase
contains CaO — SiO, and varying quantities of Fe,0;. As soon as the
system approaches reducing atmosphere, iron-containing olivines with
different melting points are formed '), as set forth under item 6.1.2.3, and
the following items, with the pellet properties being highly influenced
during reduction. At a basicity higher than 0.8, lime ferrites may be
additionally present which have a positive effect on the reduction
behaviour.
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5.4.5 Thermal Dissociation of Hematite in Pellets

After the usual firing, the iron oxides should always be present as
hematite in the indurated pellets. The following considerations thus refer
to all pellet qualities. The equilibrium of the reaction:

2 Fe,0,+% O, & 3 Fe,0,

shifts to the right up to a temperature of about 1400 °C. However, at a
higher temperature, a dissociation of hematite (see item 2.2.2.1.2) begins.
The equilibrium again shifts to the left causing once more the formation
of Fe,O, and, thus, an impairment of the pellet quality. This hematite
dissociation starts at lower temperatures if the pellets contain basic
additives. According to the quantity of these additives, the dissociation
temperature lowers and the magnetite portion in the pellet rises, as shown
in Fig. 82 *). By 'magnetometric measurements, the Fe,O, portion in the
pellet was ascertained at different temperatures and with different
additives. Without additives, the hematite pellet practically remains
without magnetite portion even at a temperature of 1400 °C (Curve I). An
increasing CaO content in pellets favours the hematite dissociation
(Curves II, III and IV). This phenomenon is explained by a temperature
rise inside the pellets, due to the exothermic heat of formation of calcium
ferrites and their additional melting heat which brings about an over-
heating in the pellet core to temperatures exceeding 1400 °C and thus
hematite dissociation. The exothermic heat caused by the formation of
ferrite may lead to an overheating and softening of the pellet core and to
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the formation of a glassy structure whereby reoxidation during cooling is
hindered. The dissociation tendency of CaO-containing pellets can only
be reduced by a drastic lowering of firing temperature.

As regards pellets produced in industrial plants, the question regarding
hematite dissociation always arises so that great attention is given to the
upper limit of firing temperature and the necessary firing time in each
pelletizing plant. In relevant investigations, it has not yet been possible to
clarify all questions since various authors are still of different opinion
concerning temperature and dissociation ).

5.4.6 Scheme of Thermal Treatment

All phases of thermal treatment are consecutive irrespective of the firing
system applied. In this connection, various influencing factors should be
adapted to each other:

(a) The temperature is different for each reaction,

(b) The time is needed for the development of the individual reactions,

(c) The heat supply, by means of heating gases, provides the various stages
with the heat energy required. It is controlled by the heating gas flow:

The combination of these three process parameters represents the firing
pattern according to which the optimum pellet quality and the burning
capacity can be predetermined in the laboratory irrespective of the type of
raw materials used. According to the characteristics of ores, binders and
additives, firing patterns have been developed which proceed differently
in the various process stages. For the principal ore properties, typical firing
patterns are described below by way of example of the travelling grate
pelletizing system ?') since in this system the temporal and local thermal
treatment phases can be clearly overlooked. In principle, the succession in
thermal steps is similar in other firing systems.

5.4.6.1 Heating Pattern for Pellets from Magnetite

The tests for elaboration of the firing pattern can be carried out in the
pot grate and measuring devices described under item 4.5. According to
the process stage involved, the direction of flow of the process gases is
changed. Up-draught and down-draught is applied for drying, down-
draught for preheating, firing and after-firing and again up-draught for
cooling. The temperatures above the pellet bed are measured (T,) as well
as those between pellet bed and hearth layer (T,), in the middle of the
bed (T,) and in the windbox (T,). Pressure, suction and gas volumes are
also recorded. A typical firing pattern for magnetite pellets of 10—15 mm
diameter is shown in Fig. 83.



156 5 Process-Influencing Factors

Side wall layer and hearth layer were used. The tests were performed in
the equipment shown in Figs. 39 and 40, item 4.5. Temperature and pres-
sure are indicated on the ordinates, time on the abscissa. The drying is
achieved below the shock temperature e.g. of about 300 °C. During
heating, the oxidation of magnetite with the simultaneous beginning of
the relatively short firing time at induration temperatures of about
1300 °C is sufficient. As the heat front proceeds in the pellet bed, the
bottom layers are heated accordingly, as is seen from rising temperatures
T, and T,. After a certain firing period controlled by the individual tem-
perature measurements the heat supply is stopped. The sensible heat from
the upper layer is now sucked into the layers underneath. In the case of
magnetite pellets, it may serve to oxidize any still remaining magnetite
and, generally, to terminate the crystal change. The succeeding cooling is
achieved at constant cooling air pressure.

The firing progress is also controlled by the temperature change of
waste gas inside the windbox (T,). The pressures or suctions are adjusted
to the pertinent process stage in order to control the gas and heat flow.
Thus, the pressure applied for up-draught drying and cooling is relatively
high since, here, no damage to the pellet structure is to be feared whereas
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during down-draught drying and preheating low pressure differences are
maintained.

Even though this firing pattern is typical for magnetite pellets — longer
preheating time, shorter firing period — the principle is also applicable to
pellets with other chemical compositions. The various process stages and
periods can be adapted to each other according to the ore types involved as
well as the nature and quantity of the additives used.

5.4.6.2 Firing Pattern for Pellets from Other Ores

For the following ore types, firing patterns have been developed by
computer calculation, (Fig. 84):
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(A) magnetite concentrate

(B) magnetite concentrate + 9% CaCQO, (0.64 basicity)
(C) hematite ore (itabirite)

(D) hematite-limonite mix.

The different periods of thermal treatment were equalized to 100% for
all pellets. In this way, the various process stages can be directly compared
with each other. The firing temperatures (ordinate), the periods in
minutes required for the individual process stages and the percentages
were plotted on the diagram. The various process stages are marked by
1—6. The drying periods 1 and 2 resulted from the pertinent moisture con-
tent of green balls.

During preheating 3, considerable differences were found. The two
magnetite pellet types A and B need a relatively long preheating time
because the oxidation to hematite takes place simultaneously; the differ-
ence between A and B results additionally from the carbonate dissocia-
tion, Curve B. The two hematite curves, C and D, are steeper since in this
case only the preheating of hematite crystals is achieved and no reaction
takes place.

Nevertheless, there is a small difference between C and D since addi-
tionally in the case of D, a small amount of combined water from the
limonite portion is to be liberated.

Marked differences exist during pellet firing. The magnetite pellets A
necessitate shorter firing periods since, during oxidation, the solidification
has already started intensively in the preheating phase. In the case of B,
the positive influence of the basic additives, due to temperature decrease,
is still perceptible. For hematite pellets, the firing periods are considerably
longer in order to ensure hematite crystal growth. For this purpose, higher
firing temperatures are also required. In the after-firing zone, no marked
differences occur.

During cooling, there are hardly any differences. In this case, uniform
cooling of hematite pellets produced from all ores during firing is
achieved. If the real firing periods on the abscissa are compared with each
other, very considerable differences of 33—41 minutes are observed. These
differences are decisive for determining the throughput of the various
firing units during induration of different ores.



6 Behaviour of Indurated Pellets
During Reduction

Since it is possible to produce pellets of uniform quality by — suitable
preparation of raw materials — use of quality-improving additives and
optimum firing technique, the goal which was aimed at to make a satisfac-
tory reduction charge from fine-grained, high-grade iron ores or concen-
trates has been achieved.

Good reducibility and sufficient mechanical strength during reduction
are the most important properties demanded from pellets. Due to the high
iron content, the uniformly high porosity and easy reducibility of hematite,
as well as due to the spherical shape of pellets, a good behaviour in the
blast furnace can be expected. This expectation was confirmed as early as
1916 by C. Brackelsberg®) who produced pellets from Sydvaranger
magnetite concentrate with water glass as binder. He compared them with
sinter and briquettes produced from the same raw material and found a
better reducibility of pellets. To a greater extent, it was the mechanical
strength during reduction which demanded special attention from the
date when major pellet quantities were available for industrial processing.
As was soon apparent, different demands resulted from the intended
purpose:

— In the blast furnace, the most important demand was the stability and
sufficient gas permeability of the whole charge during its passage through
all reduction phases, especially in the upper part, despite a long retention
time under a slightly reducing atmosphere at a relatively low temperature
of 500—700 °C, an increasing reduction potential, a rising pressure and
rising temperatures up to the molten phase in the lower level of the blast
furnaces.

— During direct reduction, pellets are completely reduced to sponge iron
in the solid state. They must maintain their shape and sufficient strength
for their further transport to melting furnaces.

Initially, opinion was that a high mechanical strength of indurated
pellets would be sufficient for their behaviour during reduction. This
opinion was above all maintained in the USA where particularly
favourable conditions prevailed. In the USA, the pellets were mainly
produced and tested in pilot plants or laboratories all belonging to the
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same concerns, as is reported by W. E. Marshall #). He found that the
mechanical strength of indurated pellets, especially their good abrasion
behaviour, was the essential criterion for the increasing success and
widespread use of pellets in the blast furnace, as is apparent from Fig. 85.
Pellets with a higher resistance to abrasion (Curvel) allow a higher
portion of pellets in the burden. From this results a lower flue dust
accumulation (Curve II) and, owing to the better gas permeability of the
charge, an increase in production (Curve Ill). These first favourable
operational results obtained in blast furnaces of the relevant concerns
were confirmed in a large-scale test run on 150,000 t pellets from the plant
of Reserve Mining Company in a blast furnace outside the USA ). A
high mechanical cold crushing strength of pellets was afterwards — and is
up to the present day — the main criterion for the behaviour of pellets
from the Mesabi Range in the blast furnaces of USA.

Almost simultaneously with the USA, first operational experience was
also made with pellets in Sweden. However, from the conditions prevail-
ing there resulted two fundamentally different starting positions com-
pared with the USA:

— In Sweden, the pellets serve, besides for export, almost exclusively as
charge for direct reduction furnaces operating according to the Wiberg
process, as reported by Stahlhed 8).
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Table 24. Analysis and basicity of pellets from two types of magnetite concentrates
with high and low gangue content

Concen- Fetot| Fe” Si0; ALO, CaO MgO Gangue Basicity
trates content CaO +MgO
in% SiO;+AL O,

Reserve 63.3 1.8 8.0 0.5 04 0.6 9.5 about0.12
mining

Malm- 68.5 n.b. 0.7 0.4 0.5 0.25 1.85 about 0.7
berget

- In addition — and this was the second great difference — the Swedish
Malmberget pellets had another chemical composition as can be seen
from the following Table 24. Consequently, the two kinds of pellets differ
considerably by their iron content, slag amount and basicity. Less
favourable experience was made with the Malmberget pellets, low in
gangue, during reduction. Despite high mechanical strength of indurated
pellets, a considerable volume increase and crushing strength decrease
were observed.

Tigerschidld already reported on this phenomenon of “swelling” during
reduction of such pellets with a high iron content. He investigated this
problem together with his colleagues. It was found that the volume of
these pellets increased by up to 60%. At the same time, it could also be
demonstrated that additives can decisively influence this behaviour
without finding exhaustive explications for this. Even by the addition of
1% CaO, the volume increase could be lowered to 8% of the initial
volume. On the other hand, the addition of 0.25% NaCl intensified
swelling up to 110%.

A check test run on Malmberget pellets with 68.5% iron in a blast
furnace yielded, contrary to the statement made by Marshall for Mesabi
Range pellets, no positive results ). Opinion was that the hot crushing
strength of Malmberget pellets was insufficient to withstand reduction.
The reason for this behaviour was not yet known at that time. These two
controversial results obtained with Malmberget and Reserve Mining
pellets were, for a long time, the subject of discussions primarily between
experts and pellet consumers. The “failure” encountered with the Malm-
berget pellets in the blast furnace at first had no important consequences
as only small quantities of such pellets low in gangue were available at
that time for processing in the blast furnace. In Sweden, however, the
question of pellet swelling, and especially the cause of it, was thoroughly
investigated by J. . Edstrim 8').

The discussion of the behaviour of pellets low in gangue received a
fresh impetus when, in 1963/64, major quantities of the first Marcona pel-
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lets with 68.9% iron were available primarily for Japanese blast furnaces.
The surprisingly negative initial behaviour of Marcona pellets, despite a
high mechanical strength, was the subject of intensive investigations
particularly in Japan, which was reflected in numerous publications *).
Such investigations were continued especially in those places where pellet
consumers had to cover their demand in the world market.

Owing to the supply situation in the USA with pellets of the well-
known composition with high acid gangue content, swelling was only of
secondary importance. There was no direct compulsion to deal so
thoroughly as in other places with the problem of swelling which was
confirmed by M. Chang ®) and his colleagues in 1967 by test results with
a great number of pellet types originating from North America.

6.1 Change of Pellet Structure During Reduction

Two important basic theories were found at a very early stage which, in
principle, are also valid today, viz.:

(a) Insufficiently-fired pellets with a low mechanical initial strength swell
and disintegrate during reduction irrespective of the ore type and additives
used.

(b) Pellets both high and low in gangue have a different behaviour during
reduction. Pellets with a high gangue content are more resistant to
swelling and disintegration, whereas pellets with a low gangue content
swell and disintegrate intensively if no counteraction is taken. Despite
numerous investigations, the reasons for this pellet behaviour during
reduction have not yet been fully clarified. Nevertheless, parameters are
nowadays known according to which pellets can be produced from
different raw materials and have the quality required for the blast furnace
and direct reduction plant. This knowledge, at first empirically acquired,
was also the basis on which test methods adopted on an industrial scale
could be developed.

The importance of satisfactory mechanical pellet properties before
reduction is demonstrated by a test in which pellets of high-grade
hematite ore with 65.9% Fe, 2.9% SiO, and 5% Ca(OH), addition had
been fired at temperatures between 1000 °C and 1300 °C under otherwise
equal conditions. The individual samples were subjected to the relevant
reduction test methods, and the results are shown in Fig. 86 *'). A definite
dependence of crushing strength on firing temperature is apparent. The
crushing strength of reduced pellets shows the same tendency (Curves I
and II). Despite the high lime addition, the pellets disintegrate almost
completely during reduction (Curve III). The portion of fragments and
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pellets plus 6 mm also decreases and the volume increase (swelling) rises
continuously (Curve IV).

This knowledge is generally valid and confirmed by numerous passages
in literature. The following considerations are therefore based only on
indurated pellets having satisfactory mechanical properties.

6.1.1 Reduction Mechanisms

An extensive survey of the kinetics of iron oxide reduction by reducing
gases is given by L. v. Bogdandy and H. J. Engell®). The reduction pro-
ceeds according to the formula:

Fey, O +m CO(m H,) = n Fe + m CO,(m H,0)

As regards kinetics, the reduction is a series of consecutively proceeding
individual reactions which can be influenced by physical and chemical
factors. Such factors may be connected with the raw material and with the
properties of reduction gas. Factors dependent on the raw material are, for
instance:

Chemical and mineralogical composition, oxidation degree of iron,
mechanical strength before reduction, pellet porosity as well as gas
permeability of the charge.

As concerns the reducing gas the following factors are important:

Reduction potential, gas volume, gas pressure, gas velocity and tem-
perature.
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Of these, the latter influences the reaction in both the gaseous and solid
phases. For each individual step, there is a specific equilibrium position
which can be varied by changing the concentration of the reactants.

In this connection, two mechanisms play a decisive role, namely:

(a) The phase border reaction on the phase border between solids and
gas
(b) The solids reaction on the border and within the solid reactants by
diffusion of metallic iron into the zones with a higher oxygen content.
This reaction is only dependent on the iron concentration *).
The reaction itself proceeds in three steps:

(a) Oxygen removal on the oxide grain surface up to metallic iron from
the wiistite phase

(b) Diffusion of metallic iron towards the oxides to be reduced

(c) Conversion of the higher oxides at their grain limits into lower oxides.

The following formulae describe these reactions:

(a) FeO + CO(H,) — Fe + CO,(H,0)
Wilstite is reduced by gas to metallic iron
(b) Fe, O, +Fe —=4FeO
Wiistite is resupplied by metallic iron from magnetite
(c) 4Fe,0,+Fe — 3 Fe,0,.
According to the supply of metallic iron, hematite is converted to
magnetite.
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iron oxides
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The conversion is shown by way of different reaction examples,
Fig. 87 %). Metallic iron was mixed and heated both with magnetite and
hematite under vacuum at different temperatures and for various periods.
The reaction progress was checked by the rising portion of bivalent iron.
The beginning of the reaction at a relatively low temperature should be
noted. When starting with magnetite, the reaction proceeds more quickly
than with hematite. This is due to the different crystalline structure of
both iron oxides.

6.1.2 Structural Change During Reduction

The components to be reduced react differently according to the
prevailing conditions. As already indicated under item 6.1.1, many factors
may influence the reaction. Thus, some apparently somewhat contra-
dictory results were published because the underlying conditions had not
been sufficiently known or considered. It may also happen that some
results are influenced by factors which were not known. To be able to
interpret results comparably, all given conditions must be considered
exactly. As and when new experience is gained, the test methods become
more and more sophisticated and tailored to operating conditions.

6.1.2.1 Volume Variation by Crystal Change

In conjunction with difficulties encountered during the operation of
Wiberg furnaces with pellets low in gangue, Edstrim *) first attempted to
find out whether and to what extent as well as at which degree of oxygen
removal a volume change occurs. For this purpose, he reduced a cube of
pure hematite ore with a defined edge length at a temperature of 1000 °C
by using CO. The reduction potential was varied by mixing with CO, in
order to adjust specific stages of oxygen removal. Edstrdm’s measuring
data are comparatively as well as diagrammatically shown in Fig. 88. The
reduction stages of iron with diminishing oxidation degree up to metallic
iron are shown on the abscissa. The volume variations measured at each
stage are represented on the ordinate with the volume being based on the
hematite cube as 100% and the variation in percent being indicated.
During reduction of hematite, a volume increase, in any case, takes place
(Curves 1—-4). After a close examination, it was found that the most
intensive swelling occurs during the conversion of hematite to magnetite
(Curves 1 and 2). However, it continues up to the formation of wiistite
(Curves 1-3), and according to the prevailing reduction conditions, up
to metallic iron (Curve 4). Except for the conditions referring to the latter
curve, a volume shrinkage is observed at I, 2 and 3 as soon as the first
metallic iron has been formed from the wiistite phase. The volume
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variation proceeds quite differently during reduction of a magnetite cube
(Curve 5). In this case, a shrinkage immediately occurs from which it can
be deduced that during magnetite reduction, no volume increase takes
place.

The volume increase is explained by Edstrom as the result of a rising
gas pressure in the pellet core. It occurs at a high reduction velocity when
the arising gases of CO, and H,0 are more quickly formed than they can
outwardly diffuse through the pores. But the reduction velocity is
dependent on various factors, such as different pore structure of different
shape of hematite crystals.

In other tests "), a varying crushing strength decrease was found during
reduction of pellet types with iron contents of 64 to 68%. The crushing
strength decrease more or less reaches a minimum value for all samples in
the wiistite phase. When those values are combined with the volume
increase observed by Edstrém, the curves shown in Fig. 89 are obtained.
The iron oxides with decreasing oxygen content, down to metallic iron,
are represented on the abscissa. Curve 1 shows the volume variation and
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curve 2 the corresponding crushing strength of the pellets in percent
during the individual reduction phases. Based on an initial strength of
unreduced hematite, equal 100, the strength drops almost as far as to zero
near the wiistite phase and then improves with a rising portion of metallic
iron. In principle, swelling and decrease of crushing strength of reduced
pellets occur in opposite direction. This means a high swelling is
connected with a low mechanical strength.

Besides Edstrom’s theory on swelling during reduction, there are still
other theories, such as:

— Incorporation of carbon at the phase limit between iron and wiistite ),

— Separation of fibrous iron needles, so-called whiskers, or iron droplets
at preferred places of wiistite interfaces and thus displacement of the
surrounding particles %),

— Intensification of iron separations when alkalines are present®).
This additional volume increase results in an intensified or “catastrophic”
swelling.

An important contribution to the explanation of the structural change is
made by Ottow ®'). At first, he confirms the volume increase during
reduction of hematite to magnetite as being about 11%. The magnetite
layer has become thicker by this amount than the previous hematite layer.
However, according to Ottow’s theory, a second, crystallographic factor
plays an important role. Ottow studied the anisotropic behaviour of
hematite crystals during reduction. Substances like hematite crystallize in
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the hexagonal system ®%) and, with regard to vectorial properties, often
show a directionality. This is called anisotropic behaviour.

The reduction velocity in hematite grains, which, in parallel to the main
axis, proceeds more slowly than in vertical direction to this axis, is also
anisotropic. Apart from the volume increase, magnetite layers of different
thickness are formed which, at the individual interfaces, bring about
tensions and a tearing of crystalline structure. In a pellet the hematite
phase is present as polycrystalline agglomerate, arranged at random.
Therefore the crystalline destruction is highly intensified by the anisotropic
effect on many crystallites. The three phases of structural destruction in
conjunction with the anisotropic behaviour are shown by Ottow on the
sketches of Fig. 90.

(A) shows a hematite cube being partially reduced uniformly in all direc-
tions according to Edstrdm. Due to volume increase, the initial
volume rose according to section s’ to the new section s. At the
calculated volume increase of 11%, an angle of { = 6 ° arises by which
the structure is damaged. Edstrom measured an angle of 8—10°.

(B) shows the anisotropically different thickness of magnetite layers
formed.

(C) diagrammatically shows the different reduction velocity prevailing in
one ore grain with two crystallites each of which has its c-axes in

a different position.

5=
-
= 5 A
T AN L Y777
o Feyloy A S NPl r.-*://-:?}ll/r
VAR A ~ RN ¥
: -.\ . - _ - _.1.1__.{//
A S Reduction A NS S
| _‘f\'\_:‘ velocity | d / e,
- £
N ey ) _—
PEYTOR c-Axis £ - Axis
\‘“x_‘:""--:\\.
Fez03 ?‘“;9303\\“ Fesl0, Feqld
L
[ .,
. ~
- \
Crystallite
boundary

L Anesgtropy of
reduction velocity
on adjocent
hematite grains
Fig. 90. Influence of volume increase and anisotropic behaviour on the structure of
a hematite cube during reduction

Groin frocture due 8
lo exponsion
during reduction

=




6.1 Change of Pellet Structure During Reduction 169

Thus, the great drop in structural strength of pellets low in gangue
during reduction can be attributed to the effect of the following mecha-
nisms:

(a) Volume increase during conversion from hematite to the lower oxide
stages, mainly magnetite,

(b) Anisotropism of reduction velocity resulting in the formation of
magnetite layers of different thickness.

Both mechanisms proceed if corresponding reaction conditions allow
this. In such a case, the structural damage cannot be avoided. New — even
if intermediary — phases arise which demand a greater volume causing a
growth pressure. To what extent this pressure may cause damage to or
destruction of pellet structure is dependent on the prevailing conditions or
those to be provided in order to counteract a structural damage. Some of
the factors prohibiting a growth pressure as referred to under item 6.1.1
and having a specific effect are indicated below:

(a) During pellet induration no hematite crystals are formed but other
structures (e.g. magnetite) which, during reduction, do not have an
anisotropic behaviour and are not notably weakened.

(b) The bonding forces of the gangue portions are strong enough to
withstand the growth pressure.

(¢) The gangue is changed both chemically and quantitatively until suf-
ficiently strong reacting forces become active by the reaction of
gangue components with each other or with iron oxides.

Since factors (b) and (c) in conjunction with gangue can be most simply
varied, their influence is first discussed.

6.1.2.2 Structural Change by Reaction of Gangue Components
with Iron Oxides and with Each Other

From the operational results obtained in North American blast furnaces
it is well-known that only pellets with a great portion of highly acid
gangue show a low tendency to swelling. There is also no longer any
doubt about the positive influence of basic additives. Since Tigerschidld, it
has been known that other additives such as alkaline compounds have a
detrimental effect on the swelling behaviour.

Since ever-increasing pellet quantities with a low gangue portion are
produced as well as processed in blast furnaces, the importance of the
chemical composition of gangue, like that of sinter, has become a
significant factor in pellet production. In a large number of pelletizing
plants, basic additives are nowadays used. In this connection, it had been
observed that at a specific ratio of basic to acid gangue the swelling
behaviour changes remarkably. At a basicity of 0.1—0.7 particularly high
swelling indices were found *).
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The experience acquired in blast furnaces has meanwhile demonstrated
that a volume increase of up to 20% still does not adversely affect the blast
furnace operation. However, if a greater volume increase occurs, it is con-
sidered as abnormal or even as a “catastrophic” swelling which has, in any
case, to be avoided.

The importance of additives and especially their composition is well-
known from publications often dealing with quite specific conditions
which cannot be generalized. The results of such publications, which were
often insufficiently described or based on different test conditions, some-
times brought about different and even controversial interpretations.
Therefore, it was understandable that in other places basic research with
clearly defined raw materials and additives was also carried out. The
purpose of such tests was to investigate the influence of quantity and
chemical composition of additives in connection with the ore character-
istics on the pellet behaviour during reduction under controlled condi-
tions. Some of such investigations with generally applicable results are
discussed below. Many of them were jointly achieved by pellet consumers
and pellet producers.

6.1.2.3 Influence of Additives on Pellet Swelling

Under items 5—5.3 the influence of additives and, under item 5.4, the
influence of thermal treatment on the mechanical properties of fired
pellets was discussed in detail. It had been anticipated that these
influences would also be similar during reduction.

In an extensive study, H. Kortmann ®) dealt with the reactions of
additives with gangue constituents and with iron oxides during reduction.

A high-grade Brazilian ore having the following chemical composition
was used in his tests:

Fe,0, = 99.15%; SiO, = 0.30%; Al,0, = 0.20%

The total gangue content of this ore was as low as 0.50% and its basicity
was zero. According to the quantity and composition of gangue, the opti-
mum firing temperatures ranged from 1300 to 1360 °C. Silica, limestone,
dolomite, magnesium oxide, sodium and potassium carbonate and potas-
sium feldspar served as additives. From the reduction tests carried out at
temperatures of 900, 1000 and 1100 °C, those performed at 1000 °C were
chosen for further consideration. The reaction time was sufficient in order
to achieve full reduction by using a reduction gas containing 40% CO and
60% N,. Because the results obtained are of practical value, they are
discussed below, in particular the influence of silica and limestone, alone

and in mixtures. The ratio was selected as basis for the basicity.

2
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The pellets were indurated at optimum conditions for various levels of
different additives. The swelling behaviour of 33 pellet types thus found
was tested during reduction. The different swelling values obtained under
specific conditions were plotted on a triangle diagram, Fig. 91. The
corners of the triangle are formed by the reactants: CaO, SiO, and
FeOy. Only the iron corner of the triangle is of interest. Swelling values
of equal volume increase are connected with each other. Thus, isochores
of pellets of equal volume increase but of varying chemical composition
and of different basicity were derived. The isochore with 20% volume in-
crease is especially marked as this value is generally regarded as the
maximum permissible swelling degree in practice. Consequently this
range of acceptable swelling with volume increases of less than 20% is
outside the critical boundary whereas inside this boundary are located the
pellet swelling values which are considered to be unacceptably high. The
zones of higher swelling values become considerably narrower towards
the iron corner. In this area, very small variations in the proportions of
gangue, their chemical composition or basicity are sufficient to bring
about great fluctuations of volume change. The greater the gangue
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proportion on the highly calcareous side, the broader the range of
acceptable swelling becomes and, in a corresponding manner, the less
sensitive the pellets react during reduction. The extent and shape of
isochores tend to a range varying around an average value of about 0.33
basicity. By lengthening the longitudinal side of the critical swelling zone,
the basicity line is cut at about 0.1 and 0.6. Thus, three ranges of different
basicity are formed. At the same time, the swelling range running in
parallel is divided into three corresponding sections which mark the dif-
ferent swelling indices. These three ranges represent the following zones:
(a) acid gangue with a basicity of —0.1;

acceptable swelling values of —20%;
(b) gangue with a basicity of 0.1-0.6;

critical swelling values of +20%;
(c) basic gangue with basicity increasing to +0.6

acceptable swelling values of —20%.

The influence of basicity on the swelling behaviour decreases with
rising gangue portion and loses its efficiency at about 10% of gangue
amount as marked by “L” in Fig. 91. The isochores established on the basis
of laboratory tests were compared with the swelling values of seven
pellet types produced in industrial plants which were plotted on the
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6.1 Change of Pellet Structure During Reduction 173

diagram. These show good conformity between the laboratory and in-
dustrial pellets.

From this it can be deduced that by varying the basicity pellets can be
produced from different raw materials, which fulfill the operational
demands of blast furnaces and direct reduction plants with regard to the
swelling behaviour. The swelling values ascertained in dependence on the
changed SiO, and CaO content, as per Fig. 91 are separatey shown in
Fig. 92. The swelling values first rise with increasing lime addition at low
Si0, contents (Curves I—VI). They then exceed a maximum value and
after this, diminish with further lime addition. As SiO, levels increase, the
position of the swelling maximum moves and the maximum level de-
creases. At 8% Si0, and about 1.2% CaO corresponding to a basicity of
approx. 0.15, the swelling maximum remains below the critical swelling
line. At lower lime contents with the basicity approaching zero, favourable
swelling values can also be achieved when the gangue proportion exceeds
5% as is shown in Fig. 93. Thus 5% gangue at a basicity of zero is
sufficient to keep the swelling value below the critical limit of 20%
(Curve IV). However, at basicities in the range of 0.1 to 0.6, increased
gangue contents of up to about 10% are required (CurvesI-III). As
basicities increase above 0.6, the gangue proportions required to remain
below the critical swelling line gradually diminish (Curves V—VIII).
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In general, there are three different ranges depending on the basicity:

(a) Basicity range from 0 to about 0.1, gangue amount required: about 5%
by weight;

(b) Basicity range from 0.1 to about 0.6, gangue amount required: about
5—10% by weight;

(c) Basicity range of more than 0.6, gangue amount required: less than
5% approximately.

The above values are guide lines in conjunction with the influence of
basicity which are also confirmed by other authors®), even if the
interpretations of the data still greatly differ. Variations due to other con-
ditions are also possible. During reduction, there is, in any case, a cor-
relation between the gangue and the varying oxygen content of iron
oxides at which mineralogical formations existing before reduction may
change or even new ones may arise.

6.1.2.3.1 Properties of Acid Pellets with a Basicity of less than 0.1. In the
case of highly acid pellets with a basicity of less than 0.1, the gangue is
predominantly present as silica which partly reacts with hematite under a
seam-like cristobalite formation ). The fired pellet strength is, to a certain
degree, due to hematite bridges of polycrystalline structure. These pellets
contain a large amount of open pores. The reduction gas can quickly
penetrate through these pores into the pellet core and simultaneously
attack the structure in many places. The structural change begins very
early at low temperatures over the whole pellet volume. However, the
structure can be held together primarily at high SiO, contents by the
seam-like compounds between Fe,O, and SiO,. As soon as the first
wiistite arises, fayalite may be formed with silica of solid state, 2FeO-SiO,.
Due to low reducibility, at high SiO, contents the pellet structure only
changes slightly. In this way, the total reduction velocity is also decreased.
Moreover, fayalite with a melting point: 1217 °C may act as a binder
whereby a further swelling and degradation is diminished. Consequently,
fayalite is to be considered as a stabilizing component during reduction of
highly acid pellets. However, the gangue portion should exceed 5%
(Fig. 93) and impede the degradation at lower reduction temperature.

6.1.2.3.2 Properties of Pellets with a Basicity of 0.1 to 0.6. During the
firing of pellets with low CaO proportions at a basicity of 0.1 to about 0.6,
a glassy slag phase consisting of SiO,, CaO, Fe,O; of varying composi-
tion is formed from which, under suitable conditions, calcareous olivines
may arise during reduction. These, with fayalite, form mixed crystals
whose minimum melting point is about 1117 °C and corresponds to a
basicity of approximately 0.35. At this temperature and consistency, the
mechanical strength of the gangue reaches a minimum so that a
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stabilizing effect cannot be expected from the slag phase. In addition, the
slag structure may vary if metallic iron separates from mixed crystals and
the silicate structure tends to fall apart *). In this basicity range of 0.35,
the highest swelling values are observed. In Fig. 94 Fraser *) showed the
correlations between the melting behaviour of mixed crystals and the
swelling of such pellets in conjunction with basicity. The lowest melting
temperature corresponds with the highest swelling degree. A rising and
decreasing basicity raises the melting point and the swelling behaviour
changes accordingly. If very high gangue portions are present, see Fig. 93,
the structural damage is avoided, and the swelling degree can be kept
below 20%.

If, in olivines, other constituents, such as MgO, replace part of the CaO
and the melting temperature in the mixed crystals rises correspondingly,
this results in a decrease of swelling ). However, it may also happen
that alkaline compounds enter the olivine structure which causes a
lowering of the melting temperature and intensifies the swelling ). It
can be stated that, within a basicity range of 0.1 to about 0.6 of the gangue
constituents, low-melting olivine crystals are formed which do not impede
pellet swelling during reduction but, under certain circumstances, can
intensify such swelling. However, gangue portions of about 10% and over
are capable of reducing the structural destruction because this gangue is
still solid or plastic and holds the pellet structure together like a
supporting frame.
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6.1.2.3.3 Properties of Pellets with a Basicity of Higher than 0.7. If the
pellet gangue contains more CaO than corresponds to a basicity of about
0.7, not only the glassy slag phase, consisting of CaO, SiO, and Fe,O,,
but also calcium ferrites, CaO - Fe,O,, are formed which may cause a
different structure of partially closed pores. During pellet firing, the
availability of CaO considerably favours the crystal growth of hematite as
is shown in Fig. 27 ). During reduction of CaO - Fe,0,, metallic iron
arises on the entire surface of calcium wiistite as a skin without formation
of needles. This iron forms concentric seams around the ferrite grains and
impedes further swelling. It should be noted that pellets with a high CaO
content and a basicity exceeding about 0.6 have a high mechanical
strength after pellet firing and also after reduction.

The adaptation of the chemical composition of the acid gangue con-
stituents contained in the ore or concentrate by means of CaO addition is
thus an efficient technique for pellet production.

A further increase in the lime addition leads to neutralization of all the
acid constituents and to the production of self-fluxing or over-fluxed
pellets. Ilmoni and other Swedish authors dealt with this problem and
additionally with the use of dolomite *). Another purpose of these
studies was to increase the total slag amount with a high basicity since
some Swedish concentrates have a very low gangue content. During these
studies, the necessity to maintain an optimum basicity was recognized.
Consideration was given to the production of basic or over-basic pellets in
a similar way to over-basic sinter. This possibility was successfully in-
vestigated in tests run on an industrial scale **). In this connection the
overall economics of this procedure need to be studied.

The methods for measuring the swelling behaviour have, for a long
time, been the most important ones for testing the pellet quality during
reduction. However, the importance of this method decreases because it is
too general and only informs about the structural change at about 1000 °C
as can be seen from the test method for measuring the swelling index
(item 4.6.1.2.3). At lower reduction temperatures of 400—600°C and
under a gas atmosphere with a low reduction potential — as exists in the
upper part of the blast furnace — insufficient information is given on the
structural change.

6.1.2.4 Influence of Gangue Bonds on Pellet Structure at Temperatures of
400—600 °C Under Reducing Atmosphere

In this temperature range, almost all gangue phases are still in a solid
state. They act as a supporting frame against the destroying pressure
forces during the conversion from hematite to magnetite, which is con-
nected with a major volume increase, see Fig. 88. About 75% of the total



Table 25. Properties of reduced pellets depending on varying basicity and gangue contents measured in industrial plants

Pellets from Chemical composition ~ Gangue Low-temperature Swelling Comments
disintegration degree in %
Fe , CaO Si0, Basicity Portion % 500° C (Required
-0.5mm% ~20%)
-20%
Magnetite 63.1 03 8.4 -0.1 8.7 16.3 13.4 Migh gangue content
concentrate
Magnetite 689 02 1.3 -02 1.5 17.8 40.0 Low gangue content
concentrate
Magnetite 63.2 39 4.1 0.95 8.0 19.5 12.4 Basicity 0.7
concentrate
Magnetite 62.9 4.0 4.0 1.0 8.0 17.7 11.3 Basicity 0.7
concentrate
Hematite 65.8 2.1 24 0.9 45 12.1 13.7 Basicity 0.7
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volume increase already takes place during the conversion to the mag-
netite phase and only about 25% during the wiistite phase. Consequently,
great importance must also be attached to the structural destruction at low
temperatures.

As was found by Edstrom, Ottow and others, a transformation of
crystalline structure, which automatically proceeds under given conditions,
occurs during reduction of hematite to magnetite and wiistite. This
transformation means a weakening and destruction of crystalline structure
which is indicated by a shattering of the entire pellets into fragments and
by an increase of the fines proportion below 0.5 mm.

Under blast furnace conditions, with low reduction temperature and
gases with low reduction potential, this zone with its inevitable change of
crystalline structure cannot be avoided. Table 25 shows test results
obtained with pellets produced in industrial plants.

6.1.2.5 Influence of Gangue Bonds at About 1000 °C on
Pellet Structure Under Reducing Atmosphere

As set forth under item 6.1.2.3.2, softening phenomena may primarily
occur at a gangue composition with a basicity of 0.1—0.6 at which the
pellets are deformed under pressure and thus the gas flow is impeded. As
at these temperatures, the volume increase may simultaneously reach a
maximum, both factors may jointly influence decisively the gas permea-
bility of a pellet bed. The pellet behaviour under these reduction condi-
tions is tested by adopting the pressure softening method described under
item 4.7.1.2.4.

6.2 Behaviour of Indurated Pellets Consisting of
Magnetite and Wiistite During Reduction

The structural destruction observed during reduction of pellets low in
gangue can be prevented by varying the chemical composition and the
quantity of gangue constituents. However, the increasing amount of
gangue is detrimental when high-grade pellets are required from a metal-
lurgical viewpoint. In particular, during steel production from sponge iron
in the electric furnace, a small slag quantity would be advantageous as far
as energy consumption is concerned.

Therefore, considerations to prevent the structural destruction without
gangue variation are justified. Both Edstrém and Ottow observed that,
under certain circumstances, magnetite crystals are not destroyed during
reduction. The reduction of magnetite to metallic iron, see Fig. 88,
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curve 5, is even connected with'a volume decrease. If it were possible to
produce only magnetite pellets instead of hematite, the structural destruc-
tion might be avoided. It is already known that magnetite pellets can be
produced from magnetite ore under a neutral atmosphere. However, for
hematite ores this is only possible by first converting to magnetite and
then indurating under a neutral atmosphere. Pellets with a lower oxygen
content than that corresponding to hematite can also be produced by the
mixing of finely ground sponge iron with ores or concentrates as shown in
Fig. 87 and as described under items 5.3.1.8—5.3.1.8.2 as well as in
Figs. 67 and 68. For comparison, it should be noted that the strength of
high-grade hematite pellets drops sharply during reduction with gas down
to a minimum value in the wiistite stage.

On the other hand, small quantities of sponge iron addition already
result in a very high strength. In a similar way, the strength of magnetite
pellets can be improved by sponge iron addition. Also during the reduc-
tion of such pellets with gas containing 80% CO and 20% N, at a
temperature of 1000 °C and during a period of 60 minutes, remarkable
differences compared to hematite pellets can be observed, as is shown in
Fig. 95.
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During reduction of hematite pellets, curve I, a swelling of 43% is found
whereas pellets produced from sponge iron show a clear shrinkage at dif-
ferent oxygen contents, curves II and III. The different strength develop-
ment represented on curves Ia and IIla is particularly striking. The
abrasion values of less than 0.5% were correspondingly low. As can
further be seen from the diagram, the pellets produced with sponge iron
addition were practically reduced completely after 60 minutes while the
reduced hematite pellet still contains 12% oxygen.

6.3 Conclusions

The following summarizing comments can be given on this important
section in which the behaviour of pellets during reduction is dealt with:
(a) Only pellets with optimum firing strength, irrespective of their
chemical composition or origin of the ores from which they are produced,
fulfill the conditions required for maintaining the necessary mechanical
strength.
(b) By a variation of the chemical composition of gangue constituents
adapted to the ore composition, a potentially damaging structural change
can be compensated for.
(c) Pellets with a low gangue content are also resistant to swelling and
degradation without variation of chemical composition of gangue, if the
hematite crystalline structure is replaced by a structure of iron oxide
crystals with a lower oxygen proportion, e.g. magnetite.



7 Special Processes for Pellet Production

In this chapter, alternative pelletizing methods are described which
deviate from the conventional ones.
(a) Besides heat treatment of green pellets for induration, the hardening is
achieved by additives with high bonding properties.
(b) Some iron ores containing detrimental or valuable ingredients can be
cleaned during heat treatment whereby these ingredients are either elimi-
nated by volatilisation or made soluble. The residual pellets are available
for ironmaking.

7.1 Pellet Hardening by Using Binders

The pellets are produced according to such processes designated as cold
bond pelletizing '*). They differ from thermally indurated pellets by
other bonding mechanisms which are based on hydraulic or hydrothermal
reactions from normal temperatures up to about 250 °C. The binders
used should have such a chemical composition that no negative influence
on the pellet properties is to be expected. Some processes, mostly known
from the literature are described below: The most significant stages of
such processes are shown as simplified flowsheets in Fig. 96.

7.1.1 Grangcold Process 1°?)

The purpose of the development of this process was the intention to
lower the pelletizing costs both for capital investment and energy con-
sumption. It was developed by Gringesberg A. B. in Sweden. The quantity
of cement used as binder varies between 8 and 12% by weight. According
to the normal setting process for cement, a storage time of about 28 days
Is necessary to achieve an optimum strength within a justifiable hardening
period. The strength as function of hardening time is shown in Fig. 97. At
the beginning of the hydraulic reaction the green pellets have to be
protected against abrasion and excessive pressure load. This is done in a
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Fig. 96. Other pellet hardening methods without firing

bed of fine-grained concentrates. When a minimum strength is-reached,
these concentrates are separated from the pellets by smooth screening and
recirculated. The final hardening is then accomplished in a stockyard or
in an adequately dimensioned storage plant. The crushing strength of
Grangeold pellets is lower than that of thermally treated pellets. The
hydraulic bonds disintegrate at about 600 °C, i.e. from this temperature
onward, the pellets lose the greatest part of their mechanical strength. For
this reason, the pellets should quickly pass through this temperature range
during reduction. The swelling behaviour and other properties of pellets
are sufficient during reduction. A plant in Japan !®®) is producing about
45000 tons of cold bond pellets per month.

7.1.2 COBO and MTU Process %)

The COBO — “COLD BOUND?” Process was developed in the Division
of Metal Processing of the Royal Institute of Technology in Stockholm.
First publications date from 1967. The raw materials must physically
conform to the conditions for green ball formation. Lime hydrate and
possibly other additives are used as binders. The pellets are formed in
well-known facilities and, after predrying, are indurated for about 1-5
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hours at approx. 16 bar pressure in a steam autoclave at temperatures of
150—-250 °C. The crushing strength of hardened pellets ranges from
750—1300 N/pellet and is less than the corresponding values of approx.
2000 N/pellet required for blast furnace operation. The reduction proper-
ties are good. The COBO process is also suitable for the pelletizing of
other metal oxides, such as chromite ores, pyrite cinders and in-plant
fines.

The MTU ) process is advertised especially in the USA for the
recirculation of in-plant fines in steel plants. This process as well as the
COBO process correspond to the simplified flowsheet of Fig. 96.

7.2 Chloridizing Volatilization of Non-Ferrous Metal
Oxides and Pellet Production

Since pyrite — as the sulphur basis for sulphuric acid production — has
mostly been replaced by elemental sulphur from other sources, the supply
of pyrite cinders (calcines) as iron-bearing raw material for pig-iron
production has drastically diminished. Nowadays, the mining of pyrite is
no longer of primary interest. However, pyrite is often obtained as
byproduct during flotation of zinc, lead or copper-bearing sulphides.
However, this pyrite separated by flotation is normally not free from non-
ferrous metal sulphides. Today, such pyrites are still of interest, especially
in countries with great pyrite deposits, e.g. Scandinavia, Spain, Portugal,
Greece, Soviet Union. These countries are interested in the separation of



184 7 Special Processes for Pellet Production

non-ferrous metal oxides as chlorides from pyrite cinders by chloridizing
at a temperature of about 1200—1250 °C. For this purpose, the pyrite
cinders are formed into green balls after adequate grinding. As chlori-
nating agent CaCl, can be added to the pellet mix. It is also possible to
pass chlorine gas at appropriate temperature through the hot pellet bed.
The thermal treatment and chlorination can be achieved either in a shaft
furnace or in a rotary kiln. Non-ferrous metal chlorides are volatilized and
can be recovered from the waste gas stream by scrubbing. However, it is
also possible to chlorinate the fine-grained calcines in a circulating fluid
bed or in multiple hearth roasters in which sodium chloride is often used
as chlorinating agent. Subsequently, the soluble chlorides are leached and
thus separated from the calcines. These cleaned calcines, called purple ore,
are mixed with other ores and agglomerated in sinter or pelletizing plants.

Since, pyrites are mostly obtained by flotation, they are already very
fine-grained which is favourable for pellet production.

7.2.1 Chloridizing Volatilization and Pelletizing
in the Shaft Furnace

A shaft furnace plant of Vuoksenniska OY in Imatra, Finland was
operated for several years®®). The necessary quantity of CaCl,, cor-
responding to the amount of the non-ferrous metal oxides to be removed,
had already been added to the pellet feed. To prevent premature
dissociation of CaCl, in the presence of steam during pellet drying and
heating, air dried by using silica gel was regeneratively heated to about
1200 °C and passed into the pellet charge in the shaft furnace. The
cleaned pellets were cooled and processed into pig-iron in electric
reduction furnaces. The chlorides contained in the waste gases were
electrostatically precipitated, which was connected with many corrosion
problems and high operating costs. This process was only used on a pilot
plant scale of about 150 tons/day.

The shaft furnace process was further developed and CaCl, was
replaced by chlorine gas. A corresponding pilot plant with about 120 tpd
capacity was operated for some years at the Duisburger Kupferhiitte,
West Germany. The construction of an industrial plant and a wider
application of this process failed owing to the changed market situation
when the consumption of pyrites abruptly decreased. This process
repeatedly described in literature under the name “LDK Process” (Lurgi
Duisburger Kupferhiitte) 1°) is shown in the flowsheet, Fig. 98. In order
to achieve a uniform size distribution, the calcines from various origins
are subjected to dry grinding, mixed with bentonite and formed into green
balls. Before the green balls enter the shaft furnace, they are largely dried
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on a belt dryer with drying gases low in steam. The shaft furnace,
especially designed for this type of thermal treatment in the presence of
chlorine gas, was divided into three zones, as shown in Fig. 99.

The dried pellets are indurated by hot combustion gases in the upper
part of the shaft. The waste gas from this operation is withdrawn at the
shaft furnace feed end. The hot charge is then treated with a chlorine
gas—air mix in the chlorination zone, where the non-ferrous metal
chlorides are formed. The gas arising in this zone and containing the
volatile chlorides is treated separately. The heat content of the indurated
and chlorinated pellets is recovered by fresh air in the cooling zone and
separately exhausted.

The chemical analysis and mechanical quality of the pellets produced
by chlorination met the pellet consumers’ requirements. However, the
additional consumption of chemicals and higher operating costs com-
pared with normally produced pellets can only be justified if the non-
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ferrous metals can be used economically. This gas flow pattern, Fig. 99,
can be analogously utilized for treating other ores.

7.2.2 Chloridizing Volatilization and Pellet Production
in a Rotary Kiln

On the basis of the Vuoksenniska process, the Kowa-Seiko process was
developed in Japan '7), according to which the volatilization and pellet
induration are achieved in a rotary kiln. CaCl, is added to the pellet feed.
The process is represented in Fig. 100. The finely-ground calcines are
mixed with a CaCl, solution in a special device, the green balls are dried
on a belt dryer and heated up to about 1250 °C in a rotary kiln. The
chlorides are washed out from the waste gas and can be recovered. The
pellets are of an excellent mechanical quality. Several plants with an
overall capacity of about 1 million tons of pellets per year are in operation
in Japan. In the USA, a plant with the same annual capacity is also in
operation; further plants are under construction or in the design stage.
The today’s market situation is not favouring this process.

Table 26 shows the chemical analyses of pyrite cinders and of the cor-
responding oxide pellets produced with indication of physical-metal-



Table 26. Chemical composition of pyrite cinders and indurated pellets after chlorination and properties of pellets

in%

Chemical analysis of pyrite
cinders

Range: chemical composition
of chlorinated pellets

Degree of volatilisation
of non-ferrous impurities

Cu Pb As S

0.1-08 02-07 001-005 1-2

-0.03 -0.1 -0.05 -0.04
up in%

95 90 95

Pellet size

Compression strength N/pellet
Abrasion —0.5 mm in %
Reduction behaviour

like other good pellets
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Fig. 100. Kowa Seiko chlorination and pelletizing process applied in a rotary kiln

lurgical properties. As can be seen from this table, pellets from a
chloridizing process can indeed compete with marketable pellets.

7.3 Recovery of Vanadium Pentoxide from
Vanadium-Bearing Iron Ores

Vanadium is an important alloying element in steel production and as
catalyst basis in the chemical industry. The largest reserves are available
in vanadium-bearing magnetites or titanomagnetites from which the
metal is pyrometallurgically recovered as ferro-vanadium or as pentoxide,
V,0,, by a combination of pyro- or hydrometallurgical steps. A slag, high
in vanadium, traded as intermediate product, is often used as raw
material. This slag is roasted under oxidizing atmosphere, together with
alkaline salts and the calcines obtained are leached. However, it is also
possible to form a mixture of vanadium-containing magnetite concen-
trates and alkaline salts into green balls, which are indurated under an
oxidizing atmosphere. The water-soluble vanadate is separated by leaching
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from the pellets. By using these process variables, not only vanadium salts
processed into V,0, result, but also indurated pellets for iron production
are obtained. Up to now, two variants are industrially applied.

7.3.1 Thermal Treatment of Vanadium-Bearing Pellets
in a Shaft Furnace °f)

Since 1953, such a process has been applied by Rautaruuki Oy,
Finland. The ore used contains about:
38—40% magnetite
28—31% ilmenite
1- 2% pyrite
with about 0.25% vanadium.
From the raw ore, the following concentrates are produced by benefi-
ciation:
about 64% vanadium-containing magnetite concentrate,
about 35% ilmenite concentrate,
as well as small amounts of pyrite concentrate

The magnetite concentrate for vanadium recovery has the following
approximate composition
Fe tot. = 68.5%, TiO, =3.1%, SiO, = 0.4%,
CaO = 0.06%, MgO =0.2%, Al,0,=0.7%,
Vas V,0, = 1.14%.

The concentrate is very finely ground to about 85% -—0.037 mm
(400 mesh) and the specific surface area is indicated as 10 000—11 500
cm*/cm®. According to the portion of V,0,, corresponding quantities of
sodium carbonate are added to this concentrate. The following parameters
are specified:

pellet diameter 16—19 mm
moisture content 8.5% H,0
crushing strength of green pellets about 22 N/pellet
drop number 4x46 cm
crushing strength of dry pellet 50—70 N/pellet
hot gas temperature 1100—1150 °C
pellet temperature approx. 1250 °C

crushing strength of indurated pellet 1000—1300 N/pellet. After cooling,
the pellets are leached in water, with the vanadium recovery approxi-
mating 85—90%, and are then used for the blast furnace burden.
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7.3.2 Thermal Treatment of Vanadium-Bearing Pellets
According to the Grate-Kiln Process

Transvaal Alloys (Pty) Ltd. in the South African Republic also
produces V,0, from a natural titanomagnetite without previous benefi-
ciation. The ore has the following composition **%):

Fetot. 55.6
TiO, 12.7
Si0, 2.2
\% 0.9

The ore was ground to about 50%—0.09 mm and a specific surface area
of about 2300 cm*/g and mixed with Na,SO, as digesting agent. The
following pellet crushing strength was ascertained in the preheating stage
on the travelling grate:

green pellet strength about 30 N/pellet
dry pellet strength about 50 N/pellet
pellet strength at 900 °C about 400 N/pellet

The prehardened pellets enter the rotary kiln in which they are heated
up to temperatures of approx. 1270 °C for about 60— 110 minutes. After
cooling the pellets are leached in water. The liquor still contaminated by
other constituents is cleaned and then processed through ammonium
vanadate into molten V,0, scales. The pellets can, as far as their TiO,
content allows, be further treated.

7.4 Dearsenification and Pelletizing of Iron Ores

Some iron ores, above all pyrite cinders, contain arsenic as a detri-
mental substance which has to be removed before iron production.
During pyrite oxidation, arsenic sulphide oxidizes to As,O;, which, in
this oxidation stage, cannot be volatilized and, under certain circum-
stances, has a tendency to form calcium arsenate. However, it is possible
to convert the arsenic compound to As,0O, which is volatile, and, in this
state, can be eliminated from iron oxides. Such reactions are carried out
either in a rotary kiln, e.g. during magnetizing roasting, or in a shaft
furnace as shown in Fig. 99 in which a neutral to slightly reducing atmos-
phere, required for the reaction, can be provided.

A calcine with the following composition:

Fe tot. = 53.70%

Fe® = 6.60%
S = 2.10%
As = 022%
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was finely ground, together with 2% coal corresponding to 1% fixed carbon
and pelletized. At a temperature of about 950~1000 °C and an oxygen
content of less than 3% in heating gas, it was possible to lower the arsenic
content down to about 0.01-0.02% and the sulphur content to 0.02% ‘).
Such iron ore pellets, largely liberated from arsenic impurities can be
utilized for iron production.
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Raw material preparation, green ball formation and pellet hardening
are the decisive factors for the production of pellets with the characteris-
tics required for their handling and reduction. For the performance of
these process parameters special equipment is used. In order to obtain
pellets of uniform and optimum quality, the design and function of the
pertinent apparatus must be sufficiently flexible for compensating for all
of the very different properties related to the raw materials involved.
Many of the devices used were already known. For many years some of
them have been successfully utilized for similar purposes, which was
advantageous for the introduction of pelletizing on an industrial scale.
Nevertheless, it was necessary to adapt some of these devices to the
conditions required for pelletizing. During the design and layout of the
whole pelletizing plant, these varieties of apparatus have to be so dimen-
sioned and combined with each other that an optimum performance and
economy is ensured.

8.1 Homogeneity of Components for
Pelletizing Mixtures

A uniform chemical composition of the raw material constituents is one
of the principal conditions for the quality of the pellets produced. As long
as only one concentrate or one single ore is treated in a plant, there is no
risk of an irregular composition. However, even in such a case, good
mixing of bentonite is problematic to some extent.

Therefore, at a very early stage attempts were made to premix the small
bentonite portions of approximately 0.7% with the great ore mass. These
attempts were not very successful at that time. The question regarding the
sufficient homogeneity of the mass to be pelletized becomes very acute
and important if several solid constituents, either ores or additives have to
be treated and to be uniformly distributed over each individual pellet.
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During the preparation of mixtures and green ball formation two func-

tions have to be fulfilled:

1) Compensation of differences in the chemical composition of the
various constituents and

2) Formation of green balls which is only done according to strict
physical laws and is more or less independent of the chemical compo-
sition. Once several solid constituents are to be evenly incorporated
into the pellets, suitable mixers should precede the balling devices for
their release.

It was already recognized at a very early stage that it is difficult to dis-
tribute uniformly the small bentonite amount of 0.7% over a great
quantity of magnetite concentrate. Formerly, the Pekay mixer was
mounted as mixing unit on the belt conveyor. This mixer was equipped
with plough-like blades with which the bentonite, charged on to the con-
centrate surface, was to be blended during transportation. This system was
not very effective. The difficulties increased when mixtures of different
ores, concentrates and additives with different chemical compositions
were processed. Instead of the mixers arranged above the belt conveyor,
passage mixers were developed capable of homogenizing large quantities
of up to 150 tph'"'). Before the design of the pelletizing plant for ore
mixtures at [jmuiden in Holland, mixing tests were carried out and dif-
ferent mixing systems were carefully investigated. On this occasion, it was
found that the bentonite addition could be lowered from 0.7 to 0.3% if the
mix were well homogenized. LKAB also performed extensive relevant
tests and ascertained that good blending of the feed before pelletizing
results in a reduction of bentonite consumption of up to 50%. In this way,
it has been demonstrated that it is expedient to supply the balling units
with a homogeneous mix.

8.2 Demands on the Mode of Operation of
Balling Units

To ensure that the ball formation alternatives and bonding mecha-
nisms, described under items 2—2.1.2.3, as well as the influencing factors,
specified under items 5~—5.3, become active, it is necessary to use adequate
pelletizing equipment. In these units, the prepared loose pellet feed in-
cluding binders and other additives as well as water are to be formed into
green balls. All the conditions for obtaining a good pellet quality are to be
fulfilled for a good mechanical procedure of ball formation. In this con-
nection, all movements and compression forces should become active in
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optimum harmony with each other. The following demands are made on

the balling equipment:

— Good mixing effect to ensure — as far as. possible — a uniform distribu-
tion of all constituents and additives,

— continuous and smooth movements,

— intensive relative movements of conglomerates due to uniform mois-
tening of grain surfaces,

— intensive relative movements of individual solid particles to each other
to obtain a maximum number of contact points and surfaces in order to
form as many capillaries as possible,

— movements for producing a slight pressure in order to reduce the num-
ber of cavities between solid particles and to form porous conglomer-
ates,

— rolling movement in order to form balls from the agglomerates which
are partly still irregular.

8.2.1 Ball Formation and Operation of the
Principal Pelletizing Units

Pelletizing units should have all constructional features so as to allow a
mechanical transformation of the process parameters for ball formation.
The grain mix to be pelletized with about 80%—0.045 mm, of different
grain shape and surface is moved in such a way that the most effective
bonds required for good ball formation can arise. This movement is
achieved by using suitable apparatus and special tools, e.g. in so-called
positive mixers. However, the most natural and the simplest movement is
the freely rolling movement for which favourable conditions for ball forma-
tion are given by nature. The rolling movement is also the basis for the
most frequently employed pelletizing units. It arises when the angle of
repose of an ore pile is so steep that the gravity of particles overcomes the
frictional resistance of its environment. When a loose ore mass is dumped
on a plain support, a pyramide with a specific angle of repose is formed
which results from the frictional resistance of the pile. Dry grains form a
flat angle of repose while irregularly shaped and wet grains with a major
friction form a steeper one. In the position of rest, the pile forms the static
angle of repose. When the friction is overcome at a steeper slope, the pile
surface undergoes a rolling movement until the static angle of repose is
again reached and the pile is once more in a position of rest. The rolling
movement can be maintained if it is possible to keep the grains moving so
that the angle of repose is below the dynamic one. This can be achieved if
the grains are placed on an adequately inclined support moving in
opposite direction to gravity of the mass i.e. moving diagonally upwards.
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In this way, the support continuously moves material upwards due to the
frictional resistance between support and ore. When the angle of the
inclined support becomes steeper, the grains are compelled to reverse and
roll downwards over the ore surface. On rolling down, the wet grains tend
to pick up other particles and start to form balls. If this downward move-
ment can continue in the presence of new, fresh particles, the diameter of
agglomerates increases and green pellets of desired size are finally formed.
Under these conditions, a combination of balls of different diameter down
to the original fines particle size develops. During the downward rolling
movement a certain sorting of the mix occurs according to the different
frictional resistance. The largest balls gather on the surface of the ore
charge and the fines with the highest frictional resistance accumulate on
the support. The balls already formed roll down earlier whereas the very
fine particles are compelled to reverse. If the support is plain like the
bottom of a balling disc a corresponding device is necessary to reverse the
material flow. However, if the support is curved like the inner wall of a
drum, the material automatically reverses at a certain wall slope. Accord-
ing to their weight and gravity, the downward rolling balls give rise to
slight hits to the surrounding pellets. As a result, the balls are consolidated
or weak balls may break. The condition of such a rolling ore mass with a
wide size range is diagrammatically shown in Fig. 101. If the support is
moved in the opposite direction to gravity, it lifts a mixture of grains of
different diameter at a specific slope, due to its lifting power and frictional

Deflector

/ Tone A
Ione B
Ione [ Fellet growing zone

lore O Pellels of finol size

Fig. 101. Factors influencing rolling movement of particles (gravity, frictional re-
sistance, upward conveyance, angle of supporting plate)
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resistance, until gravity overcomes the frictional resistance. The rolling-
down movement then begins selectively according to the different fric-
tional resistance which automatically brings about classification. Owing to
the classifying effect, zones of agglomerates with different diameters are
clearly perceptible. According to the type and mode of operation of the
balling unit, the finished balls automatically separate from the remaining
mix as in the case of the balling disc.

If there is no sufficient sorting effect — as with the drum — the dis-
charged pellet mass has to be separated by smooth screening behind the
balling unit. The crushed oversize and undersize are recycled to the fresh
feed. Nowadays, mostly drums and discs are used as balling equipment,
the design and function of which is the subject of the following consider-
ations.

8.2.2 Balling Drum

The balling drum was developed from the mixing drum used in sinter
plants and adapted to its new function. During the first years of develop-
ment, the drum was the sole balling unit. All pelletizing plants operated
on an industrial scale in the USA and in Sweden were exclusively
equipped with drums up to about 1956. Owing to the fact that their
component parts have been known and proved for many years, as well as
to their easy operational control under relevant operating conditions, they
are nowadays also used frequently in pelletizing plants.

8.2.2.1 The Principal Drum Component Parts and the Balling Operation

8.2.2.1.1 The Main Component Parts. The drum consists of a slightly in-
clined cylinder open at both ends, occasionally with a low retention ring
or cone at the feed end in order to prevent any backward flow of pellet
feed. For the improvement of the adhesive strength and roughness, the
metallic smooth inner wall is coated with a layer of moist fines and its
thickness 1s controlled and limited by scrapers. These scrapers are
stationary or rotating and arranged in parallel to the drum axis. In
modern plants, so-called rotating spiral scrapers are used which not only
limit the bed height but also impart a higher frictional resistance to the
inner face.

In order to ensure a successful operation, the dimensions and functions
of the principal drum component parts must be variable, such as:
— length and diameter of drum
— angle of inclination of drum axis to the horizontal
— number of revolutions.
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Fig. 102 shows diagrammatically the essential balling drum component
parts, their dimensions and operating characteristics as they are used for
industrial plants with capacities of 90—130 tph green pellets for various
ore types.

Angle voricble 6-10°§

Horizantal
Fig. 102. Main dimensions and influencing features of a drum for green pellet pro
duction at a rate of 90—130 t/h

8.2.2.1.2 Operation of the Balling Drum. The prepared feed is charged to
the upper end of the drum. If necessary, water is sprayed on determined
areas for the achievement of optimum ball formation. The material rolls
in flat spirals towards the discharge end. According to the length, slope,
rotating speed and filling degree of drum, pellets with a certain size
distribution are produced at a capacity dependent on the ore type used.
Due to the mode of operation the drum has practically no sorting effect.
The drum discharge has to be screened and the pellets of desired size are
separated. Any produced oversize is, after crushing, combined with under-
size and fresh feed material and jointly charged to the drum. Thus, there
is an inevitable circulating load of recycled undersize whose quantity may
vary between 100—400% of the fresh feed depending on the operating
conditions. The small pellets contained in the undersize serve, during their
repeated passage through the drum, as seeds for the formation of properly
sized pellets. According to the circulating load involved, the raw material
passes repeatedly through the drum before finished pellets are discharged.
The separation of the utilizable fractions is normally achieved through a
specially developed, smoothly vibrating screen in order to preserve the
green ball quality and to avoid water from the capillaries being pressed to
the surface. The screen capacity must be sufficient to compensate for
major fluctuations. The normally used vibrating screen is nowadays
increasingly replaced by a roller screen especially developed for green ball
handling. Fig. 103 diagrammatically shows the green pellet and undersize
circuit. The separation of pellets of proper size is achieved according to
alternative | — with vibrating screen — and alternative II — with roller
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Fig. 103. Flow sheet of pelletizing drum operation

screen. The operation of the roller screen is smoother. The fluctuations of
the circulating load influence the filling degree and properties of the drum
and to some extent, the size range of the pellets. This is a disadvantage of
the drum operation and is still the subject of special endeavours to reduce
or even to avoid it 1*2). However, it is such an important influencing factor
that it has to be considered for the evaluation of all other factors.

8.2.2.2 Influencing Factors for Green Ball Formation in a Drum

8.2.2.2.1 Drum Rotating Speed. A specific rotating speed of drum is
necessary for green ball formation. A rotation which is either too slow or
too fast has to be avoided, as is diagrammatically shown in Fig. 104. The
behaviour of the charge is observed at three different speeds:

(2) The drum rotates too slowly. The charge does not roll but slides as
a mass in swinging movements upwards and downwards on the wall. No
pellets are formed.

(b) The drum rotates at such a speed that due to the frictional
resistance prevailing on the wall, the charge is lifted until the material
reaches and exceeds the dynamic angle. On the charge surface where the
friction reaches its minimum, the particles begin to roll downwards while
the first agglomerates emerge. At the same time the pellets are growing
due to the layering of fines on the already existing nuclei from the
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Fig. 104. Movement of pellet feed in a drum at various rotating speeds

rotating mass. At this optimum speed, the material mainly carries out a
rolling movement while it is being turned over. This movement is
designated as cascade movement.

(c) The drum rotates so fast that the charge is moved beyond the
dynamic angle of repose and pressed against the wall. At the steeper
angle, the mass dumps onto the lower layer, without rolling. Under these
conditions no agglomerates can be formed. The basic criterion for all
further considerations is the optimum speed of rotation. However, this
speed is dependent on the frictional properties of the particles. It has to be
ascertained by tests for each particular pellet feed. For this reason, many
industrial drums can be operated at varying speed.

8.2.2.2.2 Length and Tilt Angle of Drum. Before the finished green ball is
finally formed, the charge needs a certain formation period during which
the necessary rolling distance is covered for which a certain drum length is
required. Empirically, a multiplier of 2%2—3 of drum diameter is
established for the drum length. Apart from the length, the tilt angle of
the drum also plays an important role. It determines the passage time,
Fig. 105, and the filling load at a given throughput. The limits are deter-
mined by two different drum speeds. The lower range corresponds to the
passage time of the whole charge.

The upper period only refers to the feed rate which corresponds to the
pellet production rates.

The amount of material to be recycled is dependent on the drum slope,
curve I in Fig. 106, drum length, curve I, and screen openings for sepa-
rating the green pellets of desired size, curve IIL. A great length decreases
the quantity of recycled material and vice versa. The greater the screen
openings, the higher the amount of undersize or circulating load.
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Fig. 107. Interior of a pelletizing drum equipped with rotating spiral scraper and
loaded with a pellet charge

Fig. 107 shows the interior of a balling drum %), the rotating spiral scrap-
er, the roughened wall and low filling degree. The surface area of the bed,
which is available for the downward rolling movements is important for
the ball formation.

8.2.2.3 Balling Drum Capacity

The capacity depends very much on the properties of the material to be
pelletized. Mathematical calculations cannot yield exact data. Operational
data from laboratory tests allow the definition of reliable dimensions and

Table 27. Dimensions, operating conditions and production rate of pelletizing

drums
Drum diameter Length Green ball production
mm mm tph
1800 6100 20
2745 9150 80
3050 9755 120
3660 9753 170

Slope 6° - 10°
Rotation speed 8 — 14/min depending on ore properties
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time required for the production of green pellets of good quality. In order
to ensure a flexible throughput of the drum in an industrial plant and to
compensate for fluctuations, the tilt angle and rotating speed of drums can
be varied. In principle, the capacity is dependent on similar criteria as for
the disc. According to the information obtained from a drum supplier '3),
the following correlations shown in Table 27, exist.

These values may vary according to the ore type, properties and
quantity of additives as well as to the desired pellet size. When optimum
operational parameters are maintained, pellets of good quality are
produced.

8.2.3 Balling Disc

The disc was already used for balling of cement raw meal and in the
fertilizer industry before its application for iron ore pelletizing was
investigated about 1949/50 *'*). When balling fine ores on a disc, this is
done under the same physical conditions as in a balling drum. The rolling
movement is initiated by the inclination of the plain disc bottom instead
of the concave drum wall. Due to the design and operation of the disc a
classification by the ball diameter already starts during ball formation.
Today, even though at a much later date than the drum, a considerable
portion of world pellet production is covered by the disc.

8.2.3.1 The Principal Component Parts and Disc Operation
8.2.3.1.1 The Main Component Parts. In a similar manner to the drum,

the disc consists of the component parts necessary for ball formation. They
are represented in Fig. 108. The concentrically rotating, inclined disc is

Fig. 108. Main dimensions and influencing features of a disc for green pellet pro-
duction at a rate of 90—140 t/h
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composed of a circular, plain bottom area. To ensure sufficient frictional
resistance and a good lifting effect for the pellet feed, a moist ore bed of
about 3—10 cm thickness is layered on the bottom and is controlled by
scrapers. Different designs were developed such as stationary and oscil-
lating scrapers or rotating spirals. The capacity of the disc is given by the
side wall positioned at an angle of 90° to the bottom. The height of the
rim is, to some extent, dependent on the disc diameter. The speed can be
varied within certain limits depending on the pelletizing properties of raw
material.

8.2.3.1.2 Operation of the Balling Disc. Attempts should be made to
utilize a maximum part of the disc area for green ball formation. At the
beginning of the development work, the portion of bottom area was as
low as some 50% and could be raised to approx. 90% in the course of
further development. Since during ball formation a classification occurs
up to the discharge of pellets of the desired size, the quantity of the
necessary pellet feed corresponds to the amount of pellets discharged.
This results in a simple flowsheet for the material flow shown in Fig. 109.
If, nevertheless, small amounts of undersize develop which mostly occurs
during transportation, these can be separated by a roller screen and
recycled.

To initiate the downward rolling movement, the disc is inclined at such
an angle that the material layer charged exceeds the dynamic angle of
repose. According to the lifting power of the rough disc bottom and the

E
3

Filter crke or ore

Fig. 109. Flow sheet of pelletizing disc operation
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frictional resistance of the material, the finest particles are lifted up to the
culmination point from where they are forced to roll down by deflectors.
The pellets already produced reverse earlier and roll downwards over the
surface of the charge while their diameter increases, Fig. 110. By an
adequate arrangement of scrapers, the charge is so guided that during its
downward-rolling a classification is promoted. The feed point of raw
material should be there located where seeds are formed i.e. with a clock-

Cross section : Surfoce:
Development of different loyers Movement of fead in various sfoges

Fig. 110. Movement of pellet feed in the disc (formation of green pellets, size in-
crease and discharge of finished pellets)

wise disc rotation approximately 3—4 hrs. This point can be varied for
influencing the pellet diameter and according to the ore properties. If
water is needed for ball formation, this can be added at points where the
pellets are still nascent. Fig. 110 shows the material movements of the
downward rolling charge, additionally guided by scrapers, as well as the
raw material feed and discharge point of the finished pellets located at
about 7—8.30 hrs. In a cross section the classification is perceptible in
many layers according to the diameter of the individual agglomerates.
The sector of a balling disc with the recognizable separating effect is
shown in Fig. 111.

8.2.3.2 Influencing Factors of Green Ball Formation on a Disc

In case of drums the concave shape of the wall and the rotating speed
are the two factors initiating and controlling the downward rolling move-
ment. For a disc, the inclined plain bottom, the side wall, the deflector
and scrapers have the function of initiating and maintaining the rolling
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Fig. 111. Size classifying effect in a disc

movement. In this connection, it is important to provide a maximum
rolling-down distance for the material to be pelletized by the inclination
of the disc, its lifting power and the frictional resistance of the charge.

8.2.3.2.1 Disc Slope and Rim Height. The disc slope is determined by the
dynamic angle of repose of specific matenal. To overcome this angle, the

@ - Dynamic angie of repose
B - Titangle of disc botiom
Fig. 112. Relation between disc slope, rim height and angle of repose of a fine-
grained ore pile
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disc slope must always be slightly steeper which is shown by Bhrany on
the sketch in Fig. 112. If « is the dynamic angle of repose and # the tilt
angle of the disc bottom, the latter must always be greater than . If it were
smaller or equal, the material would be brought to a position of rest. At
too steep an angle, the charge would no longer be lifted by friction. As in
all previous cases, the frictional factor, dependent on the ore type used,
plays a decisive role. The tilt angle to the horizontal line of discs for high
production rates with a minimum diameter of 6 m varies between 45 and
48° according to the frictional coefficient of ore and the lifting coefficient.
The rim height is also determined by the tilt angle. The filling volume is
dependent on both factors.

8.2.3.2.2 Disc Rotating Speed. This is subject to the same conditions as for
the drum. With insufficient- speed, the charge remains in a relative
position of rest. No rolling of material occurs. At an excessive speed, the
material moves upwards without rolling down. Due to the centrifugal
force, it is slung against the disc rim and no longer comes off so that no
relative rolling movement is possible. This phenomenon occurs at the
critical speed. According to experience the optimum speed must be below
about 70% of this value. Primarily the fine-grained particles should be
practically lifted up to the vertex and are then forced to roll downward. In
this way, the length and the greatest part of the surface are utilized as
rolling path. The speed of discs in industrial plants ranges from 6 to 7
rotations per minute at diameters of 6—7.5 m which means a circum-
ferential speed of 140—160 m/min. In the case of large drums of 3.6 m
diameter and at a speed of 10—14 rpm, the circumferential speed is also
about 110—160 m/min.

8.2.3.2.3 Residence Time of Material in the Disc. The residence time
required for ball formation is about the same in the drum for a given
pellet size. The time varies linearly with the pellet diameter *).

Bhrany found the following relation between time and pellet size for
the different ores:

Pellet size in mm 8 10 12
Residence Time Ore A 120 150 200
in sec. OreB 70 90 100

see also Fig. 105, item 8.2.2.2.2 for drum operation.

This results from the disc filling degree which is determined by the
diameter, rim height, tilt angle and desired pellet size.

Besides the bulk density which may vary between 2 and 2.2 t/m?, the
moisture content of the charge plays a decisive part. If a pelletizable con-
centrate having the moisture content required for ball formation is
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involved, the residence time of the charge can almost exclusively be
utilized for ball formation. However, if water has to be added to the
charge, the residence time extends and results in a corresponding larger
capacity, as shown in Fig. 48, item 5.2.

8.2.3.24 Disc Diameter. In view of the simple design and mode of
operation of the balling disc, it can easily be used for small pelletizing
capacities. As indicated under item 4.4.3, a laboratory type balling disc
has, for example, a diameter of 0.8— 1 m and the commercial disc may
have any diameter required. In big pelletizing plants built recently, discs
of diameters between 6.5 and 7.5 m are in operation. The size of disc area
has no influence on the pellet quality apart from the fact that the porosity
decreases slightly with increasing diameter. However, the diameter and
disc area are decisive for the quantity of pellets produced. All criteria for
the formation of balls of good quality must be given in an optimum
manner for each disc size, 1.e. there is a certain correlation dependent on
the ore-type used which should be determined by tests between speed, tilt
angle, rim height, filling degree and residence time.

Consequently, there are direct relations between disc diameter, disc
surface and throughput rate.

8.2.3.3 Balling Disc Capacity

Subject to optimum quality of green pellets, the throughput rate is
determined by the filling degree of the disc, bulk density and residence
time.

All factors for quality control can be ascertained previously in the
laboratory where the capacity limit can be easily determined. It is
exceeded when the pellet quality decreases. The throughput related to
disc area in tph can then be converted to the dimensions of an industrial
plant. In such a plant, values which are sometimes better than those found
in the laboratory are reached. Table 12, item 4 shows a comparison of the
values obtained in industrial plants with those in the laboratory. Except
for minor variations in favour of the industrial plant, a good correlation is
observed as is the case with green ball qualities. Mathematical models
suggest that the capacity be determined through the balling disc diameter.
However, it appears that the simplest way to convert the capacity is
through the balling disc area.

Table 28 indicates the dependency of capacity on the dimensions of dif-
ferent balling discs in operation.

The raw material characteristics represent an important influencing
factor for capacity variations. According to the ore type as well as com-
position and quantity of additives (see items 5.3.1.3—5.3.3.3) the capacity
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Table 28. Dimensions, operating conditions and production rate of pelletizing discs

Disk Area Rim Tilt Speed Green pellet

dia- height angle r.p.m. production

meter

mm m? mm tph tph/m?
5000 20 550/600 45-48°  6.5/1.5 40- 60 2 -3
5500 235 550/600 45-48°  6.5/7.5 50- 70 2.1-3
6000 28 550/600 45-48°  6/7 60— 90 21-32
7000 38 600/700 45-48°  6/7 90-120 24-3.1
7500 44 600/800 45-48°  6/7 90-140 21-32

may fluctuate up to 30%. This calls for the performance of careful tests
with each individual ore or mixture. Minor variations during operation
can be compensated for by an adjustable disc slope, disc rim height and
speed.

8.2.4 Comparison Between Balling Drum and
Balling Disc “° %3

Balling drums and balling discs are the two units with which practically
all big pelletizing plants throughout the world are equipped. Both units
operate according to the same process principle. The green balls formed
are almost of the same quality. Water consumption, granulometric
properties and binder consumption do not influence either of the systems.
The great difference is that in the case of the drum operation a relatively
high circulating load of undersize is maintained by screening. This offers a
certain material buffer to compensate for minor irregularities of feed rate.
The drum is, to some extent, less sensitive to feed rate variations than the
disc. LKAB carried out a complete comparison between drum and disc at
its travelling grate plant with a capacity of 2.5 million tpy pellets at Malm-
berget *?). The mode of operation of a drum with a diameter of 3.6 m and
a length of 9.5 m was compared with that of a balling disc of 7.5 m dia.
The results of these tests can be summarized as follows:

— The flexibility of the drum to material fluctuations is to some extent
better than that of the disc.

— The product quality is equal for both systems.

— The pellets leaving the balling drum are screened and the undersize is
recirculated.

— The pellets leaving the balling disc are screened if it is desired to main-
tain a very close size range for direct reduction. For blast furnaces
screening is not necessary.
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Fig. 113. Development of green pellet production in drums and discs

Process technological and qualitative differences apparently do not exist
for either system. The question regarding different costs arises. The com-
parison made by LKAB yielded an economic advantage in favour of the
disc operation. For the production of blast furnace pellets where no
screening is necessary, the costs are by 4—8% lower as compared with
drum operation. In this connection, a pellet size range of 85—92% between
9—15 mm and less than 3% under 5 mm are expected when a disc is used.

Fig. 113 shows the development of pellet production in drums and
discs. The use of discs increases compared with that of drums.

8.2.5 Comparison of Vibrating and Roller Screens

Within the scope of the comparative tests performed with drums and
discs LKAB also investigated the green ball screening with vibrating and
roller screens, see flowsheet of Fig. 103. A vibrating screen of 2.1 m width
and 4.3 m length with different screen decks was compared with a roller
screen of 2.5 m width having 49 rollers of 10.2 cm diameter with different
gaps between the individual rolls. The purpose of this comparison was to
find out how distinct was the separation of under- and oversize from the
desired product size between 10 and 12.5 mm. In this connection, it was
ascertained that the efficiency of the roller screen under equal conditions
was higher by about 25% than that of the vibrating screen. Consequently,
roller screens were installed in an existing plant. Furthermore, it was
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assumed that pellets of a better surface quality could be obtained by using
roller screens. In addition, the operation of these roller screens proved to
be smoother with lower vibrations observed in the building structure.

8.2.6 Other Balling Systems

For both systems, discs and drums, alternative constructions were
developed e.g. the stepwise balling disc called “flying saucer” or a drum
with inner retention cones. In each case, the undisturbed, free, rolling
movement required for good ball formation was purposely interrupted
which finally proved to be a disadvantage. Nowadays, such systems are no
longer used. Only the free drum space and the free disc area ensure
optimum rolling effect for the formation of perfect green balls.

8.2.6.1 Balling Cone ')

In some pelletizing plants of Bethlehem Steel balling cones were used
on an industrial scale. Fig. 114 diagrammatically shows the most important
component parts. The mode of operation is halfway between that of drum
and disc. The rolling principle of green ball formation is identical. Separa-
tion of undersize is unnecessary because a classification takes place inside
the balling cone and only pellets of the greatest diameter are discharged.
Cone angle, diameter and slope referred to the horizontal are variable.
Nowadays balling cones are no longer used.

Mixture ready for belling

8.2.6.2 Mix Granulator ')

This apparatus operates intermittently. Mixing devices installed in a
concentrically rotating circular vessel carry out partly eccentric circular
movements and thus force the particles to be mixed and granulated into
contact with each other by a sliding effect under a slight pressure. In the
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presence of water, capillary forces may thus develop which bring about
the formation of agglomerates. This apparatus successfully used in many
industries has not proved suitable for the iron ore pelletizing technology
due to its low capacity compared with the high throughput required in big
pelletizing plants.

8.2.6.3 Vibrating Trough *¥)

Attempts have always been made to apply other movement principles
apart from rolling to ball formation. Most of these attempts are more or less
of theoretical value. Nevertheless, they are briefly described below.
Curved troughs are vibrated with the frequency and vibration amplitude
as well as the curvature being variable. The material is fed at one point
and passes into the zone of the vibrating bottom. On this occasion, the
direction of the trajectory parabola opposes gravitation so that a down-
ward movement is obtained as resultant. A screening device arranged at
the end of each pelletizing trough discharges the undersize into the next
trough and the finished pellets are delivered laterally. Apart from the
vibrating rolling movements, slight impact forces tend to improve the
pellet strength.

8.2.6.4 Eccentrically Moving Unit *)

Such an apparatus was considered for ball formation. Raw material and
water were charged into an eccentrically moving bow! and, due to
horizontal rotation, ball formation started. As a result of the centrifugal
force, the bulkier pellets leave the bowl and drop into the vertical
downward tapering pipe which performs the same eccentric, circular move-
ments as the bowl. The pellets roll spirally downwards along the wall.

In this way, it was possible to produce green balls of high strength with
a low water content. The apparatus was too complicated and was never
used on an industrial scale.

8.3 Handling and Feeding Devices

The transport of green balls from the balling to the indurating units
makes, from a mechanical viewpoint, the highest demands on their
strength, drop resistance and tumbling behaviour. Therefore, the principal
function of the handling equipment is to transport the pellets to the sub-
sequent process stage without causing any damage. It is worthwhile to
look for adequately designed handling and feeding devices which enable
careful handling of the soft green balls. It should be noted that the
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methods for testing the green ball strength were especially developed for
testing the pellet properties at the transfer points (drop test) and during
their sliding over chutes or during their downward movement in the shaft
furnace (abrasion test). Normally, green balls are carried on conveyor belts
to the indurating reactors. The design of the reversing station of these
conveyor belts determines the height of pellet drop which may be up to
one meter. Despite the deficiency of these designs which was early
recognized it took a long time until better devices were developed.

8.3.1 Roller Conveyor

The roller conveyor was especially developed for green ball handling
problems in pelletizing plant No. 1 of the International Nickel Co. at
Copper CIiff, Canada and was proved on an industrial scale (1958). The
technical innovation and adequate design resulted in patents being issued
throughout the world *'). The functioning principle is based on the
rotation of individually driven rolls which, as a combined system,
transport the green balls at a specific angle of inclination from a higher
point downwards. Each of the individual green balls rolls downwards with
its rotating direction being opposite that of the rollers, as is diagram-
matically shown in Fig. 115. The roller diameter and the distance
between the rolls are in a certain relationship to the ball diameter.
The pellet rotating in the gap between two rolls is forced out by the
following ones and moves over the roll apex to the next gap. At the
same time, the balls are laterally pushed off from their straight-line move-

Fig. 115. Functioning of roller conveyor and roller screen
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Fig. 116. Industrial size roller conveyor in operation

ment and are thus distributed over the full width of the conveyor feeding
the indurating machine. Nowadays, the roller conveyor is used in travel-
ling grate plants and is also increasingly applied to other firing systems.
Fig. 116 shows a photograph of a roller conveyor on an industrial scale.

8.3.2 Roller Screen

The roller screen was derived from the roller conveyor with the gap
widths between individual rolls having been adapted to the undersize
particles to be separated. Thus, part of the roller conveyor operates as a
screen, before the green balls are fed to the indurating machine, see
Figs. 115 and 116. In this way, fines and ball fragments can be separated
from the feed and recirculated. The roller conveyor has the additional
advantage that the balls receive a very smooth, uniform surface by their
continuous rolling movement.

8.3.3 Rolling Belt Conveyor %)

Another interesting alternative has already been tested in Inco’s Copper
CIiff Pelletizing plant, namely the rolling belt conveyor. A belt conveyor
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with a relatively steep angle of inclination referred to the horizontal
moves upwards in opposite direction to the downward movement of green
balls. The accelerated speed of ball movement can be slowed down by
swinging rubber aprons. Fines and pellet fragments which do not roll are
discharged upwards over the head pulley of belt conveyor and recycled.
The rolling belt conveyor was also experimentally used as a balling unit.
However, the pertinent development work was not continued.



9 Heat Treatment Systems

The last step in pellet production, thermal treatment, consisting of
drying, heating and cooling is carried out in several systems which already
have been successfully employed for similar operations. Provided that the
green pellet quality is sufficient, the various heating systems must be
adapted to the new task. This means, modifications have to be made, if
necessary. Three important burning systems are presently used. Their
principal features are outlined in general before they are described in
greater detail.

(a) Shaft Furnace. Due to its high thermal efficiency and its relatively
simple operational requirements, it was used as the first unit both in the
USA and in Sweden for indurating pellets from magnetite concentrates.
As long as magnetite was the main raw material, the shaft furnace was of
great importance.

The green balls are charged on top of the furnace opening. They move
by gravity downwards through all thermal zones towards the discharge
end. The pellets are in continuous movement and exposed to friction and
increasing pressure.

Control and influence of individual thermal steps from outside are
practically impossible. The process gases flow at varying temperatures
through the pellet bed, absorbing heat in the cooling zone and emitting
heat in the burning and preheating zone.

(b) Travelling Grate — Rotary Kiln Combination. Following successful use
with the burning of cement raw meal, the combination of travelling grate-
rotary kiln-cooler was also adapted to the firing of iron ore pellets. This
process has become known throughout the world under the name “Grate-
Kiln-Process” and is suitable for nearly all pelletizable ores.

In the grate-kiln system three specific process units for different thermal
conditions are connected with each other. — The travelling grate is used
for drying, preheating and oxidation of magnetite. The green balls are in a
relative position of rest. Hot waste gases from the rotary kiln or
additionally from the cooler pass through the green ball layers in different
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directions and zones while the green balls are dried and preheated. — In
the rotary kiln, provided with refractory lining the preheated pellets are
indurated mainly by radiation heat to the required temperature. During
the transfer from the preheating grate to the rotary kiln, special care has
to be taken in order to bring the pellets in sound condition into the rotary
kiln to avoid breakage. Reaction of oxide dust with the hot lining and
formation of accretions or rings must be avoided. After dropping from the
travelling grate over a chute into the rotary kiln the pellets move in
the form of flat spirals towards the discharge end. — Subsequently, the
hot pellets pass into the third unit, the cooler, where they are cooled with
air. The heated cooling air flows chiefly into the rotary kiln and partly
over the travelling grate. With the possibility of having three different
process units, the heat supply can be proportioned according to the ore
type to be treated. The use of the travelling grate with its various
functions is imperative for a successful operation of the rotary kiln. For
thermal, operational and quality reasons, the rotary kiln alone would not
be sufficient.

(c) Travelling Grate. Since the turn of the century, the travelling grate had
been used for the sintering of fine-grained iron ores and was adapted
round about 1948—-50 to pellet firing after adequate modifications had
been made. Today travelling grates are successfully in operation for
practically all ore types throughout the world.

The individual thermal zones of the travelling grate can be rather
easily separated into horizontal reaction areas and adapted to the
relevant requirements by using process gas of controlled flow rates and
temperatures. After the green balls have been charged to the grate, they
remain in a relative position of rest until they are discharged. The last
grate area serves to cool the hot pellets with fresh air. The recovered heat
1s recirculated to the system.

9.1 Shaft Furnace

Compared with other firing systems, the shaft furnace has some
advantages, such as:

— simple construction, a small number of moving parts, refractory lining
of total furnace with bricks of optimum ceramic quality differing in
various zones

— intensive heat exchange between gases and solids due to countercurrent
flow.

A disadvantage of the shaft furnace is the little chance of influencing
individual process stages and thus causing a lower flexibility. To avoid
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corrective action and to ensure trouble-free operation, some important

conditions have to be fulfilled:

(a) Green balls of best quality are required. In particular, bentonite is
one of the principal binders for shaft furnace pellets.

(b) Uniform distribution of pellet charge over the cross sectional area.

(c) Careful introduction of process gases without overheating the furnace
walls and marginal parts of the pellet charge.

(d) Uniformly proportioned supply of burning gases and cooling air as
well as intensive mixing in the thermally relevant firing and preheat-
ing zone.

Each impairment of the uniform permeability of the feed causes an
irregular gas flow and thus an irregular heat supply which inevitably
results in a differing pellet quality.

9.1.1 Shaft Furnace Types

In the course of development, various proved constructions were em-
ployed. A quite early important modification to the furnace design was
the change from the circular to the rectangular shape of the furnace cross
section which is generally used nowadays. The green ball feeding device
was repeatedly modified. The shape, size and arrangement of burner gas
inlet openings into the furnace space was also changed and especially the
cooling method so that shaft furnaces with coolers of different design are
used. Two of the best-known types are diagrammatically shown in Figs.
117/118.

i Unnl -G Churk breaker

Fired pellets

Fig. 117. Long shaft furnace with internal cooling
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Fig. 118. Medium shaft furnace type with alternative external coolers

In the case of the first furnace type, Fig. 117, the cooling is largely ac-
complished in the same space as the firing. The cooling zone is relatively
long sc that this furnace is designated as a long shaft-type furnace. Such a
cooling air flow rate is injected as is needed for optimum heat exchange.
The chambers for combustion of the fuel supplied are provided with fresh
air.

As far as the second furnace type, Fig. 118, is concerned, the major part
of cooling is carried out outside the shaft in separate cooling chambers.
Two alternatives are possible for recovering the sensible pellet heat. Ac-
cording to alternative I, the hot cooling air is dedusted and, depending on
the pertinent requirements, introduced directly into the combustion cham-
bers. As regards alternative II, the heat exchange is achieved by using a
recuperative system in which the cool, fresh air is indirectly heated and
conveyed to the combustion chambers.

At the present time, the long-type furnace, Fig. 117, is mainly given pre-
ference for comparatively high throughputs. The following comments thus
refer to this furnace type.

9.1.2 Process Stages

9.1.2.1 Charging of Green Balls to the Furnace

One of the most important prerequisites to a regular furnace operation
is a good gas permeability of the charge. To ensure this, the green balls
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Fig. 119. Shaft furnace green pellet feeding device

have to be loosely and evenly fed onto the charge surface. In the course of
development, a special feeding system was developed with which the
pellet surface is evenly shaped by formation of regular rills and valleys the
difference between peak of rills and base of valleys being about 15 cm.
This system is shown diagrammatically in Fig. 119. The pellets are fed in
thin layers by means of reversible belt conveyors with programmed
moving rhythm with the rill shape being perpendicular to the longitudinal
axis of the furnace port. The feed level is about 0.3 m below the furnace
lip. From here, the green balls slide at a speed of 3—4 cm per minute
down into the furnace. The process gases leave the furnace in the opposite
direction through the pellet bed at a temperature of about 120—150 °C.
To maintain the different temperature ranges inside the furnace, it is im-
portant that the surface of the pellet charge is kept always at the same
level.

9.1.2.2 Drying, Preheating and Firing

At a depth of 120—150 mm below the bed surface and after 4—6
minutes residence time, the pellets are largely dry and preheated before
the oxidation of magnetite begins. Once the charge has moved downwards
by about 500 mm the optimum firing temperature of approximately
1350 °C is reached. The amount of heat available inside the furnace con-
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sists of the following components if magnetite concentrate without ad-

ditional fuels is to be treated:

(a) The sensible heat of hot pellet recovered from the cooling zone is
transferred with cooling air into the upper zones where it is mixed
with burner gases.

(b) During conversion of magnetite to hematite, the oxidation heat, al-
most 50% of total requirements, is released and produces an addi-
tional temperature rise.

(¢) The remaining heat originates from hot combustion gases being
produced by combustion of oil or gas with air in the outside combus-
tion chambers and forced through corresponding inlet openings at a
temperature of about 1280 °C into the descending pellet charge *').

To achieve a high thermal effect, the cooling air flow is to be so con-
trolled that an optimum firing temperature of about 1300—1350 °C is ob-
tained in conjunction with the oxidation heat as mixing temperature
prevailing above the burner gas inlet level '*'). Approx. 35—40% of the
total process air volume is supplied to the combustion chamber. The re-
maining process air volume is introduced as cooling air.

A uniform temperature distribution over the entire furnace section is an
important prerequisite to good pellet quality. The gas distribution is
dependent on the pertinent feed porosity representing a specific resistance
to flow and thus limiting the gas flow rate, see also items 13.2 and 13.4.
According to operational values found the ratio of process air to pellet
charge is 1:1 by weight. A higher gas velocity at an adequate pressure
may result in eruptions in the charge or in a fluidization of the pellet
surface. Due to the resistance of the charge to the gas flow, the
penetration depth of burner gases from the furnace walls to the charge
centre is limited and therefore also the calories available locally. For this

Fig. 120. Temperature isotherms in the upper stove of the shaft furnace
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reason, magnetite concentrate is exclusively treated. If hematite pellets had
to be processed, the lack of heat would have to be compensated from out-
side and this would cause overheating at the furnace walls and in pellets
near the wall.

The lateral gas flow problems are an important reason for limiting the
width of furnace section to a maximum of about 2.5 m. To enable suf-
ficient mixing of different process gases arriving simultaneously at ap-
proximately the burner level, the necessary height of the furnace shaft
from the burner level up to the pellet charge surface is about 2.5—~3 m.
As the different gas flows unite isotherms are formed over the upper stove
section which are diagrammatically shown in Fig. 120 1%2),

9.1.2.3 Cooling of Pellets

The major part of the shaft furnace volume serves for cooling the hot
pellets. The cooling air is injected into the lower furnace part where the
section is interrupted by a series of swinging rolls (chunk breakers). These
rolls, equipped with breaking teeth support the whole pellet charge and
keep it loose. Any agglomerates which may have been formed by
overheating, are broken in order not to choke the discharge devices. The
cooling air is blown into the loosened bed approximately at this level at
such a pressure and flow rate that it flows evenly upwards through the
entire charge and carefully cools the pellets. The cooling air flow rate is
adjustable, thus controlling the pellet discharge temperature.

9.1.2.4 Heat Consumption

During the first years that shaft furnaces were used, insufficient
experience was available to profit by the possibilities offered by this
heat exchange system. In 1958, the heat consumption was about 1.1
million kJ and is today approximately 500,000 kJ/t pellets in industrial
furnaces. Only pellets of magnetite concentrate are fired successfully.
Numerous attempts have been made to increase the hematite portion and
to compensate for the lack of oxidation heat by the addition of finely
ground coal '?%). But no considerable success has yet been achieved where
the pellet quality is primarily concerned. So far an approximate hematite
portion of up to 15% in the magnetite concentrate is tolerable.

9.1.3 Furnace Dimensions, Capacity and Market Position

In recent years, the biggest shaft furnaces with a design capacity of ap-
proximately 500,000 t pellets per year were built on the basis of magnetite
concentrates in different countries throughout the world. The correspond-
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Fig. 121. Main dimensions, gas flow and temperature profile of shaft furnace

ing furnaces had roughly the same dimensions and equipment as shown
in Fig. 121 ). The various zones, the residence time of pellets in these
zones and the principal temperatures are also described. The furnace has
a rectangular sectional area of about 2.5x 6.5 m, i.e. about 16 m? The
furnace width is limited due to the penetration depth of heating gases into
the pellet charge. The length is mainly dependent on the design of the
lateral combustion chambers. The shaft space is vertically divided into
two zones, called upper and lower stove. The upper stove begins at the
burner level and has a height of about 2.5—3 m. In this section, all heating
stages are carried out. At a descending speed of charge of 3—4 cm per
minute, the pellets remain for about one hour in this zone. Underneath
this burner level, where no external heat supply occurs, the cooling zone
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in the lower stove begins where a rest of the magnetite may also oxidize.
The lower stove ends at about the level of the air admission inlets and
chunk breakers. It has a height of 7—9m. Consequently, the process-
efficient total height of shaft furnace is approximately |—12m. The
residence time is about 4—6 hours and depends on the relevant gas per-
meability of the charge.

The annual capacity of such a shaft furnace is approx. 500,000t pellets.
Some of these furnaces are operating e.g. at the

Erte Mining Co. in Minnesota, USA furnace
Griffith Mine in Ontario, Canada 3 furnaces
LKAB in Northern Sweden 1 furnace
Sierra Grande in Argentina 4 furnaces

In the course of years, the initial great importance of the shaft furnace
has decreased more and more. About 25 million tons of the magnetite
concentrates treated in pelletizing plants in 1978 are still indurated in
shaft furnaces which corresponds to about 9—10% of world production.

Reasons for the decreasing importance of the shaft furnace use-are:

— limited throughput

almost exclusive use of magnetite

~ comparatively high fuel consumption

somewhat inferior quality compared to other systems.

However, even if the quality of shaft furnace pellets was slightly lower
than that obtained in other firing systems, it is sufficient to meet the re-
quirements in blast furnace and direct reduction plants.

9.2 The Grate-Kiln Combination %)

The main development work for conversion of the successful cement
burning process to the thermal treatment of green balls produced from
iron ore was first performed by Allis Chalmers in Milwaukee, Illinois,
USA.

Initial considerations to develop a new cement burning process with a
low heat consumption led at the time to a great success. Endothermic
reactions on the travelling grate and the burning of cement clinker at high
temperatures in the rotary kiln were the best prerequisites to the applica-
tion of this technology to the firing of iron ore pellets. Due to the ex-
perience gained in the course of construction of many cement plants, the
machinery and equipment were of such a sound functional design that no
substantial modifications were required for green ball heat treatment. The
three main process units, namely travelling grate - rotary kiln — cooler,
and their individual functions are discussed on the basis of Fig. 122 125),
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Aotary Kiln Circulor cooler

Fig. 122. Functioning of grate-kiln process

9.2.1 The Travelling Grate and its Functions

The travelling grate consists of 3 main parts: the movable grate, the
stationary windboxes below, and stationary hood above. The grate con-
sists of an endless chain of grate plates which are connected with the
windboxes in a gas-tight manner. The process gases are passed through
adequately dimensioned fans. The windboxes, as well as the drying and
preheating hood are divided into individual process zones.

On the grate, the following thermal stages successively proceed: down-
draught or up-draught drying, preheating, dehydration and oxidation of
magnetite. The green balls are charged directly onto the grate plates
without hearth layer at a bed height of about 20 cm. Nowadays, in many
plants this is achieved through a roller screen and roller conveyor. Due to
the relatively low bed height and careful feeding, a good gas permeability
is maintained in the charge. The pellets travel into the first drying zone in
which both down- and up-draught may be applied. The drying gas flows
through the bed at a temperature of approximately 180—210 °C and
leaves it at about 100 °C. In the second zone, the gas temperature is
already so high that a dissociation of hydrates may start. The necessary
energy is supplied at about 400 °C from the preheating zone which
already serves for preheating, dissociation of carbonates or magnetite
oxidation. It is supplied by the waste gases from the rotary kiln. At the
end of the grate, the pellet bed reaches about 1100 °C. The first crystal
compounds begin to form primarily due to magnetite oxidation. In the
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case of other ores, e.g. hematite or limonite, the necessary heat energy can
be made available by additional heating which, however, then gives rise to
an extended residence time. The prefired pellets leave the grate over a
chute and tumble into the rotary kiln.

This transfer point is a critical imperfection of this system. There is the
risk that weak pellets are abraded or broken at this point. Provision is
made for collection of the undesirable material and for its separation from
the material flow before it enters the kiln. This serves to avoid reactions
between the hematite containing dust and the refractory lining of the kiln
wall. If such dust nevertheless enters the kiln, this results in accretions and
ring formation which cause great disturbances of the entire system. This
difficulty can be largely avoided by improving the pellet strength through
a higher preheating temperature on the travelling grate.

In this way, the travelling grate already takes over part of the functions
of the rotary kiln.

By adjusting the fan capacity and process gas temperature, the
travelling grate has a considerable flexibility which may have a compen-
sating effect particularly in the case of ores with different properties. Also
by changing the individual zone split and, above all, by extending the pre-
heating period, it is possible to provide optimum conditions for the rotary
kiln operation. The kiln waste gases enter the preheating hood at about
1100 °C and leave it at about 100 °C after they have repeatedly passed
through the pellet charge, indicating a good heat exchange. The most
important function of the travelling grate is to supply the rotary kiln with
preheated pellets of a sufficient resistance to breakage and abrasion. The
rotary kiln alone, without preceding travelling grate, would more cor-
respond to a nodulizing kiln.

Therefore, the entire system only works successfully as a grate-kiln com-
bination.

9.2.2 The Rotary Kiln and its Functions

In the rotary kiln, the pellets are brought from their relative position of
rest on the travelling grate into a rolling movement. They roll spirally in a
very thin layer towards the discharge end. The pellets are uniformly
heated by radiation heat of the hot kiln wall and hot gases thus leaving
the kiln as indurated pellets. To ensure that the pellets reach a tempera-
ture of approximately 1320—-1340 °C, the furnace wall temperature is
higher, which particularly intensifies the risk of accretions. The kiln is
heated by fuel and hot air from the cooler in a central burner. Fuel can be
supplied as oil, gas or, to a certain extent, pulverized coal insofar as
quantity and melting properties of the coal ash permit this. To obtain a
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large heating surface at optimum residence time, the kiln diameter is
relatively great compared to the kiln length.

9.2.3 The Cooler

The cooler is designed as an annular cooler with lateral walls and grates
which serve as the bottom. The pellets leave the rotary kiln at about
1300 °C and are charged as a layer of 75—80 cm depth onto the cooler.
The cooling air is forced through the bed into two zones. When heating
pellets from magnetite concentrates, it may be that the residence time and
preheating temperature on the travelling grate are insufficient for a
complete magnetite oxidation. Since the rotary kiln is not very suitable for
further oxidation, the final oxidation must then be carried out in the
cooler "), which may sometimes lead to an initial slight temperature rise
in the first cooling zone. The hottest part of cooling air goes directly into
the kiln. The cooling air of lower temperature can be blown into the
drying zone of travelling grate. The efficient recuperation of the sensible
heat from the indurated pellets is very important for a good heat recovery.
Many efforts are successfully made for decreasing the heat input **').

The cooling air and waste gas fans control the main process gas stream.
Fans which have been installed between the preheating and drying zone
regulate partial gas streams. A grizzly is arranged between rotary kiln
outlet and cooler inlet in order to remove any major undesirable lumps
from the system.

9.2.4 Heat Consumption

It should be borne in mind that the grate-kiln process was at the time
chiefly developed for saving heat energy for cement burning by using the
optimum heat transfer methods. In the rotary kiln, the heat transfer is
achieved by radiation and on the grate by convection. This advantage also
applies to iron ore pelletizing. The following heat consumption figures are
available from industrial plants over a long operating period:

For pellets produced from magnetite:
about 300—250,000 kJ/t pellet.
For pellets produced from a mixture consisting of 30% magnetite,
70% hematite-limonite,
8% dolomite:
approximately 1,200,000 kJ/t pellet.
For pellets produced from hematite:
about 850,000— 1,000,000 kJ/pellet.
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In this connection, it should be noted that the recuperation of sensible
heat from the hot pellet bed has reached a high stage of perfection. How-
ever, in competing firing systems the heat consumption does not greatly
differ.

9.2.5 Current State and Market Position of the Allis Chalmers
Grate-Kiln Process

The three process-specific units are adapted to a specific ore or ore mix
in such a way that residence time and heat supply permit optimum results
to be achieved with regard to power consumption, thermal efficiency and
pellet quality. The possibility of changing the dimensions of the various
apparatus during the design stage results in great flexibility where the use
of different ores is concerned. Thus, grate kiln plants for ore types of the
greatest variety, e.g. magnetite and hematite concentrates as well as
natural ore fines and mixtures ') are nowadays operated all over the
world. It is also possible to produce pellets of different basicity. The
specific capacity of the three thermal units is determined by the properties
of different ore types, see Fig. 123. The specific capacities referred to the
travelling grate area (Curve I), the rotary kiln throughput with regard to
kiln volume (Curve II) and the cooling capacity (Curve (II) were com-
pared.

_____‘_\:,.\

Ore mixture

Fig. 123. Influence of ore types on drying, induration and cooling rate in grate-kiln
operation
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Fig. 124. Relation between kiln volume and grate area for various ore types

There are differences in the travelling grate section. The capacity
achieved with magnetite pellets is higher by 25% than with hematite and
higher by 50% than with limonite-containing hematite pellets or an ore
mix. When the preheated pellets have reached a certain strength and
temperature and are oxidized upon leaving the grate, there are hardly any
differences for their residence time in the rotary kiln. For cooling, only the
pellet temperature and the specific calorific value are of importance unless
the pellets show great fluctuations in their bulk density.

From the time the first industrial plant with a capacity of about 350,000
tpy pellets was built at the Humboldt Mine in 1960 with a grate area of
about 62 m? and a kiln volume of about 350 m3, a period of only two
years elapsed before plants with a capacity of 1 million tpy were erected.
The dimensions of the various units were increased according to the rising
demands so that nowadays plants with a capacity of 4 million tpy in one
single line are already in operation. The grate area is increased up to
400 m? and the kiln volumes up to about 2,200 m?.

The relationship between grate area and kiln volume is more or less
linear but with minor differences caused by various ore types, as is
apparent from Fig. 124. The grate area for magnetite pellets is smaller
than that for hematite pellets at equal kiln volumes while that for ore mix-
tures depends on the constituents. The application range of this process
can be demonstrated by the quantity of pellets worldwide produced from
different raw materials up to 1978:
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— magnetite ores

approximately 60 million tpy =38% *)
— hematite ores

approximately 19.5 million tpy =31% *)
— magnetite-hematite mix

approximately 11.3 million tpy =24% *)
— hematite-limonite mix

approximately 6.2 million tpy =22% *)

*) % of the corresponding world production from this ore type.

Up to 1978 about 97 million tons of pellets were produced in grate-kiln
plants. This corresponds to approximately 33% of the total world produc-
tion, see Fig. 133. The real production rates are often higher but cannot be
easily determined since many individual plants are sometimes operated at
overload. This latter statement also applies to other hardening systems.

9.2.6 Other Grate-Kiln Processes

The designation “grate-kiln process” for iron ore pelletizing is con-
nected with the name Allis Chalmers although the original burning
system was first developed in Germany in the thirties under the name
“Lepol Process” (LEllep-POLysius). As licensor of the Lepol process,
Polysius also decided in favour of ore pelletizing even though at a later
date than Allis Chalmers. The combination of travelling grate-rotary kiln-
cooler is generally the same as for the grate-kiln process. Up to now, it
was to a lesser extent, applied to iron ores than to other raw materials, e.g.
nickel, chrome or vanadium ores, in-plant fines and phosphates %),

9.3 Travelling Grate Systems

The travelling grate is one of the oldest and most frequently used units
for the production of agglomerates from fine-grained ores. Its flexibility
allows a wide application range in the various fields of agglomeration
e.g.

— Raw materials: iron ores, non-ferrous metal sulphides or oxides, fly ash,
cement raw meal, clay

— Fuels: coke breeze, anthracite, sulphide sulphur, oil, gas and composite
fuels

— Process variants: down-draught, up-draught gas flow or a combination
of both systems
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— Reactions: endothermic reactions in which heat energy is consumed or
exothermic reactions in which heat energy is released.

Its main application range is the agglomeration of fine-grained iron ores
to be treated in the blast furnace. About 70% of the raw materials used for
the present pig iron production originate from iron ore sinter and 30%
from pellets and lump ore.

It is not surprising that the travelling grate was also tested and success-
fully employed for pellet induration. The travelling grate construction was
taken over from the sinter strand and consists of three main parts:

— the central part is movable and consists of pallets, composed of a frame
and a supporting structure into which grate bars are inserted. The pal-
lets are connected by means of sliding seal bars with the windboxes in a
gas-tight manner,

— the bottom part is composed of the stationary windboxes connected
with the gas mains and the moving grate,

— the upper part comprises the heat energy and air supply systems in a
stationary hood above the grate.

The system serves to convey the necessary drying, heating or cooling
gases through the pellet bed.

Important process facilities are the fans with which the process gases
are moved through the charge. At one end the green balls are charged
and the indurated pellets leave the grate at the opposite end. The entire
thermal treatment is achieved during one passage of pallets. The residence
time of pellets on the grate is between 30 and 40 minutes depending on
the ore type treated, see Fig. 84.

9.3.1 Application of Travelling Grates to Thermal
Treatment of Pellets

Due to the great challenge of travelling grate applications development
work was started simultaneously and independently at various places in
the world. Different ores and various heating technologies were investi-
gated. Three prototypes were, in parallel, developed and installed on an
industrial scale, which are outlined below:

(a) The travelling grate plant of Cleveland-Cliffs, Iron Co. This plant was
started up at Ishpeming, Michigan in October 1956. Flotation concen-
trates from specular hematite ores were treated. The whole operation,
except for the ignition, was carried out in up-draft gas flow. Solid fuel,
mostly anthracite or coke breeze at a rate of about 4—5% was charged in
layers onto the surface of green pellets. The final product obtained
consisted of pellets and a certain amount of pellet sinter.
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(b) The travelling grate plant of Reserve Mining Co. at Silver Bay, Min-
nesota was started up in October 1955. The ore basis was magnetite con-
centrates. The fuel supply consists of anthracite (12—-15%) and oil
(85—90%). At the beginning the entire process was carried out in down-
draught except for up-draught drying and, later on, up-draught cooling
was applied.

(¢) The travelling grate plant of International Nickel Co. of Canada Ltd. at
Copper Cliff, Ontario was started up in February 1956. In this plant, arti-
ficial magnetite was treated. The only extraneous fuel source was oil, and,
later on, natural gas. No coal was added. In this plant new equipment,
especially developed and designed for pellet formation and induration
and further new process variants were applied.

9.3.2 General Features

Some features of the travelling grate are favourable for the thermal
treatment of green balls.

(a) The relatively low depth of 20—40 cm of the green ball layer avoids
excessive pressure and allows a uniform gas permeability.

(b) Any irregularities in the gas flow and permeability of the bed only
influence a small part of the layer. They are quickly eliminated by the
horizontal movement of the grate.

(c) The arrangement of windboxes and the possibility of sealing them
against the moving pallets allows an adequate delimitation of in-
dividual zones of different temperatures, gas flow rate and gas flow
direction.

(d) Gases of different temperature and atmosphere can be introduced
into the burner hood above the charge.

(e) The possibilities of using different fuel types and consequently burner
designs permit a great flexibility in the choice of fuel types.

(f) Due to the variation range of process parameters, optimum firing con-
ditions can be provided for a wide variety of ore types at a good
pellet quality.

(g) Extensive recuperation of sensible heat of the fired pellets results in a
relatively low heat consumption.

(h) The construction of big units allows the production of correspondingly
large pellet quantities in one single line.

However, these features do not apply equally to the various travelling
grate processes, which are separately described below.
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9.3.3 Up-draught Induration Process for Specular Hematite

Due to the fact that a flotation concentrate is not suitable for normal
down-draught sintering, pelletizing in an experimental shaft furnace was
tested with a negative result. Subsequently, the wup-draught pelletizing
process was jointly developed by the Cleveland Cliffs Iron Company,
Ishpeming, Michigan and the Mines Experiment Station of the University
of Minnesota in Minneapolis **'). The individual green balls which are
fed onto a travelling grate of 1.8 m width and 50 m length are coated with
the necessary solid fuel for the heat treatment.
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e zone [l
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Fig. 125. Up-draught induration on travelling grate

Fig. 125 shows the process flowsheet. The grate bars are first covered
with a layer of fired pellets onto which a thin layer of ignition coal is
placed. The coal is ignited with an ignition furnace so that the pellet layer
is heated in down-draught flow. The first green balls containing solid fuel
are layered on the surface of the red hot pellets at a depth of about 20 cm.
By reversing the air flow direction to up-draught this first pellet layer is
dried, preheated and the coal therein contained is ignited. By further air
injection, the flame front is forced to travel upwards. When it reaches the
surface, a further layer of green balls is fed and the air continued to be
forced through the bed. This procedure is repeated up to a pellet bed
height of 80 cm. In the last grate section, the cooling takes place. From
this zone, part of the sensitive heat of the pellets is recuperated and blown
under the grate as hot air of approx. 450 °C.

The discharged product is screened and the oversize is crushed. After
fine grinding the undersize is recycled and combined with the concentrate
for balling. The final product is a variable mixture of pellets and pellet
sinter. An advantage of this process is that the pallet parts and grate bars
never come in contact with red-hot material or hot gases.
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On the other hand, its disadvantage is that the volume and pressure of
the up-draft air flow is limited in order to avoid any fluidization of the
charge. At that time the product quality did not fully correspond to the
customer’s expectations. The design capacity was approx. 2000 t agglom-
erate/day. After a few years of operation the plant was shut down.

9.3.4 Travelling Grate Process According to
Arthur G. Mc Kee and Company

This induration process was for the first time applied on an industrial
scale by the Reserve Mining Co., Messrs. Arthur G. Mc Kee and Allis
Chalmers at Silver Bay, Minnesota, after it had been jointly developed and
tested in the laboratory of the Mines Experiment Station of the University
of Minnesota !*). A pilot plant with a capacity of 1000 t/day was first
built at Babbit, Minnesota.

This process was virtually based on the down-draught principle of
a normal sinter machine. The first six machines had a suction area of
1.8mx5Im=91m% A belt conveyor and a vibration screen arranged
directly above the grate served as a green ball feeding device. Initially, a
certain amount of coal was powdered onto the magnetite green pellet
surface. In this case the following heat sources had to be so harmonised,
that an optimum thermal effect at a specific moment was ensured:

— coal on the surface of pellets

— oxidation of magnetite inside the pellets

— oil converted to hot gas

— cooling of heat recuperated from hot pellets.

This harmonisation could not be easily achieved and the heat input
required for ensuring a good pellet quality was thus relatively high, viz.
altogether about 1.5 million kJ per t pellets and was composed of:

oil firing: 29%
coal consumption: 59%
oxidation heat: 12%

100%

This process was also very similar to the firing technology applied
during down-draught sintering and only differed by a larger oil-fired hood
instead of the normal ignition furnace. The side walls and grate bars of
the pallets were not protected by hearth and sidewall layer against
overheating. This overheating of the metallic parts initially caused the
greatest difficulties even if specific alloys were used. To avoid any
excessive thermal stress, magnetite ores have hitherto been used for this
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travelling grate system only because the induration of magnetite pellets
can be carried out at lower temperatures than hematite pellets. Fig. 126 is
a typical process flowsheet indicating the zones of different thermal
treatment. In order to optimally control the individual process stages, the
area above the 28 windboxes is divided into separate reaction zones:

(a) Up-draught drying zone = 7 windboxes = 25% of the suction
(b) Down-draught drying

and preheating zone = 4 windboxes = 14% of the suction
(c) Ignition zone =2 windboxes = 7% of the suction
(d) Firing and heat

exchange zone =9 windboxes = 32% of the suction
(e) Up-draught cooling

zone | = 3 windboxes = 11% of the suction
(f) Down-draught cooling

zone II = 3 windboxes = 11% of the suction

28 windboxes = 100% of the suction

Numerous attempts were made to improve the operating parameters for
which purpose pellet prodlicers and plant constructors had to cooperate
closely ).
~ The green ball feeding can be improved by roller conveyors and roller

screens so that a higher porosity of the pellet bed is to be expected.

— The down-draught cooling was converted to up-draught cooling.

~ The fuel supply was limited to oil or gas. Coal was no longer used. In
this way, it was possible to achieve a better pellet quality and to lower
the fuel consumption drastically, which is now approximately 700,000kJ
tons per ton pellets.
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Fig. 126. Principle of the McKee travelling grate induration system
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— The suction area was enlarged from [.8 mx5Im =91 m?to 24 mx73 m
=175 m* which allowed a higher production rate. The zone division
was also changed:

up-draught drying 5 windboxes
down-draught firing 8 windboxes
down-draught cooling 8 windboxes
up-draught cooling 7 windboxes

28 windboxes

According to this system, Arthur G. Mc Kee and the licensees buiit
plants on the basis of magnetite concentrate with a total annual capacity
of approx. 12.5 million t pellets.

Plants operated according to a similar system with a total annual
capacity of about 24 million tons of pellets were erected in the Soviet
Union which corresponds to a total annual capacity of approx. 37 million
tpy pellets and about 13% of the world production, see Fig. 133.

9.3.5 Lurgi-Dravo Travelling Grate Process

The development of this process variant is based on the considerations
leading to the third development phase, the pelletizing of almost all ore
types, see item 1.2.3. This all-round pelletizing process was presented at
the AIME meeting held in New Orleans in 1957 and is characterized as
follows 1#1%2). A pelletizing plant in Germany, however, must be
able to process ores of different origin, having quite different charac-
teristics. This requirement was of great importance for the development of
the Lurgi process. For the production of green pellets, a machine would,
therefore, have to be capable of dealing with all kinds of raw materials,
and hardening must be done in a furnace, the temperature of which is
adjustable to the different temperatures of the ores™.

The first publication appeared in 1956 %) after several years of in-
tensive development work which had been started in 1948/49 and yielded
promising results. Owing to the political situation at that time, com-
munication with foreign experts was very difficult in contrast to the close
contacts of American engineers and metallurgists with their Swedish
counterparts. As a result, all knowledge on the state of sinter technology
in Germany and all elaborated new process parameters were repeatedly
compared with and weighed against each other.

9.3.5.1 Important Process Features

The most important function of this process was to pelletize all ore
types as efficiently as in sinter plants. Fundamental considerations
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referred both to process parameters and process specific apparatus e.g.:
(a) Technology of green ball formation from different ores on the balling
disc,
(b) Use of binders,
(c) Gentle handling of green balls,
(d) Protection of metallic parts against overheating,
(e) Thermal technology, type and quantity of fuels,
(f) Extensive recuperation of sensible heat from the hot pellet charge.
According to this programme, the work was first carried out in
laboratories and, later on, in a continuously operating pilot plant. The
following results were obtained:
(a) After extensive orienting tests in 1948/49, the disc was found to be a
very suitable balling unit and already used in 1953 on an industrial scale
for the pelletizing of flotation pyrite cinders %), In this case, it was
ascertained that a maximum free bottom area is important for green ball
formation in contrast to the construction of the flying saucers.
(b) The development of gentle handling facilities for green balls with low
drop heights in order to be able to forego bentonite addition.
(c) The side wall layer and hearth layer were introduced for the
protection of metallic parts of pallet side walls and grate bar supporting
structure against overheating.
(d) From the beginning, one single additional heat source was principally
armed at in order to control more exactly the heat supply.
(e) To achieve an extensive recuperation of sensible heat from hot pellets,
cooling air was blown in proportioned guantities through the hot pellet
bed whereupon pallets and hearth layer were first cooled. The initial
cooling air, slightly preheated, passes through the hot pellet bed whereby
the pellet quality is preserved.
(f) Drying was initially accomplished in down-draught only but, later on,
was carried out in up-draught too.
The burners and fan constructions are special fabrications of the
relevant suppliers.

9.3.5.2 Application of the Process on an Industrial Scale

Since, at the time when the process had reached a certain development
level (1953), there was no real demand for a pelletizing plant in Germany,
negotiations were conducted with potential foreign customers. At that
time, the International Nickel Co. at Copper CIliff, Ontario, Canada had
the intention to recover the nickel components from nickel bearing
pyrrhotite whereby highly reactive, fine-grained artificial magnetite was
obtained as by-product. Inco accepted the proposals submitted by Lurgi.
In 1954, the first plant was ordered which was started up in 1956. The



9.3 Travelling Grate Systems 237

designed daily capacity of this plant was approximately 1200t pel-
lets ¥3%) " The travelling grate had a suction area of 120m? a
width of 2.5m and length of 48 m. The plant was initially heated
exclusively with oil and, later on, with natural gas only. In this first plant,
new constructions and process-technological developments were used.
After solving some initial difficulties, Inco started up a second plant of the
same system with an annual capacity of 600,000 t pellets in 1963.

Once it had been possible to pelletize one of the raw materials most
difficult to treat, artificial magnetite, numerous further plants were erected
on the basis of ores of different chemical composition and morphology¥).

9.3.5.2.1 Charging of Green Balls to Indurating Grate and the Mode of
Operation. The green balls pass via an oscillating belt conveyor over a
roller screen and conveyor onto the indurating machine. Fine particles
and pellet fragments are separated by screening and recycled. Before the
green balls are fed onto the grate bars, the latter are covered with a 10 cm
thick hearth layer consisting of fired pellets for protection against over-
heating. The same material is also introduced between the side walls and
green ball charge through chutes and guide plates. Fig. 127 shows the
scheme of the feeding station of the travelling grate. A cross section of the
green pellet bed within the quasi refractory capsule, composed of material
already fired in the form of side wall and hearth layer is represented in
Fig. 128. This also shows the thermal insulating effect of the hearth layer
and contains information on the temperature distribution over the entire
pellet bed height, hearth layer, grate bars and in the windbox on the
boundary between the end of the firing and beginning of the cooling
zones. (The temperatures are measured according to the scheme repre-
sented in Fig. 39, item 4.) In the entire pellet bed (measuring points
T,—T,), the temperature is, at this stage, 1300—1340 °C according to the

Fig. 127. Green pellet, side and hearth layer feeding device of Lurgi-Dravo travel-
ling grate system
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Fig. 128. Thermal insulating effect of hearth and side layer

ore type and additives used. On the hearth layer surface, the temperature
required for firing prevails whereas it is lower by about 200 °C on the
underside of the hearth layer (measuring point T,) and above the grate
bars. Thus, it can be clearly seen that the hearth layer has an insulating
effect and also that temperatures of 1340 °C can still be applied which, for
instance, is essential for induration of hematite pellets. A similar insulat-
ing effect applies to the side wall layer. The grate bar temperatures are
about 520—650 °C (measuring point T,), while the waste gas temperature
in the windbox may rise to a temperature of 650—750 °C (measuring point
T,). When the cooling air is introduced, the metallic parts and hearth
layer first cool down before the cooling air reaches the pellet bed.

9.3.5.2.2 Firing Pattern and Heat Consumption. The ore type, nature and
quantity of additives, loss on ignition and moisture content determine the
firing pattern required, as is shown in Fig. 84, item 5. From this pattern
and the periods needed for the various thermal stages, there results the
division of the individual zones in the firing hood and windboxes. Fig. 129
represents the heating cycle and the reference temperatures for the
various zones. The periods and percentages given for the entire thermal
treatment in Table 29 correspond with the cycles for various ore types in
Fig. 84.

The periods required for the individual thermal stages vary according
to the feed characteristics and thus the total induration time. Fluctuations
between 33 minutes for magnetite and 41 minutes for limonite-hematite-
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Table 29. Thermal treatment zones according to the pelletizing process

Thermal treatment Time in minutes %
Up-draught drying 4- 7 12-17
Down-draught drying 2-5 6-12
Preheating 7- 9 17-22
Dehydration

Calcination

Oxidation

Firing 7-11 17-28
After-firing 3-5 g-12
Cool ng 12-14 30-35
Total period 33.5-41.0

According to the ore characteristics

containing raw materials may occur. This is also an indicator of the
indurating machine capacity to be expected. A particular feature of this
system is shown in Fig. 129, namely the direct recuperation of hot air from
the cooling zone without hot gas fans. The arrangement of the process gas
mains and the method of recycling the sensitive heat give rise to very low
heat consumption. The designed and real heat consumption of many big
pelletizing plants planned and operating on typical ores are shown in
Table 30.

93.5.2.3 Capacity, Flexibility and Market Situation. The capacities given in
tons of product per m? grate area and day are also indicated in Table 30.
In conjunction with the diagrams of Fig. 84 and 129 it shows the

Fig. 129. Principle of Lurgi-Dravo travelling grate induration system
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great flexibility of the process. As a result many plants are constructed
worldwide on the basis of quite different raw materials. Both acid and
basic pellets of different basicity have been produced. As is apparent from
the following Table 31, referring to 1978, the Lurgi-Dravo travelling grate
process reaches about 44% and other grate processes attain about 13% of
the world production, see Fig. 133. These capacities only relate to design
values. The effective production rates are probably higher. The process
equipment also shows a great flexibility. Due to the demand for higher

Table 30. Productivity and fuel consumption of pelletizing plants according to the
Lurgi-Dravo method for various ore types

Types of Pellet Fuel Comments
ores production consumption

t/m?- day KJ/pellets

design operation  design operation
100% 26 -30 32 460/550000 325000 Sweden
Maznetite
100% 22-24 23 ca.l- [ 850000 Brazil
Hematite
50:50 24-26 27.5 700/800000 700000 Netherland
Magnetite
Hematite
Limonite 16 - 18 18.5 12-15- £6125-1C8 Australia
Hematite

Table 31. World production of pellets in travelling grate systems in 1979

Ore types Portion of world production
108 t/year %" %
Magnetite 34 22
Hematite 42 68
Magnetite-Hematite 33 70 -
Hematite-Limonite 21 75
Lurgi-Dravo 130 - 44
Other travelling grates 37 - 13
Total 167 - 57
World production 293

* % of the world production from this ore type on LURGI-DRAVO grates
® % of the total world production
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Fig. 130. Development of Lurgi-Dravo travelling grates

capacities of the individual units, it was not difficult to increase the pallet
dimensions and travelling grate length. The change of pallet dimensions
and suction area since 1960 as well as the pellet quantities produced on
various machine types are described in Fig. 130.

According to the demands made over the years (abscissa), the produc-
tion rates are shown in the different curves in conjunction with pallet
widths and suction areas. Complete constructional drawings are available
for a 5 m wide machine, corresponding to a suction area of 1000 m? or a
production capacity of about 9 million tpy pellets per unit at a specific
capacity of 27 t/m?/day. However, the question arises whether it is
worthwhile or advisable to build and operate such units.

9.4 Other Heat Treatment Systems

The challenge to engineers and metallurgists in connection with the
development of the pelletizing process was so great that numerous
attempts were made to develop and design a pellet-specific process
without reference to systems already existing. High expenses were in-
curred and much work was done for this purpose. However, in the course
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of years, the three well-known processes were developed to such a degree
of perfection that pellets of high quality can be produced.

Nevertheless, the endeavours to develop new ideas should not be
neglected.

9.4.1 Circular Indurating Furnace

Circular sinter machines have already been used since the turr of the
century primarily for sinter-roasting of sulphide ores in many non-ferrous
metal smelters. The simple seal between movable and stationary machine
parts was one of their advantages considering the conveyance of SO,-
containing roaster gases. Subsequently, the circular machine was also used
successfully for sintering of iron ores and pyrite cinders. Because of its
relatively simple operation, it was also utilized for the production ofilight-
weight aggregates. Some such plants are still in operation in Europe. Due
to the low capacity of about 1000 tpd sinter per unit the interest to use this
type of machine decreased rapidly.

It is to the credit of Arthur G. Mc Kee & Company to have tested and
developed the circular machine type for pellet induration '*#).

Since 1970, a pilot plant has been in operation; in 1974 an industrial
plant with a grate area of approx. 160 m? an effective suction area of
120 m? and a capacity of 0.6 million tpy pellets was built and started up in
Mexico. The thermal treatment is similar to that of the straight-line
travelling grate. The gas and cooling air flow is down-draught which may
give rise to a special risk of overheating for the metallic constructional
parts. The grate bars are protected by hearth layer and the green pellet
bed height is about 20 cm so that a better gas permeability is reached and
thus fans with a lower capacity are admissible. The side walls are
insulated by refractory lining. The fired pellets are removed from the
grate by a scraping device which is installed at a sufficient distance
between grate bar and hearth layer (depth: approx. 5cm), to leave the
hearth layer in its position. McKee estimates a heat consumption of
about 500,000 kJ per ton pellets produced from magnetite concentrate and
a heat consumption of approx. 900,000 kJ for pellets produced from
hematite ores. Up to now, only the plant in Mexico is in operation.

9.4.2 “Heat Fast” Process %)

As was often in the past equipment suppliers, pellet-producers and
pellet-consumers jointly attempted to develop a pellet-specific process in
order to produce in such a plant alternatively oxidized or reduced pellets.
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It was intended to employ specific equipment for the various thermal

stages such as:

(a) Drying on a belt dryer at a temperature of approx. 300 °C.

(b) Transfer of dry pellets to an annular hearth furnace for pellet pre-
heating up to a temperature of about 600 °C in a layer with a depth
corresponding to the diameter of one single pellet.

(c) Induration and cooling in a shaft furnace, similar to the functions
in a normal shaft furnace.

The preliminary tests led to the construction of an industrial plant with

a design capacity of 1.2 million tpy pellets. For several reasons, this plant

was shut down and dismantled. The alternative process, prereduction, was

only tested on a pilot plant scale.

9.4.3 “Annular Furnace” of Huntington-Heberlein '**)

This system was based on a circular hearth furnace. The green balls are
placed at a bed height of about 80 cm on the grate. Hot gases are sucked
through the bed. The furnace has lateral, gas-tight walls. The pellet charge
is heated with a concurrent gas flow. The waste gas is sucked off upwards
shortly before the discharge point of the furnace. The hot pellets drop into
a cooling shaft from which the hot cooling air passes into the system. An
industrial plant has not yet been built.

9.5 Comparison of Important Pelletizing Systems

Since the start of the first industrial plants at the Erie and Reserve
Mining Co. in 1955/56, various firing processes were competing with each
other. Some processes developed during this period were not successful.
After a short time they disappeared from the market. Some systems
which, above all during the years directly after 1955, played a great part
are no longer important since the raw material properties changed in the
meantime and they could not be adapted to these varied conditions.
Further systems which later on, from about 1960 onwards, were intro-
duced on the world market meanwhile hold a leading position, e.g. the
grate-kiln and the Lurgi-Dravo-travelling grate process. Some reasons for
this development are given below:

(a) Flexibility to different ore types

(b) High capacity in one single unit

(c) Uniformly high quality, irrespective of ore type, quantity and com-
position of additives
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(d) Low capital and operating costs
(e) High plant availability.

Above all, the demands on the flexibility of processes were particularly
acute at the time when, besides magnetite concentrates, ores containing
hematite or ore mixtures of different composition had to be pelletized.

9.5.1 Change of Ore Basis

During the early years up to about 1960, magnetite concentrates were
exclusively used. From this date onward, hematite ores or concentrates as
well as magnetite-hematite mixtures were also treated. These three ore
variants are still the principal raw materials for pellet production. Fig. 131
shows the change of ore types from the beginning of industrial production
up to 1978.
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9.5.2 Production Figures per Unit of Various Indurating Systems

With the increasing competition on the worldwide ore market, the
pellet producers were compelled to keep the capital and operating costs as
low as possible which was partly achieved by using bigger units. From the
capacity of the firing units according to the different firing systems, the
choice of a suitable system resulted almost automatically for high produc-
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tion rates, as shown in Fig. 132. The production figures per unit are
plotted against years. The capacity values reach up to 5 million tons
pellets per year for the biggest, and down to less than 0.5 million tons for
the smallest units. The major amount of smaller plants was built before
1965. From 1960 onwards, the capacities already attained up to about 2
million tons of pellets and, from 1965, the capacities continuously
increased. From about 1975, the first units with a capacity of 4 or 5
million tons pellets were erected. For capacities of up to 0.5 million tons
pellets, shaft furnaces and travelling grates were predominantly used
whereas for capacities exceeding 0.5 million tons pellets all travelling
grate processes and the grate-kiln process are applicable. Production rates
of above 2 million tons pellets per year in one single unit were only
attained in Lurgi-Dravo travelling grate or grate-kiln plants. For the
present, only these two systems are suitable for units with high capacities.

9.5.3 Proportion of Various Firing Systems in the
World Pellet Production

The advantages of greater flexibility regarding the availability of
materials and the rising capacities per unit had sooner or later to lead to
different market positions of the various competing processes. The
respective development is shown in Fig. 133 relating to the time and the
installed total capacity. The evaluation of the individual curves leads to
some interesting conclusions.
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The shaft furnace process, one of the first and at that time most
important firing processes, has only changed its position slightly in years.
The travelling grate process of Arthur G. Mc Kee was meanwhile
modified, but its importance did not improve. Although the grate-kiln and
Lurgi-Dravo travelling grate processes were developed at a later date,
their proportion in the world market has increased rapidly.

The use of travelling grates generally found the widest application
range because even the grate-kiln process without preceding travelling
grate could not be operated successfully.

9.5.4 Cost Comparison

It is not the purpose of this book to make a cost comparison in support
of a decision regarding the choice of one or other indurating system. The
numbers of plants hitherto operated according to the various processes
may generally serve as a criterion. It may also be assumed that the
decision in favour of one or the other induration system has been taken
after consideration of all cost factors with a good pellet quality being
imperative. The capital investment depends on many specific conditions
for each particular plant which must not be directly related to the chosen
firing system.
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10.1 Plant Layout

The choice of the most important apparatus for the performance of the
various process stages, the arrangement of individual plant items relative
to each other as well as the total layout are dependent on various factors,
the most important of which are discussed below:

(a) Plant Site: Nowadays, pelletizing plants are built at the following
locations: the mine, the port, the iron and steel plant.

(b) Raw Maerial Basis: Ore types, chemical and physical properties, as
well as their preparation stage determine the selection of the various
apparatus to be used.

(c) Pelletizing and Induration Units of different design also influence the
arrangement of individual plant items relative to each other.

Fig. 134 is a general schema based on the travelling grate process for
depicting the material flow in a pelletizing plant. This scheme is, in a
varied form, also valid for other induration systems. For the purpose of
this scheme, it is assumed that all raw material constituents have already
been prepared for green ball formation.

The first part covers the raw material bins and handling facilities,
whereas the second part shows the mixing and prewetting equipment as
well as the green ball formation system. In the third part, the induration
system is represented which consists either of a shaft furnace, grate-kiln
combination or travelling grate. This scheme may also serve as a guide for
process control.

10.2 Process Control 3%)

In order to have at any time a good surveillance of the pelletizing
process, the plants are equipped with the necessary measuring and control
systems. The instruments are combined in a central control room where
all data is collected.



248 10 Plant Layout and Process Control

—Water

M

“ !

T Mene A aressting
one] eweling

Gringing mill

Fig. 134. Typical flow sheet of a sellitizing plant travelling grate system

(a) These controls refer to the process cycle with a view to achieving an
optimal pellet quality by
— distribution and proportioning of material masses
— preparation of a homogeneous mix
— forming of green balls
— induration and cooling of pellets.
(b) The measuring equipment also has the function of technical opera-
tional control to provide
— low energy consumption
— high and steady productivity
— high availability of the plant.

Nowadays, such control facilities form an integral part of each modern
pelletizing plant and are adapted to the demand of various firing systems.
By way of example, the principal control functions in a travelling grate
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plant are explained below with the individual plant sections having been
combined in the form of three sections similarly to those shown in
Fig. 134,

10.2.1 Distribution and Proportioning of Material Flows

In the first section the material streams are distributed over the
individual bins through travelling belt conveyors and plough scrapers
arranged above the bins. These bins are supported by load cells allowing
continuous control of their filling degree. After a specified filling weight
has been attained. the belt conveyors are switched over to the next bin
according to a predetermined programme.

10.2.2 Proportioning of Solid Components and Water

Raw material is extracted from the various raw material bins and
proportioned by weigh feeders. The admissable variation is not greater
than 0.5 percent by weight. The necessary water amount is also
measured and in some plants controlled proportionately to the solids
quantity with part of the water being already added at the premixer. In
many plants, the amount of water is still controlled by hand.

10.2.3 Formation and Transport of Green Pellets

In principle, the pelletizing unit is operated by hand after the individual
components have previously passed a mixer. The total quantities of green
balls formed originate, in most cases, from several pelletizing units. They
are collected on a belt conveyor and carried to the indurating machine.
The amount of green balls supplied i1s recorded by means of a belt
weigher and corrected according to the quantity of screened undersize.
This belt weigher is an important control unit, is connected to the pellet
indurating machine and controls its velocity.

10.2.4 Green Pellet Charging

The grate velocity control is important in order to keep the pellet bed
height constant. In this connection, the additional amounts of hearth layer
and side wall layer are taken into account. A correction to compensate for
the varied green ball bulk density and time lag caused by the distance
between green ball belt weigher and pellet feeding point onto the grate is
also ensured.
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10.2.5 Thermal Treatment of Green Balls

The procedure of pellet induration is controlled by process gases
flowing at the rates predetermined according to the heating pattern and at
a corresponding temperature through the pellet bed. An indication of a
sufficient supply with the necessary heat energy results from the tem-
peratures prevailing in the wind boxes.

In a similar way as for down-draught sintering, burn-through points can
be used as guide values. For specific process stages, they correspond to
defined temperatures. When the temperatures predetermined in the
heating programme are exceeded, or lower temperatures prevail, the
process gas flow rate is changed. This is achieved by controlling the
capacity of the main fan located behind the wind boxes of the firing zone.

In the case of other process gas fans also, the necessary gas flow is
forced through the bed by means of by-pass connections as well as
through particular inlets and outlets. In this way, the gas pressure in the
burner hood is controlled through the cooling air fan, since the hot
cooling air from the cooling hood is introduced through a direct duct into
the burner hood. The up-draught drying and waste gas fans control the gas
flows in the front part of the indurating machine. Thus, the process gas
fan capacities, varied according to the temperatures measured, virtually
control the thermal procedure of pellet induration.

10.3 Development and Trends of
Further Control Variants

The very fast and successful development of digital systems primarily in
control and computer technology led to an extensive use of these systems
in pelletizing plants. Their application range extends from simple data
collection, fault recording, coefficient calculation and fault analysing
through “on-line controls” to the conversion from one operating scheme
to another. The use of digital controllers for controlled systems with an
extreme time behaviour as well as for control circuits with several
mathematical interactions, e.g. for controlling the indurating machine
speed, proved particularly successful. Also master control functions con-
cerning material handling or mix compositions on the basis of chemical
analyses can be solved more simply and reliably with a digital system
than by adopting the conventional methods.

As new automation systems, including modern measuring methods,
undergo current, systematic investigations and testing and as new mathe-
matical process models are developed, it can be expected that in the near
future, the measuring and control systems of pelletizing processes will be
greatly influenced.
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Since it is possible to produce pellets of good quality from a great
variety of raw materials, as explained in detail in chapters 5 and 6, it
would still be advisable to set out the ways in which the blast furnace
operators accept this new agglomerate in practice. As long as pellets were
only produced from fine-grained magnetite concentrates difficult to sinter,
they were considered as a supplement to sinter. Their use was first
geographically limited to a few regions. However, when pellets from fine-
grained ores were available on the world market, pellets really started to
compete with lump ore and sinter. In countries with high portions of
imported ores, such as Japan or Western Europe, a highly developed
sinter technology already exists according to which the blast furnace can
be supplied with burdens of good quality. Furthermore, the sinter quality
was continuously improved. A statement on the advantages or disadvan-
tages of using pellets for the blast furnace burden can only be made by a
comparison with the quality of all blast furnace constituents and under
controlied operating conditions. Some initially recognised advantages,
such as the spherical shape or the high iron content of pellets, are
nowadays no longer considered as superior. Furthermore, the other iron
oxide constituents, such as sinter or lump ores and even coke, are
available in a defined size range after crushing and distinct classification.
Today, the iron content of a well prepared sinter burden is quite com-
parable with the analysis of many varieties of pellets. However, before
pellets influenced the positive development of the total blast furnace
technology, many attempts were necessary to render the pellets suitable
for the blast furnace operation. At first, the mechanical pellet properties
had to be developed so that they met the requirements of handling and
stresses in the blast furnace operation.

11.1 Influence of Mechanical Properties

When the first major quantities of pellets were available for blast
furnace tests, the expected success was not fully realised. On the contrary,
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a high fines portion and above-average quantities of flue dust in the blast
furnace compelled the pelletizing plant operators to improve the mechani-
cal strength of the pellets. The partly dramatic development and the
results obtained were described by W. E. Marshall *"), as is shown in
Fig. 85, item 6. This work was, so to say, performed in a closed combine,
because the first pelletizing plants and blast furnaces were owned by the
same companies and their special demands were of overriding impor-
tance.

With great interest, a large-scale test run on 150,000t of pellets in a
blast furnace of Mannesmannwerke in Duisburg, West Germany in
1962/63 and the experience thus gained was recorded *). From the
favourable results of these tests, and tests in Japan, pellets were con-
sidered, also outside the United States, as being an equivalent blast
furnace constituent alongside sinter and lump ore. In the meantime, the
issue of guiding principles for the evaluation of the mechanical pellet
quality had begun. Nowadays, such standards are internationally ac-
knowledged and described in chapter 4.

After the methods of improving the mechanical strength of Mesabi
Range pellets had become known, major problems were no longer
encountered in the respective blast furnace operations. The Mesabi pellets
contain by nature, high proportions of acid gangue with a basicity of
about 0.2, at which no pellet degradation or pellet swelling is observed
during reduction. As a result of this development phase, it was clearly
recognised that only pellets of a perfect mechanical strength high in acid
gangue can withstand any premature degradation. The relevant con-
ditions are described in chapter 5 and 6.

For other pellet types with a high iron and low gangue content, great
difficulties arose, so that the dependence of the metallurgical properties
on the chemical composition also had to be thoroughly investigated.

11.2 Influence of Chemical Composition

It was first recognised in Sweden that a high mechanical strength of
high-grade iron ore pellets alone is insufficient to withstand the stresses
during reduction 8Y). This was confirmed by a blast furnace test
carried out with Swedish pellets, low in gangue, by the Thyssenhiitte ),
in West Germany. In particular, the unsatisfactory results when the first
Marcona pellets were treated in Japan ) initiated a broad discussion on
the causes of degradation of these pellet types, although their mechanical
strength was perfect. Many efforts were made to investigate and explain
this phenomenon without a satisfactory explanation having been found up
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to now. On the other hand, measures for decreasing or even preventing
pellet degradation or pellet swelling during reduction are meanwhile
known.

Only after it was possible to forecast both the mechanical and, to a high
degree, the metallurgical properties by controlled action, could pellets
qualitatively compete with the other blast furnace constituents namely
sinter or lump ore.

11.3 Methods of Pellet Charging to the Blast Furnace

Like all blast furnace constituents, the pellets are normally screened
before they are charged into the blast furnace and the undersize is
recirculated to the pellet cycle or sinter plant. In order to ensure full
utilization of their uniform and high permeability, they are charged in
separate layers, alternating with the other components. Special attention
was paid to this during the blast furnace test run by Mannesmann.
Nowadays, the charging of constituents in layers having the same gas
permeability is a generally acknowledged charging technology. Pellets with
good mechanical properties and a low tendency to degradation during
reduction can be produced by using any pelletizing process whatsoever.
Further possibilities of ensuring a more economic pellet production and of
adapting the blast furnace technology even more efficiently to the use of
larger pellet portions are being studied.

11.4 Comparison of Pellets and Sinter

Experts still hold different opinions concerning the advantages and dis-
advantages of the use of pellets in the blast furnace. Partly, because suf-
ficient experience with the use of pellets is not available, and sometimes,
primarily during boom periods, pellets of lower quality enter the market.
It is difficult to make a generally valid statement either way, since often
too many very different local operating conditions may influence the
result to a higher degree than the quality of one or the other pellet type.
However, a comparison nevertheless appears interesting.

By way of example, trials carried out in the blast furnace plant at
Hoogovens, [jmuiden B. V., in the Netherlands are referred to ¥7). As is
known, Hoogovens have to import all the ores required for pig ore
production. To achieve an optimum agglomeration situation, they operate
both a pelletizing and a sinter plant, each with an annual capacity of
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3 10° tons. For the test carried out over a prolonged period, acid and
basic pellets having a basicity of 0.15, 0.90 and 1.35, as well as overbasic
sinter having a basicity of 2.0 were prepared and charged at different
mixing proportions to the blast furnace. The programme included the
tests shown in Table 32.

Table 32. Test programme for comparing influence of pellets with sinter in blast
furnace burden )

Pellets Basicity Sinter Basicity Number Hearth

in % in % of trial diameter
weeks ofinm

95 1.35 5 2.0 3 59

70 0.90 30 2.0 6 13.0

50 0.15 50 2.0 Normal practice

Information available from the blast furnace operations e.g. from
Japan, North America and Western Europe were incorporated into the
evaluation of the trials carried out by Hoogovens. These results altogether
cover a wide range of varying mixtures from 95% fluxed and overfluxed
sinter up to 95% acid and fluxed pellets in the blast furnace burden. A
comparison was made for the fuel consumption and the furnace produc-
tivity. The results obtained were recently confirmed by information given
at the JJSJ conference in Sidney, October 1979 7).

(2) The fuel consumption is calculated as an average standardized rate
(coke + 1.16 x fuel) in kg coke per ton of hot metal. The following values
were obtained for the above mentioned areas:

(A) Japanese blast furnaces operated with 75—95% self-fluxing sinter,
balance sized lump ore and pellets
=530 kg fuel/THM (ton hot metal)

(B) Japanese blast furnaces operated with 46% self-fluxing sinter, 45%
self-fluxing pellets, balance sized lump ore
=514 kg fuel/THM

(C) North American furnaces operated with 75%—95% acid pellets and
limestone
=542 kg fuel/THM

(D) European furnaces operated with 75— 95% self-fluxing sinter
=532 kg fuel/THM

(E) trials at [jmuiden including standard operation 45% acid pellets and
45% overfluxed sinter
=528 kg fuel/THM
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There are practically no differences between (A) and (D) at roughly thc
same blast furnace charge, the figures of (A), (D) and (E) are almost equal
with 45% acid pellets in the blast furnace burden, (C). The highest heat
consumption is obtained when using acid pellets, and the lowest is
achieved at equal portions of self-fluxing pellets and overbasic sinter, (B).
Except for (C), the differences are not very great. From this, it can be seen
that at a good preparation of sinter and pellets, the coke consumption is
similar to that resulting from the use of a high portion of self-fluxing
sinter. As a result, it is demonstrated that pellets are just as suitable for the
blast furnace as sinter.

(b) The resistance to gas flow in the blast furnace charge is the lowest at
a pellet portion of 95%. However, no remarkable differences in the
furnace charge against a well prepared sinter feed were found. Also in
this case there is no negative influence of pellets on the blast furnace
burden, provided that the individual components show a good behaviour
during reduction 37).

(c) Production costs. To achieve these favourable values regarding coke
consumption, adequate preparation of agglomerates is required, which
may be reflected in corresponding production costs '*¥). These costs are
about 10—12% higher for basic pellets than for acid pellets. The
production costs for basic sinter are roughly between these two values, so
it is cheaper to introduce the necessary basic constituents through a sinter
product. Thus, the standard mix in the [jmuiden plant is composed of
approximately 50% acid pellets and 50% overfluxed sinter.

11.5 Pellet Proportion in the Blast Furnace Burden

For different reasons, the pellet utilisation in various countries has
developed in very different ways and in dependence on the existing sinter
plants there, e.g. in Japan or Western Europe, as can be seen from
Table 33 *%). In this table a trend of the blast furnace burden up to 1985
is shown for some countries with major steel production. Except for the
United States where pellets are predominant, in all other countries the
higher portion of agglomerates consists of sinter, approx. 70%. In the long
run a slight change can be expected by raising the pellet portion at the
expense of lump ores. Their amount will decrease from about 25% to 18%
while the pellet consumption will rise from 17% to about 26%.

In the United States the situation will be different. The pellet portion
will increase up to 70% and the balance will consist of sinter and lump
ore.
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Table 33. Composition of blast furnace burden in 1976 and future trends ***)

1976 in % 1985 in %
Pellets Sinter Lump  Pellets Sinter Lump
ore ore
1. Japan approx. 11 72 abt. 17 13 70 12
2. USSR approx. 15-18 78 abt. 6 20 75 5

3. Fed. Rep. of Germany approx. 7 74 abt. 18 23 65 12

4. Great Britain approx. — 79 abt. 21 25 65 10
5. USA approx. 56 30 abt. 13 73 16 11
6. Western Countries approx. 22 58 abt.20 30 53 17
7. Eastern Block approx. 5 68 abt. 27 21 59 20
8. World (total) approx. 17 59 abt. 24 26 56 18

Another forecast up to the year 2000 *') roughly shows the following
tendency: the sinter portion will move up to around 70% and the pellet
portion to about 25%, which corresponds to double the present portion,
whereas the lump ore portion will further diminish. This is an indication
of the intention to predetermine the blast furnace burden properties as far
as possible. The tendency to cover the increasing rate of pig iron and steel
in the future mainly by pellets is caused by various factors unfavourable
for the construction of new sinter plants, such as high capital investment,
dependency on coke breeze as heat energy and above all greater
ecological problems in sinter plants. The severe prescriptions regarding air
and water pollution control in urban centres, where most blast furnaces
and sinter plants are located, almost impede the construction of new sinter
plants. According to the information obtained from a competent sinter
and pelletizing plant constructor, the capital costs of such plants with a
complete environmental protection system, including SO, absorption, are,
at an annual capacity of 3 x [C¢ tons, approximately 10—12% higher for
sinter plants than for pelletizing plants.



12 The Utilization of Pellets in
Direct Reduction Plants

The high iron content of pellets, their spherical shape, limited size range
and practically no fines were the typical properties of agglomerates which
gave a fresh impetus to the development of direct reduction, primarily on
the basis of gas, in the shaft furnace. The first positive experience was
already made in 1950 in Wiberg plants in Sweden™). When
Hojalato y Lamina (HyL) converted their retort process developed in
Mexico in 1957 from lump ore to pellets in 1970, the operational results
improved the capacity by about 30% and the fuel consumption by about
15% '*1).

The Midrex process was developed and commercially introduced
exclusively on the basis of pellets. However, due to the high gas
permeability of the pellet charge, attempts were made to replace a part of
the expensive pellets by carefully selected, cheaper lump ores, which have
a lower bed porosity. The percentage of lump ores in the charge is
dependant on the change of gas permeability of the entire muxture,
which is influencing the shaft furnace productivity, as shown in Fig. 11.
Another influencing factor is the behaviour of the natural ores during
reduction, as far as swelling and degradation is concerned, whereby the
gas permeability can be varied.

The basic conditions for the pellet behaviour during direct reduction
are the same as for the blast furnace. However, additional demands are

Table 34. Pellet consumption in direct reduction plant with gaseous reductants

Plants 1978 In operation Under construction Sum
Process’ Pellet consumption in (¢t/year (approx.)

Midrex 4.9 7.3 12.2
HyL 4.9 4.9 9.8
Purofer 0.9 - 0.9
Armco 0.3 - 0.3
Sum 11.0 12.2 232

* In the above processes it is also possible to use, to some extent, classified lump
ores
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existing as described under items 4.7 and 4.7.1.3. Above all, the pellets
shall not prematurely soften, stick together and thus form lumps. Further-
more, the sponge iron pellets shall have a sufficient cold crushing strength
and resistance to abrasion in order to withstand transport from the reduc-
tion plant to the steel plant without damage. The pellet quantity in the
most important gas reduction plants, which in 1978 were already in
operation or under construction, is shown in Table 34.

In reduction processes carried out with solid reductants in rotary kilns,
pellets and lump ores can be -utilized with less stringent restrictions
provided that the lump ores used are generally suitable for direct
reduction. Although the pig iron curve proceeds flatly, Fig. 10, the pellet
production curve rises further. On one hand, this is due to the increas-
ing pellet proportion in pig iron production and on the other, to the raised
steel production by the application of the direct reduction processes. The
latter allow an enlargement of the steel capacity in small increments and a
closer plant location to the consumers’ market whereby the capital in-
vestment is lowered accordingly.



List of Frequently used Symbols

13 Some Theoretical Considerations

Symbol Meaning Unit and Remarks
Green Pellet Formation
13.1—-13.1.4.3

7 Liquid filling degree of uptol
existing voids, pores

h Liquid column height m

0 Liquid density kg-m™

4 Acceleration of gravity m-s—*

¥ Surface tension of water mN-m™

R Concave radius of curvative m
of liquid surface

r Radius of cappilaries m

e Pore, void volume

S Specific surface of concentrate m?*- kg™

Ow Real volume density of concentrate kg -m—

H Adhesive force at contact points N

d Diameter of spherical particles m

G Tensile stress of green pellets N-m™?
by bridge bonding

dy, Representative particle size m

Py Tensile strength of green N-m™
pellets by capillary bonding

m Mass of a pellet kg

a Acceleration of speed for lifting the center m-s™?
of gravity (R) over the diameter (d) of an
ore particle for the total height of R+d

F Cross section of particle F=c-d®(m?

v Moving velocity of a pellet m-s™

R Radius of a Pellet m
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Symbaol Meaning Unit and Remarks
) R
Ratio of sizes 7
d Diameter of particle m
Balling Equipment 13.1.4
Nieetty Rotating speed per minute r.p.m.
423 Factor expressing angular
velocity and rotating speed
D Disc, drum diameter m
H Wall, rim height m
Vi Tilt angle of disc bottom degree
b Dynamic angle of repose of ore pile degree
Heat Transfer, 13.2.1 —13.2.5.2
H Thickness of a layer m
e Pores, void volume
W Flow resistance coefficient f-Regy
W Speed of gas flow m-s™*
@ Shape factor o for uniform
balls =1
pellet surface o for pellets
particle surface =0.90-0.98
@ for ore
particles 0.6—0.9
op Apparent density of pellets kg -m™®
Ocu Bulk density of charge kg-m™
oa Bulk density of gas kg-m™
Rep Reynold's number (pellet) -—
v
Y Kinematic viscosity m#-s~*
Reey Reynold’s number (charge) Recy =L“——%-
ve(l—¢
¥ Volume m?
P (Gas pressure bar
AP Gas flow resistance bar
{ Resistance factor of a body or a grate bar
. : d
Ny Nusselt number Ny= 5 -
.
A Thermal conductivity W-mi- K-
o Heat transmission coefficient W-m-2-K-!
£ Void volume of uniform pellets
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Symbol Meaning Unit and Remarks
& Void volume of mixture
vV Volume of pellet charge :
V,...¥,  Fraction of volume of pellet charge m®
q Heat flow density W-m™
Eg Heat emission coefficient of a gas
Evw Heat emission coefficient

of a solid (Brick Lining)
Ep Hear emmission coefficient E e.g. pellet charge

of material surface
E Equivalent emission factor

for gas-solid radiation
Tp Temperature of pellet charge °C (K)
Tw Temperature of radiating wall °C (K)
Sy Thickness of a radiating gas laver m
Cs Radiation factor of black body 577-W-m=-K~
Fp Area of charge surface m*
Fy Area of radiating wall m*

Green Pellet Drying 13.3 - 13.3.2
M. Mass (pellet) w=wet, d =dry ke
M Mass variation related to time kg's™
_dm
dr

! Time h.s
) Density of mass flow kg m=-s~*
R Gas constant Jokg KT
P Partial gas pressurs bar
X Moisture in solids kg kg™
pii Mass transfer coefficient m-h™* mes™
@ Relative moisture of drying gas
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For a better comprehension of the process parameters, and for sup-
plementing results of experiments and experience, some theoretical con-
siderations are set forth below.

To begin with, the basic features for pellet formation are discussed, fol-
lowed by considerations dealing with the thermal treatment of green
pellets, with particular attention being given to drying.

Some of the data, equations and diagrams are of more general
character and are merely valid for particular applications. They may
rather serve as a guide for better understanding of the influence of some
factors and should be read in close connection with the respective chapters
concerned.

13.1 Green Ball Formation

Under item 2.1 bonding mechanisms are described which become
active during the formation of green balls from fine-grained iron ores,
particularly in conjunction with water, as shown in Figs. 12, 13, 14. On the
basis of test results and measurements carried out in laboratories and
industrial plants, the significance of influencing factors is explained under
items 5.1 and 5.2. For supporting this knowledge, some mathematical con-
siderations have been made and already repeatedly discussed in the
literature 23'2). Some of these investigations are based on defined
spheres, such as glass or metal balls, which differ remarkably from the
shape of finely ground ores. Part of the mathematical derivations are thus
applicable to green ball formation by way of comparison only. Three
factors are decisive for the formation of green balls and their mechanical
strength:

— the bonding forces between grain surface and water,

— the granulometric properties, such as size distribution of particles,
specific surface, properties of particle surface and wettability,

— mechanical compression and impact forces which become active during

rolling of solids particles with water in drums or discs.

13.1.1 Bonds Between Water and Fine-Grained Particles
In general, pre-wetted ore particles are charged to a pelletizing unit.

The green balls are formed, if necessary, by further water addition the
voids between the individual ore-grains gradually filling.
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During this operation, different bonding mechanisms become succes-
sively active. The liquid filling degree serves as a criterion for the water
amount contained in existing voids between the individual grains.

This degree indicates the portion of voids filled with water referred to
the total void volume.

13.1.1.1 Bonding by Liquid Bridges

In the case of a low water addition, liquid bridges form at favourable
coordination points of individual ore particles at a liquid filling degree 4
of less than 0.2, as diagrammatically illustrated in Fig. 12 B. This first
phase of bonds is designated as the bridge bonding phase ***). However,
this kind of bonding is not sufficient for green pellet formation. With
further water addition individual capillaries fill with water, Fig. 12 C and
form conglomerates held together by capillary forces. The strength
developing in the various stages of water filling i1s described in Fig. 135 )
which also indicates the influence of oversaturation with water.

2y
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Fig. 135. Influence of water filling degree of capillaries on tensile strength during
green ball formation, raw material: limestone, « = 0.41
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13.1.1.2 Bonding Forces in Transition Range

As long as the voids are only partly filled with water, capillary tensile
forces and bridge bonds are jointly active. This ball formation stage is
designated as the transition stage. The liquid filling degree ; has increased
to about 0.4 *?). However, the joint bonding forces are not yet sufficient
to ensure the necessary strength of pellets. The gradual void filling con-
tinues, as shown in Fig. 12 D.

13.1.1.3 Bonding Forces in the Capillary Range

The optimum strength is to be expected when the voids between the
individual ore particles have nearly filled with water and the liquid
surface of the water-filled capillaries on the pellet surface shows concave
menisci. The capillary tension thus arising is, according to Tigerschiéld,
the main cause of the green pellet strength. The liquid filling degree has
now attained a value y ranging from 0.8 to 0.9 of the total voids. The
bridge bond practically no longer exists. Only under certain conditions, it
may remain active on the pellet surface according to the size of particles
involved. As per calculations, the optimum bonding power by bridging
only reaches a value of about 35% of the fully efficient capillary bonding
forces ).

These have meanwhile moved to the pellet surface as is illustrated in
Figs. 12 E and 13.

The tension built up in the capillaries corresponds to the liquid column
level in the various voids. It is dependent on the void radius and on the
properties of the ore grain surface. The capillary underpressure P,
results from the following factors:

[ - y / —

0
Mn

The radius of curvature R depends on the capillary radius  and on the
contact angle between meniscus and capillary wall. At a complete wetting
of capillaries, radius of curvature R becomes equal to capillary radius r. In
this case, the tension can be expressed as follows:

Py=——-m
This calculation applies to agglomerates for which a liquid filling

degree of 0.8—0.9 has been attained in the voids.
The capillary underpressure P, can be represented as

where m
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In this equation, m is designated as the hydraulic pore radius. It results
from the ratio of the pore volume to the surface of the pores filled with
water. In a conglomerate of finely ground ores with a statistical size dis-
tribution, the average hydraulic radius is responsible for the value of
capillary tension. On this basis, Tigerschiold and Ilmoni established the
following relationship:

If this term is introduced into the formula

the following equation for the capillary tension is developed:
S g —— (M

According to this equation, the green pellet strength is primarily
proportional to the pores and capillaries of the fine grains. The equation
only shows the trend. Experimental values differ from the calculated
figures. The liquid filling degree of 0.8—0.9 is optimal. If more water is
added, value #=1 isreached and exceeded.

13.1.1.4 Oversaturation with Water

If this 1s the case, the concave voids on the surface are overfilled with
water. The surface is coated with a water skin and more corresponds to a
solids — containing water droplet. The capillary bonding forces no longer
exist. Only the surface tension of the water is active, Fig. 12 F. The surface
which previously appeared dry and rough becomes now bright and the
pellet slightly more plastic but more resistant to dropping. If the water
addition is further continued, the pellet may even be converted to sludge.

The dependence of the compression strength on the liquid filling degree
and the decrease of the resistance at oversaturation are shown in Fig. 135.

The strength is here expressed as tensile strength in Newton units.

13.1.2 Influence of Granulometric Properties on
Green Pellet Strength

The second important factor for green ball formation is the nature of
particles from which the pellets are made. Rumpf "®) calculated the
tensile strength from balls consisting of particles of equal diameter and
found the simplified relationship
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In this formula, H is the adhesive force at contact points and d is the
diameter of the spherical particle. During grinding of ores, a mixture of
particles with a wide size range and a steady size distribution is obtained,
in which the portion of fines — 0.045 mm diameter should be about 85%.
For the determination of the strength of green pellets derived from
particles of different diameters, a representative particle size dy has to be
established. If the range of particle size is not too widely spread, the
particle size ¢ can be determined from the calculated or measured
specific surface.

If this is not the case, the value 4y has, according to a model con-
sideration by Rumpf, to be graphically defined by the fact that the partial

surface | d0) formed by all major grains can just be coated by grains of

smaller size. Their sum of digits is

The conditional equation for dj, is then:

1 alt

13.1.3 Influence of Rolling Forces During Movement of
Green Pellets

Movement forces are considered as the third factor influencing green
ball formation. During rolling, fine-grained ore particles are pressed into
the surface of already existing large agglomerates. This is achieved by the
pressure which, due to an acceleration impact, is exerted by the pellet
rolling over a particle. The intensity of this impact P is expressed by the
following equation **%):

17 f |

D )

The ore particle is pressed at a specific force into the surface of a rolling

pellet. The corresponding pressure K at the contact point between
particles and pellets is as follows:
I

In this equation, ¢ is dependent on the shape and position of particle on
the pellet surface. If the particle has the cross section F=c-d and a
cubic shape, ¢ is equal to one, d, and b equal to 4 and b. The formula
can be changed; K is then calculated as follows:

47 R R

) o
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This formula implies that pressure X rises proportionally to the ratio — -,

as well as to the square of motion velocity " of the petlets. During rolling,
the pellets are compacted by the accelerative force and they receive their
spherical shape which is schematically shown in Figs. 14 A and C. The
decisive factors for the formation of green balls of good mechanical
quality are:

— optimum water addition, equation (1), to produce capillary forces

— sufficient particle size range, equation (2)

— impact and pressure during rolling, equation (3).

Two types of apparatus, the balling disc and the balling drum, are
chiefly used for ball formation. As already mentioned, the theoretical con-
siderations are in practice not very important. All the necessary operating
data have to be found out by tests.

13.1.4 Design and Operation of Balling Disc and Balling Drum

As already described under item 8.2, dimensioning, adjustment and
operation of pelletizing units are largely based on empirical values. Math-
ematical ideas are employed to a certain extent only. Nevertheless, some
mathematical relationships can be used for the construction and operation
of the two most important balling units namely discs and drums.

13.1.4.1 Design and Dimensions of Balling Discs

The main dimensions of a disc required for ascertaining a given produc-
tion rate are the disc diameter and height of the wall, the rim. Many
investigators have found the relationship between diameter D and wall
height H as:

H

r

i
According to Pietsch and Bombled '#%), this constant is about 0.2; this
means

= const. ¥*P)

H=02-D

According to Klatt **¢) the constant of 0.2 is only valid up to a disc
diameter of 4 meters, then the constant is decreasing. When evaluating the
figures from Table 27 %) for large discs of 5—7.5 m diameter, the values
are no longer constant, they vary between 0.12 and 0.08.

13.1.4.2 Rotating Speed and Disc Slope

To produce green pellets of good quality, the fine-grained material must
be brought into rolling movement. For this purpose an optimum rotating
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speed of the disc or drum is necessary to harmonise the static, dynamic
and centrifugal forces. The so-called critical speed, at which the gravity is
just compensated by centrifugal forces acting on the agglomerates is of
great importance. When the critical speed is exceeded, the granules are
slung against the disc wall due to higher centrifugal forces and no longer
become detached from the wall. Therefore, the critical speed /et 1S
decisive for good balling and described in the formula developed by
several investigators *4/145/146)

Furthermore, for a given material, the dynamic angle of repose (see
Fig. 112) and the frictional resistance have to be considered. To ensure a
good operation, the optimum speed is about 60—75% of the critical
rotating speed.

According to Klatt *') the formula

VD

can be used as a thumb rule to estimate the optimum speed. However, for
large discs in operation the optimum speed is, as indicated in Table 28,
lower and reaches 6—7 r.p.m. at disc diameters of 6—7.5 m. The optimum
speed does not only allow good balling but also ensures a maximum
utilization of disc area.

13.1.4.3 Balling Drum and its Design Data

In the literature, only a few mathematical indications on the dimen-
sions, operating method as well as capacity and quality to be expected, are
known. They are essentially based on data from the construction of ball
mills. The major part of the information relies on empirical values being
described under item 8.2.2.

(a) The slope of the drum axis does not serve for controlling the ball
formation and green pellet quality. It is mainly influencing the mass
throughput, respectively the retention time.

(b) The drum length and diameter in combination with the retention
time or rotating speed respectively are responsible for a good balling and
green pellet quality.

(c) The rotating speed is limited by the critical speed, Fig. 104 and
calculated according to the formula
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42.3 . .
After conversion of ncm=T for a drum with 3.6 m diameter,

the rotating speed is 70% of the critical speed i.e. about 15 r.p.m. which is
somewhat higher than the values shown in Table 27 and Fig. 105.

(d) The frictional resistance varying according to the ore properties is a
further leading factor controlling the rotating speed.

13.2 Thermal Treatment of Green Pellets

The formation of green pellets of good quality is followed by the most
important steps:

Drying, heating and cooling. There are various ways of transferring the
necessary energy from the neat source to the pellet charge. According 10
different firing methods adopted two main heat transfer procedures are
applied:

In the shaft furnace and on travelling grates the heat is supplied at more
than 90% by convection when hot gases are passing through the pellet
charge. In the rotary kiln, the major portion of the heat energy is trans-
ferred by radiation.

Preheating and firing always start with dry pellets. Therefore, drying
must be finished beforehand. The necessary heat supply is accomplished
only by convection whereby an additional factor, the water evaporation,
has to be considered. Since this is a different procedure compared to
normal heat transfer the corresponding steps for drying are discussed
separately under item 13.3. Besides convection and radiation, there are
other heat transfer possibilities. They all are discussed in connection with
the induration systems nowadays mainly used.

13.2.1 Heat Transfer in a Pellet Charge on the Travelling
Grate or in the Shaft Furnace

Fig. 136 represents a simplified section through a pellet bed on a pallet
of a travelling grate. The indicated figures refer to the various possibilities
of introducing heat into the bed. These transfer mechanisms can be
described as follows:

1) Hot gas flowing through the bed gives off heat by convection, its tem-
perature drops from the inlet temperature prevailing at the top to the
outlet temperature prevailing underneath the grate bars.

2) If the gas in the hood contains notable portions of CO,. H,0O and SO,
and if the distance between the brick lining of the hood and the pellet
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4)

3)

Fig. 136. Heat transfer to a pellet layer in position of rest

bed surface is sufficiently great, a heat supply by gas radiation addi-
tionally takes place. However, radiation only influences the top pellet
layer temperature.

If the bricklining of the hood has a higher temperature than the pellet
bed surface underneath, heat is transferred to the pellet bed by
radiation. This again only applies to the top pellet layer. A part of the
wall radiation (3) is absorbed by gas radiation (2) and thus cannot
pass onto the pellet bed.

Inside the bed, heat is transferred by conduction inside the individual
pellet and from pellet to pellet through points of direct contact. This
kind of heat transfer would also take place if no gas flow (1) existed.
The heat conduction factor (4) also contains a certain portion of
radiation as for (2) and (3), but this radiation only becomes active at
pellet temperatures exceeding 800 °C.

An “internal heat supply” by exothermic reaction occurs for magnetite
ores when the magnetite oxidizes to hematite. This heat supply may
roughly cover half of the total heat consumption and is to be
introduced additionally when hematite containing ores are treated.

13.2.2 Heat Transfer of Green Pellets by Convection and Gas Flow

13.2.2.1 Gas Flow

For the heat transfer by convection, the gas flow through a pellet bed is

of particular importance. The gas flow is depending on the gas perme-
ability or bed resistance and highly influenced by the physical consistency
of the pellets. Some considerations are advisable concerning the gas flow
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based on physical rules **7). The simplest way of thermal treatment is the
single phase gas flow through an unmoved pellet bed. On the basis of
presently available data **), the nearly spherical shape of pellets and the
relatively narrow size range of 9—15 mm pellet diameter, a predeter-
mination of the resistance to gas flow in a bed is possible. If the resistance
values are known, the basis for calculating the fan capacity is given,
although the final dimensions of the fan are additionally dependent on
other factors.

13.2.2.1.1 Resistance of a Charge of Uniform Pellet Size to Gas Flow. The
resistance to gas flow AP, follows linearly the height of a pellet
charge and is dependent on the following equation:

| —& oo W

\;Irl'.___:i = H- W —_

: { 6)
d o

The void volume ¢ can be calculated from the specific density of pellets
op, charge o-: and gas gg in conformity with the following equation:

Op — Och PcH
g=——v——78 |—= tor (op #Z Cg)

Op — op

The portion of void volume can vary between 0.40—0.49 for a pellet
bed. It is of great importance for the resistance to gas flow.

The flow resistance coefficient » of the bed, which is in close relation to
the Reynolds’ number, is composed of a laminar and turbulent part 14°)

WS == bt STy
W= Winm Wyt

The relation with the Reynolds’ number is as follows:

1/ =I_.r'" Re CH
160 2.
Y= ————r g
¥ o DL
Recn  Regy

(laminar) (turbulent)

Before the flow condition in a bed can be evaluated, it is necessary to
know the Reynolds’ number. For beds, it is expressed as follows:
s .

13.2.2.1.2 Resistance of Pellet Charge of Different Pellet Size to Gas Flow.
If the pellet diameter greatly varies, additional factors have to be con-
sidered. First, the bulk densities g;cy and the parts of volume are to be
determined from the screen analysis **').
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From this, an average pellet diameter dy, is calculated according to the
equation

Wy (N

Vi proportional volume
V' total volume

Subsequently, the average void volume factors of charges composed of
grains of different diameters s, and of the smallest fraction 'y are to be

determined. From this results an empirical correction factor which
1s to be introduced into the resistance equation.

The resistance to flow of charges composed of pellets of different
diameters results from the following equation:

P Bl —— e b e

The data for designing the process fans can be calculated by means of
equations (7) and (8) for charges of uniform and different pellet size.
These considerations only refer to the pellet bed. Other factors may
influence additionally the resistance to flow of the whole firing system
including duct work and dedusting facilities. In order to be able to cope
with extreme conditions due to poor pellet quality, a corresponding
capacity reserve 1s required for the process fans.

13.2.2.1.3 Resistance of Pellet Charge and Travelling Grate to Gas Flow.
Apart from the pellet bed, another resistance arises on the travelling grate
due to the restriction of the space between the grate bars A Py5.

The following relationship exists:

O W

AP o Ce— - (9)

The resistance to flow of the pellet bed and grate can be calculated
according to the equation:

AP = APoy+APgr (10)

Fig. 137 shows diagramatically the resistance to flow of a charge of
uniform pellets with a diameter of 10—12 mm having a height of 40 cm
and of small pellets and particles of 3—8 mm diameter including the grate
resistance as found in pot pelletizing tests.

The grate resistance is only perceptible in a bed of approximately 5 cm
height. From this bed height onward, both curves are linear with the bed
height. In the case of pellets of different diameters, the resistance to flow is
substantially higher. That is why the pellet fractions of 3—8 mm diameter
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Fig. 137. Influence of bed height on pressure drop of gas flow at a different gas flow
velocity and pellet size

serve as an insulating layer between pallet side walls and the porous pellet
feed in Lurgi-Dravo travelling grates.

A good gas permeability and an efficient gas flow through a pellet bed
are achieved if the pellet diameter is within a close range.

13.2.2.2 Heat Transfer by Convection

The main heat transfer through a pellet charge is realized by convec-
tion. The following data on heat transfer by convection are available. The
convective heat transfer to a pellet bed through which gas is flowing is
represented in a manner generally valid by the non-dimensional Nusselt
number:

AL Fnpr ¢ - _— 11}

where 1¢; is the convective heat transmission coefficient referred to the
pellet bed surface (W -m™%- K™Y).

The dependence of the convective heat transmission coefficient on flow
conditions, characterized by the Reynolds’ number of the pellet bed of
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uniform size can be represented according to Jeschar **°) as follows:

3 2 ,"u’l_ =0 005 Reen (12)

In the case of charges composed of pellets of different diameters, the
Reynolds’ number and average pellet diameter have to be calculated
accordingly, as expressed in the following equation:

V,

—_— ] . | + R¢

2 % + 0.005 Recy (13)
which refers to ideal and smooth balls. In general, pellets show notable
deviations from the ideal spherical shape, which for pellet charges amount
to about 40—60% of the theoretical value.

The equations 11, 12 and 13 are typical for conditions in the shaft
furnace and on the travelling grate. Fig. 138 shows the coefficient of heat
transmission 3 as a function of the temperatures for both gas velocities.
The gas velocity is referred to 273 K, 1 bar and to the voids inside the
charge. As is apparent from the temperature dependence, heating and
cooling processes in high pellet beds can be calculated more exactly if the
total bed height is divided into a certain number of smaller layers. On the
other hand, an average coefficient of heat transmission may be assumed.
The convective heat transmission in the rotary kiln mainly refers to the
area of the charge over which the gases flow. Therefore, the 1 value can
be neglected. The convective heat transfer in the rotary kiln charge is

- -

Fig. 138. Convective heat transfer by gas flow through a pellet bed
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smaller by one order of magnitude than the heat transfer on the travelling
grate and in the shaft furnace.

13.2.2.2.1 Heat Transfer to the Pellet Charge on the Travelling Grate. As
concerns the pallet sectional area shown in Fig. 136 the heat transfer rules
are comparatively simple, whereas they become more complicated if the
pellets on the travelling grate are taken into consideration. In travelling
direction the waste gas outlet temperature follows, with some delays, the
hot gas inlet temperature at the same location. Due to this “cross-flow
effect”, the calculation of temperature gradient in the pellet bed becomes
complicated. In this case, heat balances of small differential layers of the
total bed and the travelling time are established as in a similar way shown
for the drying progress in Fig. 144. To compensate for this delay, an after-
firing section is incorporated in the firing cycle, see Fig. 84. This figure
shows the temperature gradient in conjunction with the individual process
stages and for different ore types on the basis of the results of computer
calculations. These calculations tally with measurements made in labo-
ratories and industrial plants.

13.2.2.2.2 Heat Transfer to the Pellet Charge in the Shaft Furnace. One
advantage is the good heat economy. Compared to materials usually
treated in shaft furnaces, pellets represent a uniform and porous bed. The
pellets are moving downwards by gravity. Friction between pellets and
brickwork and between individual pellets may have some detrimental
effect on the pellet quality so that the residence time, temperature profile
and gas distribution may be impaired. The uniform gas flow through the
bed sectional area, which is important for the heat transfer, is better
ensured in the travelling grate, where the pellets are transported under
controlled conditions. Fig. 122 shows diagramatically a pelletizing shaft
furnace and the temperature profile. The heat transfer mechanisms (1), (4)
and (5) described in Fig. 136 are also valid for the shaft furnace charge.
Since, inside the furnace no big cavities exist, the heat transfer from gas to
pellets is almost completely accomplished by convection (1). The same
applies to the heat emission from the hot pellets by cooling air in the
lower stove.

13.2.3 Heat Transfer to the Pellet Charge in the Rotary Kiln

The partial steps of heat transfer from the heat sources to the pellet bed
in the rotary kiln are illustrated in Fig. 139 and marked by numbers
corresponding to the various heat transfer mechanisms. They show some
substantial differences compared to the travelling grate technology. When
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Fig. 139. Heat transfer to a pellet layer moving in a rotary kiln

the pellets roll down on the bed and inner kiln shell, approximately 90%
of the necessary heat energy is supplied to them by gas radiation (2) and
brickwork radiation (3). For a short time the pellets reach temperatures,
which are only slightly below the gas temperature of the free furnace
volume. However, this temperature rise only refers to a low bed height of
3—4 pellet diameters. Due to the kiln rotation, the surfaces of the
highly heated pellets are pulled into the charge at the lower end of the
pellet bed. They give off some of their surplus heat to cooler adjacent
pellets. Due to the iifting effect of the bricklining cooler pellets pass over
to the charge surface, where they are further heated by radiation.

In the case of the rotary kiln, an additional mechanism (6) is added
contributing heat energy by the continuously varying contact between
charge and brickwork. Owing to the heating of brickwork above the pellet
bed, a small amount of heat, the storage heat, is absorbed and partially
given off to the cooler pellet charge if the brickwork moves under the
latter. However, this effect is not important due to heat loss by radiation
to the environment. The magnetite oxidation (5) does not make any
notable contribution as a heat source since practically no current of air is
flowing through the pellet charge and the oxidation thus only proceeds
slowly. The total heat transfer in the rotary kiln is complicated and still
the subject of investigations. The components (1), (2), and (3) are
calculable to some degree. As the heat transfer by convection is insignifi-
cant, the considerations concerning heat conduction by radiation are more
important.

13.2.4 Heat Transfer by Radiation

The heat transfer by radiation can be initiated by radiant gas molecules
and a radiant solid, such as the inner surface of the brick lining in the
rotary kiln above the charge.
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13.2.4.1 Gas Radiation

The calculation of this heat transfer method was primarily promoted by
Hottel and his colleagues ™). An extensive survey of the state of knowl-
edge in this field is given by R. Jeschar '*'). Polyatomic gases, such as
CO,, H,0, CH,, SO, radiate and absorb in certain regions of wave-
length according to how the frequency of vibrations of atoms in a
molecular compound tallies with the frequency of the electromagnetic
radiation. The calculation is complicated if the regions of wavelength for
individual gas constituents intersect and if red-hot solid particles are con-
tained in the gas flow. which is called “solids radiation™ **?). The example
given below refers to radiant gases. Radiation heat can be transferred to
the pellet surface (P) g .p or to the furnace wall (w) gg.w The ap-
proximation method developed by God *) is adopted for numerical
evaluation. With reference to Fig. 139 and analogously to Fig. 136 — firing
space above the pellet bed — the formula for the radiation heat
transferred from gas to pellet bed surface is the following:

Cs is the radiation value of the black body. The emission factor Eg is
to be individually calculated for each gas constituent, such as CO, and
H,0O, and to be added; including correction factor 4 E

, , +Biteo =

Each addend is a function of gas layer thickness % temperature 7 and
partial pressure P-, inc Pp.y In the burner hood located above
the travelling grate, distance H between the inner hood surface and the
pellet surface may be assumed for S. For the rotary kiln, an “equivalent”
gas layer thickness S; is used, which, according to Schack '**) is
Si=09D of the furnace diameter. Under the radiation conditions
during pellet induration, the emission value can, according to Hottel '#*),
be assumed as 0.95.

According to the equations 14 and 15, heat is also given off by gas
radiation to the wall above the pellet bed ¢,=¢g.w with the surface
temperature 7 having to be replaced by the wall temperature T, in
equation (14). This component can be neglected within the scope of the
above considerations.

13.2.4.2 Kiln Lining Radiation

The heat reflected by the brickwork as solids radiation gw.; to the
pellet bed surface is also of importance and calculated according to the



278 13 Some Theoretical Considerations

Between the vault and the pellet bed, part of y. . is absorbed by gas
and therefore does not pass onto the pellet surface. This is the heat
radiation, which, according to equation 14, the gas would emit itself if it
had the wall temperature T

Consequently, the brickwork radiation (3) is the difference between two
heat flows:

4. =q,— g

The total heat amount transferred to the pellet bed by gas radiation (2)

and brickwork radiation (3) is then:

{17)

According to calculations the major portion of heat is transferred via
solids radiation and not via gas radiation. Compared to the travelling
grate and shaft furnace the heat conduction by radiation is about three
times as high in the rotary kiln whereas the convective heat transfer is
predominant in the shaft furnace and on the travelling grate, Table 35.

13.2.5 Heat Conduction

As shown in Figs. 136 and 138 there is yet another possibility of heat
transfer by direct heat conduction. It can be effective in two ways: By
conducting the heat from the pellet surface to the core and by direct
contact from pellet to pellet at different temperatures by points of contact.

13.2.5.1 Heat Conduction Inside the Pellet

The heat conduction inside an individual pellet is important because it
influences the necessary minimum firing time 7, This is the time
needed to transfer the heat, required for proper induration from the pellet
surface to the pellet core. In the case of the various heat transfer methods
described above it is supposed that the pellets are already dry and no other
thermal influences become active. The pellet is heated in a surrounding
gas medium of a specific temperature. This temperature is not constant,
but varies with different velocities according to process application in
shaft furnaces, rotary kilns or travelling grate plants. For pellet heating at
a temporally varying ambient temperature, equations, whose evaluation is
very complicated, were developed !*). Starting from a constant ambient
temperature, it is possible to ascertain by an approximation **¥) a theo-
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-

Fig. 140. Minimum firing time required for heat transfer into single pellets of dif-
ferent size

retical minimum firing time for different pellet diameters limited to a
mean calorific value, as is diagramatically demonstrated in Fig. 149.

13.2.5.2 Heat Conduction by Points of Contact

Heat conduction by points of contact is only possible if adjacent pellets
are of different temperatures. Since on the travelling grate the individual
pellets have a relatively restful relationship to each other, the individual
pellets situated at the same level are supplied with the same amount of
heat so that between adjacent pellets the necessary temperature drop does
not really exist, but only for pellets in two layers one above the other. In
the shaft furnace and rotary kiln, the pellets are moving and the points of
contact change continuously. In the rotary kiln, a temperature balance can
be achieved by the mixing of hot pellets with colder ones during the
rolling movement. However, it is more important that the rolling move-
ment causes cooler pellets on the bed surface to be constantly further
heated by gas and brickwork radiation.

13.3 Green Ball Drying

To satisfy the relevant thermal requirements it is necessary to coordi-
nate the heat supply and the temperature of the heating gas. This is of
particular importance during green ball drying, because an additional
factor is to be considered, namely the water evaporation.
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Under items 2.2.1 and 5.4.1, important factors for successful drying
were experimentally investigated and described. In the light of the
preceding considerations, the knowledge of heat transfer specifically for
drying is of great interest. In this connection, drying only means the
expulsion of the water required for green ball formation, which is
contained in the grain surface and in the capillaries between the
individual grains.

In the three well-known firing processes, the drying is exclusively
carried out with hot gases flowing through the pellet charge. Therefore,
the following considerations are limited to heat supply by convection of
a ball charge at a preponderantly turbulent flow of heating gases.

Thy drying process starts simultaneously on an individual pellet and in
the pellet charge. For better understanding it is considered separately.

13.3.1 Drying of an Individual Pellet

The drying process of a moist porous body corresponding to an
individual pellet is diagramatically shown in Fig. 141. Hot gas of tem-
perature T- flows towards the moist pellet, which has an initial mass of
VI, and the heat of the gas causes part of the water to evaporate from the
pellet surface. The drying process results from the change in weight of the
drying pellet. Drying is terminated when the weight M| of the pellet no
longer shows any change. The pellet moisture X can then be ascertained

according to the following equation:
. .i-.r-.', = -"!i'
Y =————— 100 1In ¥ (1%)

My

which corresponds to the difference between wet and dry mass divided by
dry mass. In practical operation, the moisture content is often related to
the wet mass, as is described under item 2.2.1.1. The drying proceeds from
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Fig. 141. Influence of hot gas flow on drying of a green pellet
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Time —————

Fig. 142. Drying progress of a moist pellet

the surface in concentric “skins”, shown as dotted rings in Fig. 141,
through various stages into the pellet core, as is also shown in Fig. 15.

The time-related drying procedure X(r) is proportional to weight
decrease M (f) as can be seen from Fig. 142A. The greatest weight
reduction takes place in phase [, see Fig. 16. As a result, phase I also has
the highest drying velocity mp (Fig. 142B). It is represented by the
following equation:

Mpp= Mo (Ppp— Pps) (19)
i Rp- 1T

If the steam pressure on the pellet surface P is approximately equated
with the saturated steam pressure P. at a surface temperature 7.
evaporation values of up to 40 kg/m*h can be calculated for the
individual pellet. A comparable amount would be 100—150 kg/m?h for a
sinter mix.

In phase II, the water has already been evaporated from the surface.
The drying front shifts towards the pellet core. The steam arising must
cover a longer diffusion distance S through the capillaries which are
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Fig. 143. Relation between drying gas and pellet surface temperature

already dry. Consequently, the drying velocity slows down accordingly,
mpi. It drops to zero when the water in the capillaries also
evaporates and a constant weight Mp: is reached Fig 142B. If
combined water is still present, phase III, weight variations have to be
detected by using sensitive thermo-scales.

The drying procedure during the individual phases also results in a
change in the pellet surface temperature, which corresponds to the drying
gas temperature, Fig. 142 C.

For evaporation of water from hydrates, higher temperatures are
necessary, phase IIT

During drying, the specific surface temperature of pellets is obtained for
each relevant drying gas temperature. These temperatures are shown in
Fig. 143 for two different climatic zones according to calculations by 0.
Krischer *%).

13.3.2 Drying of a Pellet Charge

When the drying takes place by a hot gas flow through a pellet charge,
the fundamental rules*) do not change compared to the drying of a
single pellet. However, the mathematical correlations become more com-
plicated, since the condition of hot drying gases changes according to time
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and place whzn they enter the pellet charge. The drying procedure in
three superimposed pellet layers is shown in Fig. 144 A—E for consecutive
drying steps under equal conditions of drying gases. The drying proceeds
in three phases I—II but has already been terminated after phase II when
it is assumed that only adhering water would exist.

In the initial stage A, before drying starts, the entire layer is uniformly
moist, temperature and moisture content are unchanged, 7, X, . In step
B, the drying has commenced. The drying gas with the temperature T
and a moisture content ;pr flows upwards through the pellet bed. The
moisture content from the bottom layer has partly been expelled and the
moisture content is smaller than X .. The drying air is oversaturated with
steam and the excess steam condenses on the second, the cooler pellet
layer, whereby its moisture content becomes higher than it initially was.
The surface temperature is increased from T to 7. by condensation
heat. The third and the following layers are unchanged under given con-
ditions. The exhaust gas is nearly saturated.

The drying process continues in step C. Now the bottom layer is
already dry, the central layer is partially dried and the top layer is
overwetted. The exhaust gas is still nearly saturated. The pellet tempera-
ture 1s about the same as in step B.

At a further drying gas supply, the bed becomes completely dry, D to E.
The surface temperature of the pellets and the drying gas temperature as
well as the humidity of the exhaust and drying gas have balanced out. In
an unmoved bed with many pellet layers through which hot drying gases
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Fig. 144. Water content variation in a green pellet layer during drying
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are flowing, evaporation velocity, drying time and temperature gradient
can be calculated on the basis of similar conditions.

The space-time development of the drying process in a green ball layer
can be simulated in a step-wise calculating procedure. On the basis of a
computer simulation ‘%), such a result is diagramatically illustrated in
Fig. 145. The pellet charge of 30 cm thickness is divided into 30 partial
layers y, each | cm thick. The heat balance for each partial layer was
established:

“Cooling of hot drying air = heating of pellets + water evaporation”.

The drying situation was ascertained after 1—4—7 minutes from the
moment of drying gas inflow in one direction as “updraught drying”.

The following curves give information concerning the various drying
times and the respective bed heights:

(a) thesituation after one minute of drying:
() The temperature in the pellet bed just above the hearth layer
rapidly drops from about 175 °C to about 40 °C at a bed height of
10 cm from bottom and remains unchanged for the rest of the charge.
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Fig. 145. Influence of time on the drying process of a green pellet bed
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(1) The average moisture content in the lower part of the bed is less
than the moisture content of the green pellets but from a level of
above |0 cm of bed height the moisture content is higher than that
of green pellets.
(;) The humidity of the drying gas is increasing and the gas is satu-
rated at about 20 cm of bed height.

(b) The situation after four minutes of drying:
() A greater part of the pellet bed already has a higher temperature.
But at the top of the bed the temperature of 40 °C is still prevailing as
before.

) The pellet bed is already dry for the first 12 cm from charge bot-
tom. From this level the moisture content increases and exceeds the
normal value just below the top level of the pellet bed.

(1) On the bed surface the drying gas contains about 95% humidity.
(c) Thesituation after seven minutes drying is as follows:
(2) The temperature in the bed rises and reaches about 75 °C on the
bed surface.
() The pellet bed is almost dry over a height of about 25 cm.
(;) The humidity of the escaping gas is not higher than that of the
incoming drying gas.

The computed values explained above in Fig. 145 show a good con-
formity with the corresponding measured values shown in Figs. 17, 18 and
144,

Since the rules of the proper drying procedures are known, it is possible
to make available dry pellets of good quality for further thermal
treatment.



Final Remarks

For fine-grained iron ore particles, pelletizing is an efficient alternative
to down-draught sintering. Despite the generally acknowledged favoured
pellet properties, the initially great expectations concerning the improve-
ment of the blast furnace operation were worldwide not equally realized
although the metallurgical behaviour of pellets is, in general, better than
that of many lump ores and practically equivalent to that of sinter.
Fig. 146 ") explains the different behaviour of lump ores, sinter and pel-
lets of various basicity during reduction.

The uniform spherical shape of the pellets caused some difficulties by
segregation from the other components of the blast furnace burden when
major quantities were used. This problem was overcome by the applica-

Nearse of reduction after BOmin_ occording | S MY

Fig. 146. Reducibility of different ores, sinter and pellet types — correlation between
two different testing methods
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tion of a more suitable charging technique in which material of similar
size and shape is charged in corresponding layers.

Another alternative was to crush pellets of large size into pieces and to
charge these pieces into the blast furnace ''). By comparing the
behaviour of this material with sinter and uncrushed pellets of smaller
size, some benefits were found. Therefore a shape other than the spherical
shape could be imaginable.

The use of pellets is, no doubt, of decisive importance for the introduc-
tion and progress of the direct reduction processes. In this connection a
remarkable contribution is made to the successful development of the
steel plants with lower capacity (Mini-steel plants) in which steel is
directly produced, bypassing the blast furnace. This development is only
at the beginning and will be of increasing importance for many countries
in the future. Since pelletizing is closely connected with these new steel
technologies, it will participate in the future growth accordingly.

The advantage of the lower heat consumption for pellet firing as
compared with sintering decreases in view of the fast increasing fuel oil
prices. Attempts to partly replace the fuel oil by coal should be con-
tinued 676,

The ever increasing costs for agglomeration lead to considerations for
direct processing of fine-grained iron ore particles into steel without
agglomeration. Efforts in this direction should be intensified even if a
notable success appears hardly realisable for the present.
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cone crusher 73
gyratory crusher 73
Dewatering 66
Drying drum 66, 67
Electrostatic separator 60,73
Extruder 54
Filter 66
aids 66
cake 76,77
clothing 66
Flotation 71,78
Gravity separation 57
Humphrey’s spirals 57
Reichertcone 57
Grinding 64,65
balls 64
circuit 64, 65,74
costs 64
drum 64,65,74,75
energy 63,75,76
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liberation grinding 59, 64

mill 64,75

pebbles 64,74

rods 64.74

surface grinding 64
Homogenizer 192, 193
Hydrocyclone 64, 65
Magnetizing roasting 59, 60, 72, 73

in fluid bed 59

in rotary kiln 59

in shaft furnace 59
Magnets, drum 58. 59

high.low intensity 59,72

wet, dry 59,73
Mixer

batch type mixer 79, 193

fluffer mixer 77

passage mixer 193

pekay mixer 193

screw mixer 198,203
Screens

roller screens 198,209, 212,213, 237

vibrating screens 198,209
Transportation, handling

belt conveyor 198

roller conveyor 212,213,237

rolling belt conveyor 213

Equipment — Operation—
Pellet induration
Annular furnace 243
Circular grate 242
Grate-kiln 215,223-229
charging device 224
cooler 226,229
dimensions 228,229
gas flow 224
heat consumption 226
treatment 224,225
kiln, rotary 225,229
travelling grate 224,229
Heat-Fastsystem 242
Shaft furnace 215,216-223
charging, feeding 219
chunk breaker 217,222
cooler 221
dimensions 222
firing, heating 220
gas flow 222
long furnace type 217
medium furnace type 218
operation, heat consumption 221,
222
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Travelling grates 215

general features 231

Lurgi-Dravo system 235
charging device 237
cooler 239
dimensions 241
gas flow 239
hearth-side-layer 238
heat treatment 239
operation. heat consumption

238-240

pallets 238

McKee system 233-235
charging device 233,234
cooler 234,235
dimensions 235
gas flow 234 -
heat consumption 233,234

treatment 234,235
Up-draught travelling grate 232,233

Fuels, used

Anthracite 138

Coals 138,225,232,233

Coke breeze 13, 14,139

Fuel oil 222,225,233,239

Magnetic oxidation 220,224, 233,239
Natural gas 222,225,239

Iron bearing minerals

Iron bearing material. secondary

sources

blast furnace dust 52, 136
slag 52, 136

BOF dust 52, 136
slag 52,136

inplant fines 52, 135, 136

iron ores, bearing tramp elements 48,
52, 184-191

leached products 189, 190

Millscale 52, 136

Pyrite. Pyrrhotite cinders 52,
184-188

return material 131, 132

Iron compounds

Chalcopyrite 52

Goethite 50

Hematite, concentrate 49,
62,81, 117, 134, 137, 139, 147,
151, 152, 154, 166

Hematite-Limonite 62, 81

Hydrohematite 50



300 Subject Index

Ilmenite 189

Iron glance 49

Lepidocrocite 50

Limonite 50

Magnetite, natural concentrates 6,
7,48,62,81, 122, 125, 135, 137,
139, 146, 148, 149, 155, 156, 181
artificial concentrates 52,59,

60, 149, 150

Magnetite-Hematite 62,81

Martite 49

Pentlandite 52

Pyrite 50

Pyrrhosiderite 50

Pyrrhotite 52

Siderite 50

Iron compounds, Products

Calciumferrites 153

Fayalite 175

Wistite 166, 167

Iron ore type and some characteristic

names

Bomi Hill (Magnetite), Liberia 129

Chowgule (Hematite, Limonite),
Goa, India 51

CVRD (Hematite), Brasil 22,51,
101, 129

Earthy hematite 49

Hamersley (Hematite), W. Australia
22,51

Ttabirite 48

Jaspilite 48

Kiruna (Magnetite), Sweden 129

Krivoj rog (Magnetite), USSR 129

Mano river (Hematite) 129

Marcona (Magnetite), Peru 129

Minette 48

Roberiver (Limonite), W. Australia
51

Specular hematite 49

Sydvaranger (Magnetite), Norway
129

Taconites 48
Venezuela fines (Hematite),
Venezuela 12,51

Laboratory

Applicationrange 68-70

Davis tube 72

Flow sheet for magnetic separation 73
for ore preparation 70

for ore washing 7}

Furnace for orienting tests 84
Pot grates 85-88
Surface determination of fine grained
ores 74-75
B.E.T. method 63
Blaine method 74
Fisher subsieve sizer 75
Svenson method 74
Testing of pellet quality
crushing strength 80, 90
drop numbers 81
resistance 81
microporosity 91
moisture determination 79
tumbler resistance 90 -
Testing of pellets during reduction
91-98
reduction in blast furnace 93-95
crushing strength 90
Low-Temperature Disintegration
test, static 93
Low-Temperature Disintegration
test, dynamic 94
Reduction under Load test
(RuL) %4
Reduction in furnace for direct
reduction 96-98
Direct Reduction Disintegration
Stability test (DRDS) 96
Low-Temperature Disintegration
test, dynamic 96
Sticking test (RMC) 96
Swelling test 96
Sometimes used other methods 95
Gakushin test 95
Linder test 94

Pellets in blast furnace burden 2, 5,
20,21

Charging 253

Chemical composition 160-162

Mechanical properties 251

Pellet proportion, future trend 255, 256

Pellets and Sinter 253-255

Pellets, definition 3

developmentstages 5-15
properties 17,81, 89,97
size 17

distribution 17
transportability 20
typical plant locations 20
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Pellets for direct reduction 5, 18,
19,257,258

Future trend 258
Pigiron 5

Process features

Ball formation, green pellets 24-28,
99-140,263-267
additives, binders 81, 109-137, 140
balling alternatives, compacting
25,28
bonding forces 26-28,263-265
bridge formation, capillary ran-
ge 26, 263-265
transition range 26, 263-265
capillary bonding forces 24,26,
263-265
electrostatic bonding forces 24
magnetic bonding forces 24
surface tension bonding forces 24,
27,263,265
Van der Waals bonding forces 24
bulk density 83
crushing strength 80, 111, 112,114,
118,119, 122, 125, 126, 128, 133,
137, 139, 263, 265
drop numbers 81,112, 114, 119, 128
resistance 81
grainsize 62-64, 100—104,265-267
distribution 62-64, 100104, 266
handling, screening, transportation
198,212,213,219, 224,232,234,
237
moisture 26-28,79,105-110,
263-265
saturation 265
rolling forces 25,27, 28, 194, 195,
200,201,204, 266, 267
specificsurface area 62-64,74,75,
100-104, 117-121, 126
Benefication
chlorination, chloridizing 183-188
electrostatic separation 60, 61,73
elimination, recovery of tramp-
elements 183-191
flotation 58,61,71
gravity separation 57,61,71
magnetic separation 58,59,71,72
magnetizing roasting 59, 60, 72
washing 57,61,70,71

Drying of green pellets
crushing strength, dry pellet 36,
81,108, 111,112, 114, 119, 125
126, 128, 133, 137, 144, 146
shock temperature 37, 142
resistance 142
drying gas, flow direction 34, 35
gas temperature 37, 141, 146, 281,
282
gas velocity 143, 146
of green pelletlayer 33-35, 141146,
282-285
ofindividual balls 30-33,280-282
stages of individual balls 31, 32,280,
282
time 141, 143, 156, 157
Induration of pellets by binders
181-183
Cobo, MTU process 182, 183
Grangcold process 181
Induration of pellets by heat treatment
abrasion 81,91, 103, 113, 120, 126,
128, 130, 137, 160, 187
additives 45, 113, 120, 123, 125, 126,
128, 130, 134, 135, 137, 139, 187,
189, 190
bonding forces, calcium ferrites 44,
153
crystal change 39, 40, 41
crystal growth 41, 42,45
intergranular phases 43-45
cooling 45,46, 156, 157,185,186,
217,218,221, 222,224,226,232,
234,235,239,242
crushing strength, see additives, 81,
90, 102, 103, 113, 120, 123, 128,
130, 147, 150, 152
firing, after 156, 157
atmosphere 149
temperature 40-43, 113,123,132,
134, 135, 147, 150-152, 156, 157,
184, 186, 189, 190, 220, 222, 224,
234,238,239
time 156, 157,222,239
grain size, distribution 62-64,
100-103
heating pattern 155~ 158
hematite, decomposition 154, 155
oxidation, Magnetite 148, 149
preheating 146, 155158
specific surface area, see process
features, ball formation
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Reduction, hematite pellets 159-178 Reduction, magnetite, wiistite pellets
structural change by 178 - 181
additives 170-174 reaction, metallic iron with
anisotropism 168, 169 oxides 164, 165
basicity 173-176 : swelling 166175
crystal change 165-169 testing, see laboratory

ferrites 176
ganguereaction 161, 169, 170, 173
reduction temperature 176-—178



