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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 worldwide upswing in the iron and steel industry. Many damaged or destroyed 
production facilities had to be replaced, reconstructed and extended. This 
was a good opportuni ty of revising the product ion concept of the iron and 
steel industry and introducing innovations where it was possible and pro-
mising. 

This renewal covered i. a. two impor tant 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 product ion of about 10,000 tons 
per day. 

In addition, remarkable progress was m a d e 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 preparat ion 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. F rom 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 f rom this operat ion 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 permeabil i ty of the blast furnace burden greatly improv-
ed the pig iron capacity increased and the coke consumption decreased. 



2. Thermal Separation of Volatile Ballast Materials from Raw Materials 

A fu r the r i m p r o v e m e n t of the blast fu rnace opera t ion was achieved by 
removal of volati le ballast mater ia l , such as H 2 O or C O 2 , f r o m raw ores 
dur ing sintering or pelletizing before they enter the blast furnace . Such an 
ore p repa ra t ion is of par t icular impor tance w h e n Minet te or l imoni te ores 
have to be t reated. There are plants in which the blast fu rnace b u r d e n con-
sists of 100% sinter. 

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

By mechanica l benef ic ia t ion, it is possible to r emove a great por t ion of 
minera l ballast components f r om the iron ores before they enter the blast 
furnace. But the concentrates so p roduced are very f ine-grained, and ag-
g lomera t ion is thus necessary. This agglomera t ion is achieved by sintering 
and pelletizing. T h e pelletizing process was in t roduced on an industr ia l 
scale as a new agglomera t ion me thod and an al ternat ive to sintering. 

4. Change of Chemical Composition of Ores During Agglomeration 

T h e possibil i ty of mod i fy ing the chemical composi t ion of the ores by 
using corresponding addit ives dur ing agglomera t ion leads to the desired 
change or improvemen t of metal lurgical proper t ies of the agglomerates . 

F r o m this p rocedure resulted the p roduc t ion of basic or even over-basic 
agglomerates , as a l ready proposed in 1938 2). T h e deve lopment of the ag-
g lomera t ion technology in the fo rm of sintering or pellet izing is closely 
connected with the p romot ion of the blast fu rnace technology. 

Pellets o f fe r addi t ional advantages due to the i r good t ransportabi l i ty . 
Wi th the in t roduct ion of pellets into the world marke t , the h o p e of m a n y 
metallurgists — to p roduce steel f r o m ores by direct reduct ion and bypass 
the blast fu rnace — came closer to realisation. 

T h e increasing and successful efforts to i m p r o v e the direct reduc t ion 
processes were one of the most impor tan t consequences of the newly deve-
loped pellet izing 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 f rom their origin, 
genesis, shape, crystal fo rm and chemical composit ion are to be taken into 
account for ore preparat ion and pelletizing in order to produce at any t ime 
pellets of uni form 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 part icular case, it is practically 
unavoidable to find out the op t imum parameters by the per formance of 
tests. This is a decisive factor for the concept and composi t ion 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 format ion and indurat ion 
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 s tandards are described. 

— The efficiency and kind of the individual influencing factors are to be 
found out in adequate tests for obtaining a un i form 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 al though despite many efforts some question 
have not yet been fully clarified. 



2 Introduction 

— Special processes for pellet indura t ion and the possibili t ies of uti l izing 
unusual raw mater ia ls are deal t with in Chapter 7. 

— A survey of the m a i n e q u i p m e n t and furnaces used is given in Chapters 
8 and 9. A t the s ame t ime, these chapters show the impor tance of the 
coopera t ion of process engineers, mechanical engineers and designers 
for ensuring a successful process applicat ion. 

— Fur the rmore , some comments on plant design and au tomat i c process 
control are m a d e . A direct conversion of the collected da ta to other con-
ditions should be considered carefully to avoid mis in terpre ta t ion , 
Chapter 10. 

— T h e behav iou r of pellets in the blast fu rnace or in direct reduc t ion 
plants is very essential for jus t i fy ing the appl ica t ion of the pellet izing 
process and its fu tu re impor tance , Chapters 11 and 12. 

— In order not to in te r rup t the cont inui ty of the var ious chapters by theo-
retical or ma thema t i ca l considerations, some interesting fo rmu lae and 
equat ions are compi led in Chapter 13 and s imul taneously references are 
m a d e to relevant l i terature. 
This book will nei ther be a manua l for the construct ion of industr ia l 
pelletizing plants nor gives it precise instructions for pellet p roduc t ion 
since the under ly ing condit ions considerably d i f fe r due to the great 
variety of raw mater ia l characteristics. 
T h e purpose of this book is ra ther to investigate and to descr ibe the 
possibilit ies and me thods to p roduce pellets of good and u n i f o r m 
qual i ty irrespective of the varying proper t ies of raw materials . 
T h e existing and ever increasing amoun t of l i terature was considered in-
sofar as it was useful for the conf i rmat ion and suppor t of relevant 
theories, pa rame te r s and correlations. 



1 Definition and Development of Pelletizing 
Process 

1.1 Definition 

Pellets are balls produced f rom concentrates and natural iron ores of 
different mineralogical and chemical composit ion with some remarkable 
properties such as: 
— uniform size distribution within a ma in range of 9—15 m m diameter 
— high and even porosity of 2 5 - 3 0 % 
— high iron content of more than 63% iron 
— practically no loss on ignition or volatiles 
— uniform mineralogical composit ion in the form of an easily reducible 

hematite or hemati te-bear ing compounds 
— high and uni form mechanical strength 
— low tendency to abrasion and good behaviour during transportation 
— sufficient mechanical strength even at thermal stress under reducing 

atmosphere. 

1.1.1 Di f ferentat ion Against Other Iron Ore Agglomerates 

The simplest and earliest process for agglomerat ing fine-grained raw 
materials is briquetting. Fine-grained iron ores, for example, are pressed 
into briquettes with the addit ion of some water or another binder under 
high mechanical pressure. These briquettes may undergo direct fur ther 
treatment or thermal processing before their use. Al though 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 br iquet t ing units is li-
mited when compared with the enormous quanti t ies of f ine ores or concentrates to be agglomerated. 

The briquett ing process is still utilized to agglomerate small quantities of 
dust or other circulating materials. This process has, of late, acquired 
growing importance for briquett ing of fine-grained sponge iron. 



4 I Definition and Development of Pelletizing Process 

Fig. 1. Comparison of Briquettes, Pellets and Sinter 

T h e second and presently mos t impor tan t agglomera t ion process is 
down-draught sintering. It d i f fers f r om pellet izing by var ious character-
istics, such as: 
— feed of coarser-grained ore particles up to a d i ame te r of 8 m m 
— coke breeze as m a i n energy source 
— heat ing up of the granula ted mix to slightly above the sof tening 

t empera tu re 
— the final p roduc t consists of a spongy sinter cake, part ly molten, which 

by crushing, gr inding and screening, is b rough t to the necessary grain 
size of 5 - 3 0 or 5 - 5 0 mm. Fig. 1 shows the d i f fe ren t outer shape of 
the agglomerates p roduced according to the three processes. 

1 .1 .2 Pr inc ipa l P r o c e s s S t e p s for the P r o d u c t i o n of Pe l l e t s 

T h e first stage is the fo rmat ion of green balls. F ine-gra ined iron ores 
having adequa t e size dis t r ibut ion are rolled with the addi t ion of a wett ing 
l iquid, usually water , in sui table devices such as d rums or discs. In this 
way, wet balls are fo rmed , the so-called green pellets. D u r i n g the ball 
format ion , it is also possible to use other addi t ives for improv ing the 
propert ies of green and f i red pellets, e.g. bentoni te , and for changing the 
metal lurgical p roper t ies of the indura ted pellets, e.g. l imestone or do-
lomite. 

In a second step the green pellets are dr ied and indura ted to ob ta in the 
typical fea tures of pellets. This is achieved, in most cases, by carefu l 
heating under oxidizing a tmosphere to just below the sof tening point of the 
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ores used. Dur ing this heat ing, not only the crystal l ine s t ructure is changed 
but also other bonds appear , such as react ions be tween s lag- forming con-
sti tuents — both be tween each other and with i ron oxides. 

The hot pellets are carefully cooled in o rde r to m a i n t a i n as far as 
possible the result ing crystalline s t ructures and o ther bonds as well as to 
avoid tension cracks. 

Green pellets can also be indura ted by hydraul ica l ly acting binders , e.g. 
cement or ca lc ium hydroxide , possibly by using s team u n d e r h igh 
pressure. However , some proper t ies of such pellets d i f fe r f r o m thermal ly 
indura ted pellets (see Chap . 7). 

1.2 Development of Pelletizing Process 

Iron ore agglomerates , be they br iquet tes , s inter or pellets, a re not the 
final products . They are fo rmed f r o m such f ine-gra ined iron ores which, in 
this physical shape, cannot be utilized and serve as an in termedia te product 
on the way f r o m the ore mine to the blast f u r n a c e or direct r educ t ion 
plant. T h e sole purpose of agglomerate p roduc t ion is to keep the cost pr ice 
of pig iron or steel at the lowest level. F o r m a n y years until a b o u t the tu rn 
of the century, the iron ores charged to blast furnaces had been crushed and 
partly classified ei ther at the m i n e or at the i ron and steel works. In this 
case l ump ores were p re fe r red a l though small por t ions of fine ores could 
be tolerated. 

As a result the fines which were not uti l ised f o r m e d cont inuously grow-
ing d u m p s with no economic use. They could only be employed to a 
l imited extent in the blast fu rnace since they decreased the gas pe rme-
ability of the blast fu rnace bu rden in an i r regular m a n n e r and d is turbed 
the blast fu rnace opera t ion. 

Moreover , a great pa r t of these fines was b lown out of the blast fu rnace 
and had to be recovered as f lue dust. These dust quant i t ies represented a 
considerable i ron value which, l ike the unused fine ore d u m p s , was lost; 
this was of lesser impor tance in countr ies wi th great i ron reserves than in 
those with small i ron reserves. T h e a m o u n t of the accumula t ing dust 
depends largely on the ore type t rea ted . In the case of Mine t t e or o ther 
ores with a h igh loss of ignition, it is substant ia l ly greater t han in the case 
of high-grade, dense ores with a small loss on ignit ion. 

Possibilities were examined and tests to agg lomera te the f lue dust by 
sintering or briquetting and to recycle it to the blast fu rnace were started at 
approximate ly the tu rn of the century in var ious industr ia l ised countr ies 
a l though with d i f fe r ing intensities. Count r ies wi th impor t an t i ron reserves 
were less interested in this agglomerat ion. T h e y considered sintering as a 
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"necessary evi l" 1sobrescrito). T h e s i tuat ion was qui te d i f fe ren t in countr ies with 
small ore reserves. H e r e the deve lopment of t he sinter process cont inued 
intensively and not only flue dust bu t also o ther i ron-bear ing secondary 
raw mater ia ls such as pyri te cinders, mill scale or red m u d were of great 
interest. T h e sintering of fines, ob ta ined dur ing the crushing and screening 
of unclassified l u m p ores, was also gaining significance. 

At abou t the s ame t ime, some researchers were looking for an al terna-
tive process to sintering, especially in areas in which very fine ores or con-
centrates were available. This was the beginning of the pellet izing process. 

1 .2 .1 First P h a s e , Alternat ive to S in ter ing 

T h e d i f fe ren t stages of development , progress and speed of in t roduct ion 
of the sintering process, especially if very fine i ron ores were to be t reated, 
led to considerat ions for improv ing the process and finally for developing 
an al ternat ive to sintering, namely pelletizing. 

Above all, countr ies such as Sweden or G e r m a n y 2 ) , which in the very 
early days h a d a l ready been compel led to give par t icular a t tent ion to 
sintering, had to solve the p rob l em of processing increasing amoun t s of 
very fine concentrates. U p o n using m a j o r por t ions of such fines in the 
sinter mix, l imits on the specif ic p roduc t ion capacity of sinter plants 
became evident. Th is b rough t about , first in Sweden, the deve lopment of 
pelletizing. Concent ra tes were no longer added to the sinter mix but were 
separate ly f o r m e d into balls with the addi t ion of water and then indura ted 
by using b inders or in a thermal way. Such a pa ten t h a d a l ready been 
granted in 1912 under No. 35 124 to the Swede A. G . Andersson. Un-
fortunately, no fu r the r details or metallurgical results were pub l i shed 3). 
Almos t s imul taneously , s imilar research and deve lopment work was 
started in G e r m a n y . In 1913, a G e r m a n pa ten t N o . 289606 was granted to 
the inventor C. A. Brackelsberg. This patent protects a process according 
to which ore f ines were mixed with water or binders , fo rmed into balls and 
indura ted at low tempera tures . 

N o consequences resulted f r o m the Swedish patent whereas Brackelsberg cont inued his w o r k 4 ) . O n e of the most interesting test results was the 
knowledge tha t the pellets ( refer red to as "GEROELL" der ivated f r o m roll-
ing) could be m o r e quickly reduced than l u m p ore or sinter m a d e of the 
s ame raw mater ia l . In the course of this work, a pi lot p l a n t 5 ) with a 
capacity of 120 tons per day "GEROELL" was buil t in 1926 for K r u p p at 
the Rhe inhausen steel plant. This plant was reconstructed in 1935, and 
a l ready showed essential fea tures of the pellet izing process. This pi lot p lant 
was d ismant led in 1937 to m a k e avai lable the area requ i red for the con-
struction of a large sinter plant . 
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In this way, the first deve lopmen t phase c a m e to an a b r u p t end. T h e 
pelletizing was forgotten. Sinter ing spread as the only impor t an t agglom-
eration process t h roughou t the entire world. T h e pellet izing know-how 
was practically lost until the way was p a v e d for the second phase , 
especially in the U S A and again in Sweden. 

1 .2 .2 S e c o n d P h a s e , P e l l e t s f r o m C o n c e n t r a t e s 

The second phase was ini t ia ted by the p r o b l e m of securing the ore 
supply f rom the Lake Super io r region, especially f r o m the Mesab i Range . 
F r o m there, m a n y iron and steel works in the Un i t ed States h a d h i the r to 
been suppl ied with h igh-grade l u m p ores and coarse-gra ined concentrates 
with an i ron content of 50% and more , d e m a n d i n g no fu r the r t rea tment . 
Dur ing and at the end of the Second Wor ld War , the reserves of such 
high-grade ores were on the decline so tha t o ther sources had to be 
opened up. O n e of the richest deposi ts in the Mesab i R a n g e conta ined 
large ore reserves, the wel l -known " tacon i t e s" which have a. low i ron 
content, abou t 30% total iron, a lmost exclusively in the fo rm of magnet i te . 
These taconites are mechanica l ly very hard . T o l ibera te the magnet i te , 
very finely d i ssemina ted th rough the ore, a very f ine gr inding was 
necessary which, a f te r magne t i t e separa t ion , yie lded concentrates with 
more than 85% fines minus 325 mesh (0.044 m m ) . 

A typical analysis of such a concentrate , hav ing been t rea ted in the p lant 
of Reserve Min ing Comp. , Silver Bay Minneso ta , is shown in Tab le 1 6 ) . 

Table 1. Chemical composition and grain structure of magnetite concentrate in pellet plant of Reserve Mining Company 8) 

Chemical analysis, dry Structure 

% mesh wt-% Cumu-
lative 
wt-% 

Fe 65.5 + 100 0.1 0.1 
SiO2 7.8 + 150 0.6 0.7 
Al2O3 0.5 + 200 1.5 2.2 
CaO 0.5 + 270 4.0 6.2 
MgO 0.6 + 325 3.5 9.7 
Mn 0.25 + 400 9.0 18.7 
P 0.032 + 500 8.4 27.1 
S 0.003 - 5 0 0 72.9 100.0 
TiO2 0.10 
Fe2+ 21.75 Specific 
Moisture, 10.00 Surface Area 
% H2O of Pellet Feed 1700 cm2/g 
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T h e high fine ore por t ion of above 96% minus 325 mesh is too fine-grained 
for eff icient s inter ing due to the low permeabi l i ty of the sinter mix. 

Around 1943 intensive deve lopment of the pelletizing process for 
taconite concentrates was started under gu idance of and at the MINES 
EXPERIMENTAL STATION OF THE UNIVERSITY OF MINNESOTA. 

W h e n this deve lopment work became known in Sweden, the Jernkon-
toret (Swedish iron and steel insti tute) in S tockholm founded a commi t t ee 
in 1946 to apply concentrates 7), a historical curiosity in r e m e m b r a n c e of 
the patent specif icat ion by Andersson. 

T h e work of the Swedish researchers, unde r the direct ion of M a g n u s 
Tiegerschiöld, soon led to the construction of several small industrial plants. 
T h e pellets p roduced in these plants were, inter alia, used for direct 
reduc t ion of i ron ores according to the Wiberg process with r emarkab le 
success 8). Th is was a first indication that pellets were part icular ly sui table 
for direct reduction and it was a decisive impulse for the f u r t h e r 
deve lopment of direct reduct ion processes. At first, pellet p roduc t ion and 
fur ther deve lopment of corresponding processes were l imited to the two 
above regions where par t icular ly favourab le condi t ions prevailed. T h e 
concentrates p roduced there were so fine-grained that they could be 
formed into green pellets without further grinding. Even if pellet izing 
ini t iated an interest ing development , o ther a l ternat ive processes for the ag-
g lomera t ion of taconite concentrates were also tested. At almost the s ame 
t ime that the first m a j o r publ ica t ion on the deve lopmen t progress of the 
new pelletizing process was m a d e in 1944 9), the Oliver Min ing Division of 
U. S. Steel Corpora t ion in Extaca, Virginia, Minneso ta dec ided to develop 
fur ther , on a large scale, another agglomera t ion me thod , the so-called 
"nodul iz ing process" for the p roduc t ion of nodules f r o m fine-grained 
taconite concentrates in a du f f coal fired rotary k i ln 1 0 ) . At the same site a 
s intering plant was buil t a l though normal ly such plants had hi ther to been 
erected near the blast furnaces. Af te r a per iod of initial troubles, bo th 
plants were s tar ted up and opera ted . However , a f te r a few years, they were 
shut down. T h e p roduc t ion of pellets — whose qual i t ies were increasingly 
gaining recogni t ion — advanced so rapidly tha t f r om then onwards 
pelletizing plants were exclusively built . In these plants, the ever-growing 
quant i t ies of concentrates p roduced could be processed successfully so tha t 
the original goal of also opening up deposi ts with a low iron content was 
fully achieved. A r o u n d 1955, the second phase of the pelletizing process 
deve lopment was te rmina ted with the s tar t -up of the two large pelletizing 
plants of Reserve Mining Co. and Erie Mining Co. with an annual capaci ty 
of 12 mill ion tons. T h e successful deve lopment of the d i f fe ren t pelletizing 
processes in the Mesab i Range is the result of intensive coopera t ion be-
tween big mining companies, e.g. Erie and Reserve Mining Co. with 
science, the Univers i ty of Minnesota as well as impor t an t engineering com-
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panies, contractors and suppliers. T h e la t ter could par t ly use machinery , 
equ ipment and structures a l ready known and approved . Two f i r ing 
systems for the indura t ion of green pellets were employed on a large-scale. 
Erie Min ing used the shaf t fu rnace 11sobrescrito), and Reserve Min ing a m o d i f i e d 
sintering mach ine 6). In Sweden, the sha f t fu rnace was exclusively used 
dur ing this per iod . 

Wi thou t the in tent ion or compuls ion of securing the fu tu re ore supply 
f rom the Mesab i Range, deve lopment of the pellet izing process would 
probably not have been started at this location. 

1.2 .3 Third P h a s e , P e l l e t s f rom O r e s 

T h e close correlat ions between s inter ing and pellet izing became explicit 
dur ing both the first and second deve lopmen t phases. Since there was no 
compuls ion at that t ime to develop fu r the r the ingenious knowledge of 
Andersson and Brackelsberg, the first p romis ing steps to pelletizing were 
soon forgotten. 

In the second phase of deve lopment the s inter process was exclusively 
conf ronted wi th ever-increasing quant i t ies of very f ine-gra ined magnetite 
concentrates, so that the p roduc t ion capaci ty was closely l imited. T h e 
enormous quant i t ies of concentrates and the necessity of f ind ing a so lu t ion 
to the p r o b l e m gave the impetus to develop pel let izing u p to a process 
appl icable to industrial operat ion. A t tha t t ime, ne i ther in the U S A nor in 
Sweden was there a need for pellet izing o ther ores than concentrates. T h e 
third phase s tar ted f r o m qui te ano the r s i tuat ion. 

Various newly developed steps fo r improv ing the sinter process were 
modi f i ed and succesfully combined to f o r m the basis for a new pellet izing 
process var iant for i ron ores and mixtures . Th i s process was developed in 
parallel to the knowledge derived f r o m the pellet izing of concentrates. T h e 
sintering of i ron ores had a very d i f fe ren t impor t ance in var ious countr ies 
according to the avai labi l i ty of ore reserves. Consequent ly , the readiness to 
give this process an adequa t e pos i t ion wi th in the context of pig i ron 
production in conjunction with the opera t ion of the blast furnace d i f fered 
greatly. This was apparen t at the end of the F i r s t Wor ld W a r as well as at 
the beginning of and dur ing the Second Wor ld War . 

T h e necessity also to p roduce pig i ron f r o m low-grade f ine-gra ined ores 
resulted in intensif ied deve lopment work in the s inter ing field 12). Th i s 
development work referred bo th to process pa r ame te r s and construct ional 
improvements of the necessary mach ine ry and equ ipmen t . T h e most 
recent deve lopmen t progress in sintering is descr ibed in a book by F. 
Cappel and H. B. W e n d e b o r n 2 ) . A g a i n af te r the Second Wor ld W a r in a 
varied raw mater ia l s i tuat ion highest p roduc t ion rates of the sinter 
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mach ine at m i n i m u m fuel consumpt ion for the p roduc t ion of agglomera te 
were the condi t ions to be fulf i l led. F lo ta t ion pyr i te cinders and Swedish 
concentrates const i tuted growing port ions of the ore mix. T h e greater 
f ineness resulted in a reduced specific ou tpu t (in tons s in te r /m 2 a rea in 
24 hours) as is clearly demons t ra ted in Fig. 2. W i t h a rising p ropor t ion of 
fines —0.2 m m a considerable ou tpu t decrease was observed 13). 

F r o m this resul ted the d e m a n d to keep the f ines por t ion approx imate ly 
—0.2 m m as low as possible. Fo r example, in G e r m a n y it was expected 
that the por t ion —0.125 m m should not exceed 10%2). T h e f ine ores at 
present avai lable on the world marke t general ly contain a m u c h h igher 
percentage of fines. According to experience, a cor responding decrease of 
ou tput of sinter plants in opera t ion t h roughou t the world would b e un-
avoidable . F o r the owners of such sinter plants suppl ied with ores f rom 
mines all over the world and not f r o m their own mines, this would m e a n 
higher p r ime costs for sinter and thus for pig iron. 

The designers and suppl iers of such sinter plants were also conf ron ted 
with the above prob lem. It was obvious that this unavo idab le def ic iency of 
fine ores had to be compensated for. T h e separat ion of fines f rom the sinter 
mix could be theoret ical ly conceivable (but d i f f icul t to realise) as is 
demonst ra ted by the test descr ibed below 14). 

A sinter mix consisting of 11 d i f fe ren t ore componen t s with a grain size 
por t ion of abou t 40% —0.5 m m was sintered at a capaci ty of X tons /m 2 per 
day af ter careful prepara t ion . The same ore was screened at 0.5 m m and 
only the coarser f rac t ion was sintered. In this case, the capaci ty rose by 
abou t 35% comp ared to the first test. 

A second m e t h o d of compensa t ing the reduced capaci ty to be expected 
would be the en la rgement of the suction area of the sinter strand. H o w -

Fig. 2. Influence of particle size on sinter productivity 
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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 f luctuations resulting 
f rom varying ore mixtures and the correspondingly d i f fe ren t fines port ions. 
N o r would the separa t ion of the very f ine part icles or the extension of the 
suction area be considered sui table measures to solve this p rob lem. 

1.2.3.1 The Two-Stage Granulation of the Sinter Mix 

Finally, the in t roduct ion of a new process stage b rough t the expect-
ed solution. A f t e r the de t r imenta l effect tha t excessive f ines por t ion has 
on the sinter o u t p u t b e c a m e known, the sinter mix pe rmeab i l i t y was im-
proved in intensive labora tory tests by f u r t h e r t r ea tment of the pre-
pared sinter mix. In these tests the p r e p a r e d mix was conveyed to a 
second mixer in which it was addi t ional ly rolled. This process var ian t 
is known as two-stage granulation (rerolling) and now fo rms pa r t of mos t 
of modern sinter plants in opera t ion t h r o u g h o u t the world. By reroll-
ing, the very f ine part icles adhe re to coarser particles. T h e ore mix 
now contains small balls and ore par t ic les with a size d i s t r ibu t ion of 
about 0 . 5 - 8 m m . Micro-pellets are f o r m e d as can be seen f r o m the 
compar ison shown in Fig. 3. A normal s inter mix and a sinter mix 
subjected to this a f te r - t rea tment show dist inct d i f fe rences in the size 
dis t r ibut ion and shape. 

The reroll ing appara tus , e.g. a d r u m , is e q u i p p e d in a d i f f e ren t way to a 
normal mix ing d rum. It is practically ident ical to a bal l ing d r u m . 

The roll ing effect and the d i f fe ren t s inter ing t ime for s o m e h igh-grade 
iron ores wi th good sintering proper t ies are shown in some tests descr ibed 

Fig. 3. Piles of sinter mix with and without re-rolling 
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Fig. 4. Influence of re-rolling of a Venezuelan ore feed on sinter plant capacity 

below which were carr ied out with and wi thout port ions of f ine-gra ined 
f lue dus t 1 5 ) . 

Venezuelan f ine ores (mix A) a re mixed with coke breeze, return f ines 
and water and are sintered at a p roduc t ion rate of 48 t / m 2 / 2 4 h. D u r i n g 
rerolling, only a very slight ou tpu t increase is observed. By the add i t ion of 
10% flue dust (mix B), the ou tpu t drops to abou t 38 tons. By rerolling over 
5 minutes the ou tpu t is re-increased to the prev ious value (see Fig. 4). A 
substantially lower specif ic ou tpu t ( abou t 22 t / m 2 / 2 4 h) is obta ined with 
another ore mix having a high propor t ion of grains - 0 . 2 m m . If this mix is 
rerolled before sintering, the ou tpu t can be gradual ly raised to m o r e than 
30 tons, which represents an increase of almost 38% (Fig. 5). 

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 s imple process variant, which is at present appl ied th roughou t 
the world, it is possible to improve the sinter mix pe rmeab i l i ty and thus 
the sinter process in such a way tha t today por t ions of m o r e than 10% fines 
- 0 . 2 m m can be used. T h e result of this improved sinter ing m e t h o d was 
that in industr ial ised countr ies purchas ing a high percentage of ext raneous 
ores (Japan, G r e a t Bri tain, G e r m a n y ) , there was bu t little incentive to in-
t roduce the pellet izing process. 

Nevertheless , the produc t ion of micro-pel le ts was the first s tep towards 
pelletizing in these countries. Th is m e t h o d of p roduc ing micro-pellets , 
virtually deve loped in G e r m a n y , was, in one par t icu la r case, adop ted to 
100% flotat ion pyri te cinders wi thout the expected success. 

1.2.3.2 Pellet Sintering 

The sinter process was then m o d i f i e d in such a way tha t not the total 
mix but only the fine raw mater ia l was fo rmed into balls of 3 - 6 m m 
d iamete r which were mixed wi th re turn fines and coke breeze and 
sintered. This process has become known as pellet sintering and is an in-
te rmedia te process be tween normal s inter ing and pelletizing. T h e f inal 
product is a sinter cake in which the pellet s t ructure of the raw mix can 
still be recognised in the finished sinter p roduc t . Such a pelletizing plant 
was opera ted for several years by C O M I N C O in Trai l , Canada . S imi lar 
results were ob ta ined in an u p - d r a u g h t pellet izing plant erected by 
Cleveland Cliffs Iron C o m p a n y nea r I shpeming , Michigan , called "Eagle 
Mill" p lan t 1 6 ) . In this p lant the total hea t requ i red was suppl ied in a solid 
state. T h e final p roduc t ob ta ined consisted largely of s inter lumps and not, 
as expected, of pellets. However , ne i ther of the process variants was 
fur ther developed. These plants are no longer in opera t ion . 

In m a n y countr ies which exclusively used the sinter process for i ron ore 
agglomerat ion, ano ther p rob lem arose, namely to supply the necessary 
solid, lean fuel , main ly coke breeze. T h e r e was a scarcity of this fuel in 
certain countr ies because d u e to the cons iderably increasing n u m b e r of 
sinter plants being buil t , the necessary amoun t s of coke breeze, chief ly 
originating f r o m coke screening, were no longer suff ic ient to mee t the 
requi rements . It was necessary to crush h igh-grade , expensive meta l lurgi -
cal coke for sintering. T h e search for c h e a p rep lacement fuel led to an 
increased use of blast fu rnace gas f r o m which ano ther process var iant of 
the normal d o w n - d r a u g h t sintering, name ly the mixed firing method, was 
developed. 

1.2.3.3 Mixed Firing Method 

Normal ly , t he coke breeze on the surface of the s inter bed is ignited by 
the combus t ion of f lue gas in an igni t ion hood . T h e igni t ion hood length 
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Fig. 6. Influence of mixed firing on sintering of iron ores 

and the dura t ion of the inf luence of the hot combus t ion gases is accord-
ingly l imited. T h e heat a m o u n t developing inside the igni t ion hood is insignificant compared wi th the solid fuel a m o u n t conta ined in the sinter 
bed. W h e n adopt ing the mixed fir ing m e t h o d , the ignit ion hood is 
substantial ly extended in order tha t a h igher gas volume can be bu rned 
and greater heat quant i t ies can be sucked in to the sinter bed. Wi th such 
extended ignit ion hoods it is possible to decrease the coke consumpt ion 
remarkably . 

F lue gas can be replaced by o ther heat sources, such as hot air of abou t 
8 0 0 0 C , oil or natural gas, according to the i r availabil i ty. Coke breeze 
cannot be replaced by hot gas to an unl imi ted extent, wi thout impa i r ing 
the plant ou tpu t and sinter strength, as shown in Fig. 6. A n advan tage of 
this me thod is the bet ter reducibi l i ty with increasing por t ion of ho t gas 1 7 ) . 
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The mixed fir ing m e t h o d is nowadays o f t en adop t ed par t icular ly in 
countries where coke breeze is expensive. Once it had been possible to 
p roduce micro-pel lets f r o m fine-grained mix tures by roll ing of balls of 
3—6 m m for pellet sintering, it was not very d i f f icul t to p roduce green 
pellets of a grea ter d i amete r and of a un i fo rm, close size range ( 9 - 1 5 m m ) . 
However , it was not yet possible to i ndura t e these pellets exclusively wi th 
coke breeze or by adop t ing the mixed f i r ing m e t h o d in o rder to mee t the 
per t inent requi rements . A consistent fu r the r deve lopmen t of this f i r ing 
technology by the exclusive use of gas or oil leads to the appl ica t ion of the 
pelletizing process. This firing technology appl icable to the f i r ing of green 
pellets f r o m iron ores was adop ted inter a l ia to ce ramic mass, glass 
constituents, burn ing of l imestone 18). 

The three deve lopment phases of pel let izing are s u m m a r i z e d below: 

First Phase — Alternat ive to Sintering: 1910—1927. Besides the s inter ing 
process unde r deve lopment , an al ternat ive becomes appa ren t , to agglom-
erate very fine-grained ores by pellet izing wi thou t any consequences en-
suing. 

Second Phase - Pellets f r o m Concentrates : 1 9 4 0 - 1 9 5 5 . P roduc t ion of very 
fine-grained concentrates increasing cons iderab ly in some regions, such as 
in the Mesab i R a n g e / U S A , compels deve lopmen t of the pellet izing 
process as an al ternat ive to sintering. T h e state of deve lopment at tha t 
t ime did not yet allow for the use of h igh por t ions of fines in the ore mix. 

Third Phase - Pellets f r o m Ores: 1948 u p to the present date . In var ious 
countries the sinter process is f u r the r deve loped intensively to adap t it to 
the varying supply of ores of d i f fe ren t fineness. As a result of this 
deve lopment work, the appl ica t ion range of the pellet izing process was 
also extended, beyond the use of concentrates as only components , to 
other ores and , moreover , with cons iderable success to ore mixtures , see 
i tem 9.3.5. 

1.3 Pelletizing, a Contribution to Ore Preparation 

For economic reasons, the t rea tment of i ron ores in the blast fu rnace or 
in direct reduc t ion plants is nowadays no longer possible wi thou t intensive 
ore preparation. Even if individual process stages involve h igh p r ime costs, 
these are accepted, p rovided tha t the total p roduc t ion costs of pig i ron or 
sponge iron can, in this way, be kep t at lowest level. T h e purpose of i ron 
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ore p repara t ion is the qual i ta t ive improvemen t of d i f fe ren t features of raw 
materials: 
(a) Mechanical crushing, grinding, screening, classification. 
(b) Physical separa t ion of var ious mineral consti tuents for the elimination 

of gangue f r o m the lean ores and p repa ra t ion of concentrates with 
high i ron content . 

(c) Thermal or chemical t rea tment for the elimination of volatile energy-
Consuming consti tuents such as H 2 O, C O 2 , SO 4 , S or conversion of 
hemat i te to magnet i te . 

(d) Metal lurgical change by basic addi t ives which decrease the energy 
consumpt ion 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 H2O, CO2, SO4, S [(c)] 
— Changing to the chemical composition by basic additives. 

T h e entire complex of present-day iron ore p repa ra t ion 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 m a x i m u m l u m p 
size, for the blast fu rnace to approx. 30—50 m m , for direct reduct ion to 
approx . 2 0 - 3 0 m m . T h e e l iminated fine ore can ei ther be sintered or a f te r 
fu r the r fine g r ind ing pelletized. Low-grade ores with an iron content of less 
than 50% are upgraded , the solid gangue const i tuents separa ted and in so 

Fig. 7. Alternatives for iron ore preparation 
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Fig. 8. Size distribution of pellets 

doing the iron content in the concentra te increased. According to its 
fineness the concentra te can be pellet ized immed ia t e ly or fol lowing fu r the r 
grinding. In certain propor t ions concentrates can also be incorpora ted in 
sinter mixes. D u r i n g the rmal t r ea tment the separa t ion of volatile com-
ponents takes place in both pellet izing and sintering. Because of their 
def ined proper t ies , high iron content together wi th u n i f o r m size dis t r ibu-
tion and close size range pellets are an i m p o r t a n t charge const i tuent for 
blast furnaces and direct reduc t ion plants. 

T h e size d is t r ibut ion , shown in Fig. 8, as an average of three commerc ia l 
samples 1 9 ) is remarkable . T h e condi t ions are very strict: 8 0 - 9 0 % of the 
pellets should have a d i ame te r of 9 - 1 5 m m , the m a j o r par t of which a 
d iamete r of 9—12 mm. T h e charge should , if possible, conta in nei ther f ines 
—5 m m nor pellets of a d iamete r exceeding 25 m m . This is also an 
impor tant size range for use with o ther i ron-bear ing componen t s in, fo r 
example, the blast furnace . T h e feed should consists of grains 5 to max. 
50 m m , p re fe rab ly 30 m m ; Fig. 9 schematical ly shows the various opera-
tions leading to this desi red size dis t r ibut ion: c rush ing of coarse ores and 
sinter cake, screening and separa t ion into 3 fract ions. T h e oversize is 
recycled to the gr inding plant, the product of 5-50 mm or 30 mm goes into 
the blast furnace and the unders ize is conveyed to agglomera t ion , e i ther 
sintering or pellet izing plant . T h e unders ize also includes concentrates, 
pyri te cinders, mill scale, f lue dust and possibly addi t ives. Pellets, crushed 
sinter and classified raw ore consti tute, e i ther a lone or in the fo rm of 
mixtures, the blast fu rnace burden . 
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Fig. 9. Scheme of preparation and size distribution of blast furnace feed 

Besides sinter , still the most impor tan t type of agglomerates for blast 
fu rnace burdens , pellet port ions are, co mp a red to l u m p ores, of growing 
impor tance for p ig i ron and sponge iron product ion . In Fig. 10 the devel-
opmen t of p i g i ron produc t ion f r o m 1960 to 1978 is c om p a red with sinter 
and pellet p roduc t ion . F r o m 1974 the curves for sinter and pig i ron de-
cline, the lat ter caused by economic reasons. The pellet curve remains 
steep u p to an es t imated average pellet por t ion of 25% in the blast furnace 
burden. 

In the pellet p roduc t ion curve, Fig. 10, the a m o u n t of pellets as feed m a -
terial for direct reduction processes is inc luded b u t the por t ion is r emarka -
bly h igher by u p to 100%. In shaf t furnaces efforts are m a d e to replace a 
par t of the pellets by cheaper , careful ly selected and screened l ump ores. A 
mix ture of 55—75% pellets and 45—25% l u m p ores has recently p roved to 
be sui table for o p t i m u m productivi ty, as shown in Fig. 11. 
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Fig. 10. World production of pig iron, sinter and pellets 

Fig. 11. Influence of a mixture of pellets and sized lump ores on direct reduction 
shaft furnace capacity 



1.4 Sites of Pelletizing Plants and Transportability 
of Pellets 

As already men t ioned above, pellet p roduc t ion and the deve lopment of 
appropr ia te processes is directly connected with the benef ic ia t ion of low-
grade iron ores - originally chiefly magnet i tes to p roduce (very fine-grained) concentrates. 

In the first place, it was necessary to convert these concentrates into ag-
glomerates ready for the blast fu rnace . At the s ame t ime the quest ion 
arose regarding the o p t i m u m site of such a pellet izing plant. T h e very fine-grained, wet concentrates are unsui table for s torage, especially in regions 
with long and cold winters because they freeze dur ing this t ime and can 
nei ther be loaded nor t ransported. These p rob lems were solved by erecting 
the pellet izing plant in the close vicinity of the benef ic ia t ion plant and thus 
practically at the ore mine. Pellets are resistant to the influences of s torage 
and winter condit ions. They wi ths tand long t ranspor ta t ion routes with 
several t rans-shipments bet ter t h a n l u m p ores or even sinter. 

Dur ing the first years, pellets were p roduced , main ly in the USA, to 
supply blast furnaces within a controlled marke t . The i r t ranspor tabi l i ty 
was accepted but no special controls were inst i tuted. Only af ter m a j o r 
pellet quant i t ies had appea red on the world m a r k e t and had reached o ther 
blast furnaces, was greater importance attached to the behaviour of pellets 
dur ing transport . Thus , the p repara t ion of a large-scale test (1963), r un on 
about 150,000 tons pellets f r om the Reserve Min ing C o m p a n y in a blast 
furnace of the Federa l Repub l i c of Ge rmany , also included, e.g. the s tudy 
of the abras ion behav iour , compress ion strength and var ia t ion of pellet 
s ize2 0) . F r o m Port Silver Bay to the works por t s i tuated on the river 
Rhine , the pellets were subjected to six t rans-shipments , a water t ranspor t 
and an 18 m o n t h s torage per iod at the por t a rea of A m s t e r d a m dur ing two 
winters. T h e fines por t ion —6 m m , conta ined in the pellets, was used as a 
reference value. 

This fines por t ion was at Lake Super ior 8.0% and increased du r ing 
t ranspor ta t ion via the Por t of A m s t e r d a m to the Du i sbu rg -Huck ingen 
Works, and a f te r screening before the blast f u r n a c e to abou t 18%. T h e 
por t ion of 10—15 m m d iamete r varied f r o m 85% to 82% and, a f te r 
screening, rose again to 88% at the blast furnace . In this way, proof was 
furn ished that pellets can be t ranspor ted satisfactorily. This large-scale test 
— successfully carr ied out in an independen t steel plant with high pellet 
proport ions in the blast furnace b u r d e n - b e c a m e known publicly and 
aroused increased interest in these new agglomerates also at those works 
where pellets h a d hi ther to not been used at all. 
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Table 2. Countries leading in iron ore production and export113) 

Countries 106 t/year Countries 

1966 1976 

Countries 

Production Export Production Export 

Africa 
Liberiaª 17.0 16.6 35.0 20.8 
Rep. South Africa 6.8 3.1 15.7 5.0 
America 
Brazil* 23.3 11.8 70.0 47.3 
Venezuela ª 17.9 17.0 23.0 15.6 
Canada* 36.6 31.2 56.0 44.5 
USA 91.6 9.9 81.2 2.9 
Asia 
Indiaª 26.8 13.4 42.6 24.0 
Australiaª 11.0 2.0 93.1 81.1 
Europe 
France ª 55.7 18.2 45.5 15.8 
Great Britain 13.9 - 4.6 — 

Swedenª 28.0 22.3 30.5 22.0 
USSRª 160.2 26.1 239.0 43.1 

* Leading Exporters 

Pellet p roduc t ion was initially always l inked with a benef ic ia t ion plant , 
usually located at the mine where suff ic ient quant i t ies of very f ine-gra ined 
concentrates were avai lable wi thout any in te rmed ia te t rea tment . 

The increasing wor ld-wide d e m a n d for h igh-grade i ron ores led to the 
discovery of new deposi ts with i ron ores of d i f fe ren t minera logica l and 
chemical composi t ion . The i r qual i ty could also be i m p r o v e d by benef ic ia -
tion as in the case of Marcona in Peru . However , m a n y of these deposi ts 
were located in countr ies with little domes t i c d e m a n d for pellets so tha t 
their exploi ta t ion could only be secured by expor ta t ion . 

Some countr ies have adap ted themselves par t icular ly to this s i tuat ion so 
that a considerable change of ore suppl iers has occurred dur ing the last 
ten years, as is shown in Tab le 2 for the years 1 9 6 6 - 1 9 7 5 . Firstly, it indicates the increase in p roduc t ion wi th in a ten-year pe r iod by 170 mi l l ion 
tpy or 50% c o m p a r e d to 1966. In some instances there were even more 
impor tant changes as, for example , in Aus t ra l ia and Brazil. A fu r the r 
remarkable p h e n o m e n o n is the p roduc t ion decrease of low-grade ore in 
France (minet te) and in Grea t Br i ta in ( h o m e ores). T h e s e countr ies now 
impor t the cor responding iron units in the fo rm of h igh-grade ores. O the r 
countries, such as J a p a n and the Federa l R e p u b l i c of G e r m a n y as well as 
nearly all o the r E. E. C. countr ies mee t the i r r equ i remen t s a lmost ex-
clusively by imports . 

1.4 Sites of Pelletizing Plants and Transportability of Pellets 21 
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Table 3. Screen analysis of exported fine ores2) 

Screen 
Undersize 
in mm 

Liberia 
(Bomi 
Hill) 

Mano 
River 
washed 

Kiruna B 
weight % 

Hamersley CVRD CVRD 
(cumu- Common Sinter 
lative) Fines Feed B 

Nim-
ba 

-11 .2 
- 8 1.0 21.5 
- 5.6 15.5 13.5 9 11 34 3 8 
- 4 22 24 18.5 24.5 42 10 16 
- 2.8 29 35 27 35 47 19 24 
- 2 35.5 44 35 43.5 51.5 26.5 31 
- 1.4 42 53.5 41.5 49 54 32 35.5 
- 1 49 61 47 54.5 55.5 36 39 
- 0.71 56.5 68 51.5 60.5 57.5 40.5 42.5 
- 0.5 64 75 55 65 59.5 45 46 
- 0.355 72 80.5 58.5 69.5 61 49 50.5 
- 0.25 80.5 85 63 75 62.6 52 55 
- 0.18 89.5 88.5 67.5 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 

T h e fine ores to be sh ipped f rom por t to cus tomer f requent ly contain a 
very high and d i f fe ren t por t ion of f ines as is appa ren t f r o m some examples 
given in Tab l e 3. Transpor ta t ion diff icul t ies as a result of dust arising 
dur ing loading, t rans-sh ipment and un load ing of such ores as well as 
diff icult ies dur ing sintering led to the p roduc t ion of pellets at the por t and 
to the expor ta t ion of pellets instead of fine ores. This was the beginning of 
the construction of new pellet izing plants in sh ipp ing ports, e.g. C V R D , 
Tubarao /Braz i l , Hamers ley , Por t D a m p i e r / A u s t r a l i a , Marcona , San Nicolas/Peru, Wabush , Q u e b e c / C a n a d a . Such plants t reat the fine ores and 
concentrates suppl ied f r o m various mines; they can be designated as 
pelletizing plants located at the port. Af t e r pellet izing technology had been 
sufficiently developed, b lended ore pellets consisting of varying ore types 
were also p roduced 21). As a result of this it b e c a m e possible to bui ld pel-
letizing plants in direct connect ion with the blast furnace . 

Only this lat ter combina t ion would have the advantage of being able to 
pelletize very f ine-gra ined ores and concentrates as well as waste oxides 
and thus release the sinter plant. A typical example of such a combina t ion 
is the pelletizing plant of the Konink l i jke Neder l andsche Hoogovens en 
Staa l fabr ieken N . V. in I j m u i d e n / N e t h e r l a n d s 22), where , besides the pellet 
plant (3.5 mil l ion tpy) three sinter plants, a l together having the same 
capacity, are in opera t ion. Fu r the r plants are opera t ing at the Japanese 
Iron & Steel Works Kawasak i -Ch iba , K o b e - N a k a h a m a and K o b e - K a k o -
gawa. This th i rd type of p lant can be designated as pelletizing plant located 
near the blast furnace. 



2 Fundamentals of Pelletizing 

Pellets differ f rom lump ore and, to a certain extent, also f rom sinter by 
several properties which are predetermined and definable. Despite the 
great variety of raw materials used, the pellets produced must have the 
same propert ies which are judged in accordance with internationally ac-
cepted standards. Due to their importance and great variety, the proper-
ties demanded f rom 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: magneti te, hemati te, 
limonite and their concentrates as well as purposely prepared mixtures, 
waste oxides, pyrite cinders or pertinent by-products f rom other industries. 

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

Three process stages are involved to produce the pellet f rom raw material: 
- Stage 1: Raw material preparat ion 
- Stage 2: Format ion of green balls 
- Stage 3: Indurat ion of green balls. 

Successful pellet product ion calls for an o p t i m u m efficiency and har-
mony between all three process steps with the preceding stage highly in-
fluencing the subsequent one. An error m a d e 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 f rom a 
defective green ball. The purpose of the green ball format ion is to obtain 
balls of the desired size range and having a mechanical strength which 
enables them to be safely transported f rom the balling equipment to the 
induration facilities. 

Dur ing the format ion of green balls f rom solid fine-grained particles, 
many different forces co-act, which are designated as bonding mechanisms. 



2.1 Bonding Mechanisms for Green Ball Formation 

At an early stage, both exper imenta l and theoret ical considerat ions were 
m a d e with regard to the bonding mechan isms underlying the green ball 
format ion . S o m e of the theories developed in this connect ion were a l ready 
known f rom o ther processes, e.g. those of the fert i l izer industry, food-s tuffs 
industry, pharmaceu t ica l and refractory industries. S imi lar bond ing mech-
anisms also play a great par t in the granula t ion and c rumbl ing of the sinter 
mix. T h e rap id progress of pelletizing technology was achieved part icu-
larly by almost simultaneous exper imenta l and theoret ical progress in 
contrast to o ther process developments , e.g. in the blast fu rnace tech-
nology. 

2 .1 .1 Important B o n d i n g F a c t o r s 

T h e decisive factors for the green ball f o rma t ion and green ball 
propert ies can be d iv ided into the following groups 23): 

(a) physical forces, such as van der Waals ' , magne t i c or electrostatic forces 
(b) surface-dependent factors, such as part icle size, part icle size dis t r ibu-

tion, par t ic le shape and crystalline s t ructure 
(c) material-dependent factors, such as wettabil i ty, absorpt ive capaci ty due 

to porous structure, availabil i ty of swelling components , chemical 
proper t ies in p r i m a r y ores or by-products a f te r previous t rea tment 

(d) capillary forces and surface tension dur ing the addi t ion of l iquid 
binders , such as water or others. 

Some of these factors, mainly the raw mate r i a l -dependen t factors are 
not variable. However , they inf luence the green ball fo rma t ion to a great 
extent. O the r forces also acting on the green ball proper t ies are variable. 
By utilizing such forces, the raw mater ia ls to be pelletized can be adap ted 
to the relevant requi rements . 

Var iable factors are, for example the quant i ty of wett ing agent added , 
the particle f ineness and shape, the bal l ing e q u i p m e n t used for green ball 
format ion , the forces arising in such equ ipmen t as well as the m o v e m e n t of 
raw mater ia ls in these units. 

2 . 1 . 2 Bal l F o r m a t i o n Al ternat ives 

Green balls can be fo rmed in d i f fe ren t ways. In each par t icular case, the 
various bond ing mechan isms act at d i f fe ren t intensity. 

24 2 Fundamentals of Pelletizing 
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2.1.2.1 Compacting Method 

The solids are pressed into br ique t tes only by the appl ica t ion of h igh 
mechanical forces. Sharp-edged br iquet tes m a y be r o u n d e d off by re-
rolling. T h e indiv idual grains are held together by adhes ive and cohesive 
forces which, in turn, de te rmine the mechanica l s t rength of the br iquet tes . 

The solid particles, mixed ei ther with or wi thou t b inders are packed 
randomly w i thou t any relat ive movement . T h e locat ion of the var ious 
grain faces to each other is at r a n d o m — it does not have to be the 
o p t i m u m locat ion for the fo rma t ion of the greatest adhes ive forces. 

The compac t ing technique - well known for b r ique t t ing and table t com-
pressing — is nowadays appl ied to ore p r epa ra t i on only in specif ic cases. 

2.1.2.2 Green Ball Formation 

Besides the solid phase, a liquid phase is, in each case, r equ i red fo r 
green ball fo rmat ion . T h e in terface forces ar is ing have a cohesive effect on 
the solid part icles, l iquid and air. These in ter face forces consist, on the 
one hand, of the surface tension of the b inder , usual ly water , and on the 
other, of capi l lary forces developing in the l iquid br idges be tween the in-
dividual ore part icle faces, the surfaces of which are of concave shape . 
Under these condit ions, a certain tensile strength occurs. T h e forces 
resulting f r o m the surface tension fo rm a concave l iquid sur face whereby 
compression strength becomes active. 

Fo r the f o r m a t i o n of green balls f r o m solid part icles and l iquid , there 
are two possibilit ies: 

— T h e solid particles are wi thou t any active relative movement. They 
are mixed in sui table equ ipment , so-called mix granulators , by the ro ta t ion 
of the vessel and the mixing devices a r ranged inside wi thou t having to 
per form their own rolling movemen t as in the case of a d r u m . At the s a m e 
time, they are pushed together by a push ing m o v e m e n t and sl ight 
mechanical forces and are compac ted . T h e ore part icles are b rough t to 
such a f avourab le posi t ion to each o ther tha t the agg lomera te fo rms a 
tight packing. Capi l la ry and surface forces co-act with adhes ive forces 2 4 ) . 
The l iquid br idges and surfaces be tween the indiv idual ore particles f o rm 
automatical ly. In most cases the relevant bal l ing facili t ies ope ra t e intermittently. They are less sui table for the t h r o u g h p u t of big ore quant i t ies 
which are nowadays processed in pellet izing plants. However , in m a n y in-
dustries with lower th roughput , they are used with great success. 

— In the second case, the ball f o rma t ion is main ly achieved by rolling of 
sol ids / l iquid mix in well-known bal l ing units, such as d r u m s or discs. T h e 
green ball f o r m a t i o n is s imilar to snow-ball g rowth by layering. T h e l iquid 
surface is f reely movable which is advan tageous for t he contact be tween 
the ore part icles and the fo rma t ion of capi l lary bridges. 
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2.1.2.3 Mechanism of Ball Formation 

T h e feed mater ia l m a y consist, according to its p repara t ion , of ei ther a 
conglomera te of dry grains or a wet fi l ter cake. In the one case, t he ores 
were subjected to dry grinding, in the other , to wet grinding. Mos t con-
centrates are avai lable as fil ter cake. If dry solid part icles come into 
contact with water, the ore sur face is wet ted. T h e ore par t ic le is coated 
with a water f i lm, as is schematical ly shown in Fig. 12, phase A. In m a n y 
places, the wet particles touch each other. D u e to the surface tension of 
the water f i lm, l iquid bridges are fo rmed , phase B. As a result of the 
movemen t of the particles inside the ball ing uni t and of the combina t ion of 
individual water droplets, each conta ining one or several ore grains, the 
first agglomerates are fo rmed , phase C. In the interior of the loose 
agglomerate , the first l iquid br idges a p p e a r a m o n g a large n u m b e r of 
voids still existing. These l iquid br idges hold the part icles together as in a 
network. Loose balls are fo rmed . Wi th the fu r the r supply of water the 
agglomerates condense. More and more water is layered in the inter ior 
and the agglomerates b e c o m e more dense, p h a s e D. At this stage of green 
ball fo rma t ion the capil lary forces of the indiv idual l iquid br idges are 
essentially active. T h e o p t i m u m of this ba l l - fo rmat ion phase is a t ta ined 
when all pores inside the balls are filled wi th l iqu id but the lat ter does not 
yet un i fo rmly coat the whole agglomerate , phase E. The effect of the capil-
lary forces is clearly shown by I lmoni and Tigerschiold in Fig. 13 24sobrescrito). Concave l iquid surfaces fo rm on the outer pores and capil lary suction is hold-
ing the ore part icles together. 

T h e f ina l stage is exceeded, when the solid particles are ful ly coated 
with a water f i lm. Now, the surface tension of the water droplets 

Fig. 12. Influence of water addition on green ball formation 
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containing the solid part icles becomes ful ly active, Fig. 12, phase F , and 
the effect of the capil lary forces drops sharply , see Fig. 135. 

Besides this effect , the rolling m o v e m e n t of the grains and the 
movement or shi f t ing of the part icles relat ive to each o ther plays an 
impor tan t role too. They increase adhes ion by the great n u m b e r of contact 
points at a s imul taneous compress ion s t rength d u e to the load of the 
rolling mater ia l . 

Fig. 13. Influence of capillary forces on bonding mechanism 

Apar t f r o m the compac t ing and sol id i f ica t ion of agglomera tes due to 
pressure and movemen t , these factors m a y also have a negat ive inf luence. 
They d a m a g e mechanica l ly weak granules which have not yet a t ta ined a 
suff icient adhes ive strength. T h e d a m a g e result ing is that the weak green 
balls m a y ei ther c rumble into mino r f r agmen t s or dis integrate into even 
finer particles. D u r i n g green ball f o rma t ion , these f ract ions m a y b e layered 
onto mois t s table green balls and be incorpora ted into the latter. 

Besides the ideal ball f o rma t ion f r o m f ine-gra ined individual solid 
particles initially described, var ious o ther possibi l i t ies exist m o r e or less 
s imultaneously in practical opera t ion . This also appl ies to loose agglomer-
ates as in the case of wet filter cake. According to Sastry and Fuerstenau 2 5) 
the fol lowing methods , as shown in Fig. 14, can be adopted : 
A) Layering of very f ine particles to others and thus f o r m a t i o n of an 

agglomerate. 
B) Conglomera t ing of smal ler balls a l ready existing resul t ing f r o m relat ive 

mot ion and a certain pressure. 
C) Layer ing on and incorpora t ion of m i n o r f r agmen t s f r o m d a m a g e d 

green balls into existing sound ones. 
D) Incorpora t ion of f ine-gra ined a b r a d e d mater ia l f r o m weak pellets into 

the surface of s t ronger pellets. 
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Fig. 14. Alternatives for green pellet formation 

Dur ing green ball p roduct ion , their fo rma t ion proceeds parallel to the 
disintegrat ion of a certain n u m b e r of balls. Only such balls which can 
withstand the dividing or destruct ive forces dur ing rolling survive. A 
selection of the best balls takes place. T h e contest of the constructive and 
destructive forces favours the fo rmat ion of astonishingly un i form, dense 
and stable green bal ls2 3) . 

As set for th under i tem 2.1.1, var ious factors may co-act dur ing green 
ball fo rmat ion , ei ther dependent ly on raw mater ia ls or independent ly 
thereof. M u c h deve lopment and research work has been pe r fo rmed to in-
vestigate the raw mater ia l independen t factors. In this connection, some of 
the researchers who have played an impor tan t role are ment ioned 2 6 ) . 

T h e theory and the mathemat ica l fo rmula result ing the re f rom are deal t 
with under i tem 13.1. These investigations are based, for the most par t , on 
the use of exactly def ined part icle shapes, such as balls or on specif ic raw 
materials, such as quartz , l imestone or glass. T h e laws discovered can thus 
only serve as a guide since each ore — even of the same size — has its 
typical size d is t r ibut ion or particle shape. This again requires an ind iv idua l 
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 despi te their low mechanica l s trength. Pellets m u s t 
have a substant ial ly h igher strength p r imar i ly to wi ths tand their t ranspor-
tation and the stresses occurring in metal lurgical opera t ions . Such a 
strength can be achieved by the rmal t r ea tmen t under a control led 
a tmosphere or by utilizing hydraul ical ly-act ing binders . 

T h e most widely-spread thermal green ball indura t ion on an industr ia l 
scale, namely f i r ing to directly below the sof tening poin t of the respective 
ore, is carr ied out in two stages: drying of the balls fol lowed by heat ing and 

firing. Just as for green ball format ion , o p t i m u m condi t ions mus t also b e 
a imed at for drying to ensure m a x i m u m achievable f inal propert ies . 

Therefore , the green ball s trength mus t no t de te r iora te du r ing drying. 
However , should this be the case d u e to the ore proper t ies , a d e q u a t e 
action should be taken. 

2 .2 .1 D r y i n g of Green B a l l s 

Dur ing drying, the mois ture conta ined in the green balls is evapora ted 
by warm gases. In this connection, it shou ld be noted tha t the water m a y 
be conta ined in the green balls in a variety of combina t ions : 
(a) There is wa te r in the interstices be tween 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 t he 

individual ore grain. 
(c) Wate r m a y be chemically combined as hydrate , e.g. in l imoni te or in 

other minera ls accompanying the iron oxide. 
(d) Wate r m a y be incorporated into such b inders which tend towards the 

fo rma t ion of gels, e.g. clays or bentoni te . 
(e) Wate r m a y be chemically combined as hydrate in such b inders which 

leads to hydra te fo rmat ion , e.g. C a ( O H ) 2 , M g ( O H ) 2 . 
( f ) Wate r m a y be present as crystal components in existing or a d d e d 

salts. 
The mois ture content in the green ball m a y thus be composed of water , 

contained in the ore, or by such be ing a d d e d dur ing pelletizing. 
Only pa r t of the water contained in the green balls evapora tes at 100 °C . 

Salts and hydra te combina t ions loose their water at h igher t empera tu res 
only. T h e dry ing speed, therefore , mus t be adap t ed to the d i f fe ren t com-
binat ions to avoid a weakening of the pellet s t ructure d u e to cracks or 
splintering of f ragments . D u r i n g drying of a pellet layer or a pellet bed at a 
certain depth , two opera t ions can be observed. Dry ing starts in the in-
dividual ball and un i formly proceeds in the pellet layer. 
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2.2.1.1 Drying Procedure of Individual Balls 

This drying commences when hea ted air or combus t ion gases f low over 
wet green balls. In this connection, the gas t empera tu re , dew point , 
quant i ty and drying velocity play an impor tan t role. T h e mois ture 
contained in the green pellets starts to evapora te evenly on the entire 
surface. Af te r this evaporat ion, water f r o m the pellet inter ior is emi t ted by 
capil lary forces to the surface. As long as this p rocedure continues, the 
drying velocity remains constant. However , if the drying velocity on the 
surface is greater t han the water emission f rom the pellet interior, the 
drying f ront travels down into the pellet interior. T h e water vapour thus 
arising has to cover an ever increasing distance th rough the capil laries 
which are a l ready dr ied out until it reaches the pellet surface f r o m where 
it can escape together with the air flow. D u r i n g this drying phase , the 
drying velocity is no longer constant bu t decreases. As soon as the 
capil lary water evaporates, the drying p rocedure is t e rmina ted . However , 
if the pellet contains hygroscopic or chemica l ly-combined water , the 
drying p rocedure only cont inues w h e n the t empera tu re of the drying 
m e d i u m is high enough to dissociate the compounds . T h e velocity of this 
third drying phase is again lower. T h e drying p rocedure of such a green 
ball, which also contains hygroscopic water , was descr ibed by Kr ischer 
and Jaeschke 27) in a curve shown in Fig. 15. 

On the ordinate , the drying velocity is plot ted. It is measured by the 
evapora ted water amount , refer red to the drying surface, dur ing a given 
period. 

evapora ted water a m o u n t . k, . , , 
g = in k g / m ² . h 

surface of mater ia l to be dr ied x unit of t ime 

On the abscissa, the t ime is plot ted which is needed for the var ious drying 
phases. 

The re are three d i f fe ren t drying velocity ranges which are indicated by 
three breaks of the curve: 

Range I: T h e water evaporates at constant velocity on the entire pellet 
surface. This p rocedure continues as long as humid i ty f rom the pellet 
interior is emit ted at a suff ic ient speed by capil lary forces or d i f fus ion to 
the ball surface. T h e constant drying velocity is inf luenced by the fol lowing 
factors: 
— T e m p e r a t u r e and mois ture content (dew point) of t he drying gas, 
— Volume and speed of the drying gas which flow, pe r unit of t ime, over 

the ball surface, 
— Surface of ball. 

This range I is thus character ized by the evaporation of surface water. 
Range II: If the mois ture f rom the inter ior of the pellet is emi t ted to the 
surface more slowly than water evaporates there, the evapora t ion level 
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Fig. 15. Drying stages of moist material 

(drying level) moves fu r the r towards the pellet core. T h e water evapora tes 
inside the pellet, the d i f fus ion dis tance to be covered by wa te r vapour 
becomes longer and the drying velocity diminishes . It is now de te rmined 
by the : 
- D i f fus ion resistance 
- Dep th of drying level below the ball sur face 
- Di f fus ion index expressed in m / h . 

Range II is character ized by the evaporation of capillary water f r o m the 
pellet interior. Af t e r this stage, the pellets are normal ly dry. 

Range III: If the pellet contains mois tu re o ther than surface and capi l lary 
water, the drying p rocedure cont inues unde r o ther condit ions, 

In this case, the t empera tu re of drying gas is i m p o r t a n t for the dissocia-
tion of the water compounds . Besides the longer d i f fu s ion distance, this 
dissociation has to be considered and consequent ly the drying velocity 
decreases even more . It is virtually de t e rmined by the opera t ions pro-
ceeding in the pellet core and by the amb iance of the pellet. 

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

T h e term " m o i s t u r e " is not un i fo rmly de f ined in l i terature. O n e version 
refers to the water a m o u n t of the dry substance. In practice, the wet 
substance is f requent ly used as reference value on which the da ta given 
below are also based. Mois ture is thus def ined accord ing to the fol lowing 
formula: 
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T h e drying p r o c e d u r e de te rmined with one individual pellet on a thermoscale is shown in Fig. 16. T h e ore, a hemat i t e with 67.5% Fe , 1.2% Al 2 O 3 

and 0.7% SiO 2 , as well as 1.2% loss on ignition, was pelletized with 0.8% 
Wyoming bentoni te and 8.2% water and slowly dr ied in a laboratory-scale 
drying oven at a t empe ra tu r e of 400 ° C under air flow. 

Fig. 16. Drying of an individual green pellet 

T h e left o rd ina te shows the remain ing water content of the pellet as well 
as the mois ture decrease in percent while the right ordinate indicates the 
loss of weight. U p to a mois ture loss of abou t 67% dur ing a drying per iod 
of 4.5 mins. — plot ted on the abscissa — the drying curve proceeds linearly. 
T h e drying velocity u p to this mois ture content is constant. A b o u t % of 
the water evapora tes f r om the pellet surface. F r o m now on, the drying 
proceeds more slowly and asymptotical ly until the residual mois ture 
content of the pellet core has evaporated. 

By volume and t empera tu re of the drying gas the hea t supply for water 
evapora t ion has to be adapted to the relevant hea t consumpt ion in such a 
way that dur ing the capil lary movemen t of water and d i f fus ion of water 
vapour , the relat ive posi t ion of the individual ore grains to each o ther is 
not changed. 

If the heat supply and thus the fo rma t ion of water vapour proceed too 
quickly, cracking or even decrepi ta t ion m a y occur (shock tempera ture ) . 
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The material-dependent p roper t ies of the ore, t he gra in size, size 
dis tr ibut ion, dense or loose packing of grains play such an impor t an t role 
that it is advisable to f ind out the drying condi t ions by tests with the ore to 
be pelletized. A l though the drying p rocedure of the ind iv idua l pellet can 
still be surveyed the drying condit ions of green balls in layers are more 
complicated. 

In indust ial plants, green pellets are always thermal ly t rea ted in layers of 
a d i f ferent dep th , e i ther in shaf t furnaces , on travell ing grates or in grate-
kiln plants. 

The b e h a v i o u r of green balls in layers of d i f fe ren t thickness is thus of 
interest for all th ree processes. 

In view of the great n u m b e r of factors af fec t ing the dry ing technology, it 
is diff icul t to descr ibe precisely each of these factors. O n the o ther hand , it 
is possible to ascertain qual i ta t ive dependencies . F o r this purpose , ex-
per iments furn ish , for the present, m o r e re l iable results t han ma themat i ca l 
calculations do. 

2.2.1.2 Drying of Pellets in a Layer 

Therefore , it is wor thwhi le to look into this mat te r m o r e closely. T h e 
equipment and measu remen t s requ i red for the drying are descr ibed under 
i tems 4 .5-4 .5 .2 .3 . 

Dur ing drying, the drying gases m a y be sucked th rough the pellet layer 
in a downward direction. This process is called down-draught drying. H o w -
ever, the gas f low may also be forced in an upward d i rec t ion th rough the 
pellet bed. In this case, an up-draught drying is involved. 

A combina t ion of the above m e t h o d s is also possible and is, in practice, 
adopted. 

When the drying air flows th rough the first pellet layer, it absorbs a 
certain mois ture vo lume f rom the pellets u p to their sa tura t ion (dew 
point). D u r i n g this opera t ion , the drying air cools f r o m its inlet t empera-
ture down to its evapora t ion t empera tu re . 

This wa te r -vapour sa tura ted air consecutively impinges onto wet and 
cold pellet layers. On this occasion, par t of the water abso rbed by the first 
pellet layer is condensed out and this condensa t ion hea t is t ransferred to 
the second pellet layer which is thus also hea ted to evapora t ion t em-
perature. 

The energy requi red for the evapora t ion of the water f r o m pellets of the 
directly ad jacen t layers is suppl ied f r o m the incoming hot dry ing gases. In 
this case the gas again cools down to evapora t ion t e m p e r a t u r e as long as 
water is to be evapora ted . 

However , in the course of this in terplay be tween hea t and mater ia l 
exchange, an over-wet t ing may occur so tha t a weaken ing of the pellet 
structure and hence a decrease of pellet s t rength m a y temporar i ly take 
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place. D u r i n g down-draugh t drying, the lower pellet layers can be 
weakened and compressed in such a way tha t the pellet bed m a y become 
impermeab le to gas. D u r i n g up -d raugh t drying, the dry ing air f lows 
th rough the pellet bed in an upward direction. On this occasion, water 
droplets m a y condense on the surface of the pellet bed. 

Al though the drying should be carefully carr ied out in one single direc-
tion to save energy, a combined up-d raugh t and down-draugh t drying is 
f requent ly appl ied . In this way, it is possible to render the lower layers 
more resistant to pressure. 

Some tests2 8) are descr ibed below in which uni-direct ional drying as 
well as the u p - d r a u g h t and down-draugh t drying with change in di rect ion 
were qual i ta t ively tested. T h e pellet d i amete r was between 10 and 12 m m 
and the mois ture content of green balls 6.50% H 2 O. 

2.2.1.2.1 Unidirectional Drying. T o avoid a weakening of the pellet 
structure, the dry ing gas t empera tu re is kept below the shock t empera tu re 
at the beginning of the drying process. The t empera tu re gradient of drying 
is shown in Fig. 17 by way of example of up -d raugh t drying. Fo r this 
purpose, a pot grate as represented in Fig. 39 was used. T h e charge 
consisted of 10cm hear th layer and 30 cm pellet bed. T h e drying was 
achieved with hot air of 240—330 °C. T h e t empera tu re gradient was 
measured with 7 thermocouples . 

First, par t of the hea t a m o u n t is consumed for the heat ing of grate and 
hear th layer. T h e first curve shows the t empera tu re gradient a f te r a drying 
t ime of 1 1/2 minu tes (curve I); abou t 25% of the layer has been dried. Af t e r 
5 minutes abou t % of the pellets are dry (curve II). T h e pellet top layer still 
shows an evapora t ion t empera tu re of approx. 42 0 C al though the bo t tom 

Fig. 17. Updraught drying of a green pellet layer 
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layer has a l ready a t empera tu re of a r o u n d 310 0 C . W i t h a fu r the r supply 
of drying air, the mois ture level moves upwards . 

In the case of the sha f t furnace , the dry ing zone is kep t at a specif ic 
furnace level because the dried pellets mov ing downwards , are replaced 
f rom above by wet pellets. 

2.2.1.2.2 Up-Draught — Down-Draught Drying. A f t e r 5 minutes the up-
draught drying was terminated in this demonst ra t ion test and replaced by 
down-draught drying. T h e recorded tempera ture gradient is shown in Fig. 18. 
Curve I indicates the end of up-d raugh t , curves II and III represent the 
down-draught p rocedure af te r 1/2 and 3 minutes , co r responding to a total 
drying of 8 minutes . Th is per iod was selected for a par t i cu la r project for 
which a longer total drying t ime on the pellet i ndura t ing m a c h i n e was not 
available. 

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

As can be seen f r o m this d iag ram, a b o u t 15% of the pel let bed in the 
middle of the layer had not yet been d r ied a f te r 8 minu tes a l though the 
drying air had a l ready reached a t empera tu re of 450 0 C . Par t of the lower 
layers was temporar i ly slightly cooler (curves II and III). 

2.2.1.3 Dry Pellet Strength 

Like green pellets, dry pellets have a shor t l ife which of ten is only a 
mat te r of minutes . However , dur ing this t ime, a m i n i m u m dry pel let 
strength is necessary to ensure tha t the pellets wi ths tand, for example , the 
movement of the charge dur ing its mig ra t ion th rough the shaf t fu rnace , 
without damage. In other burning systems, for example in the case of a 
travelling grate, a m i n i m u m dry pellet s trength is also needed so that the 
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pellets wi ths tand the load of the layers located above or the pressure of 
gases f lowing th rough the charge. 

T h e mechanica l strength of green pellets is chief ly dependen t on the 
superficial tension and capil lary tensile forces of the wett ing agent whereas 
other bonding mechan i sms are of great impor tance for the dry pellets. 

Even if, according to R u m p f 2 3 ) , no br idges exist be tween the individual 
solid particles, adhes ion and tensile forces m a y b e c o m e active. Molecula r 
adhes ion forces are always effect ive when the dis tance between the 
individual grains is suff iciently short. Van de Waa l s ' forces are also to be 
considered as possible bond ing forces. Electrostat ic forces may, in pr in-
ciple, be act ing if part icles with a posi t ive and negat ive load par t ic ipate — 
though it be to a very small extent - in the g ranu la te format ion . 

These physical factors, being independen t of the specif ic mater ials , 
become active bu t their natura l bond ing force is insuff ic ient for m a n y ores 
(e.g. h igh-grade magnet i te or hemat i t e concentrates) to at tain the strength 
of green pellets. In the case of such ores, b inders have to be added . A 
few other ores a l ready contain components , s imi lar to binders, which 
enable a suff ic ient pellet dry strength to be obta ined . 

Tab le 4 shows the green and dry strength of pellets p roduced f rom dif-
ferent ores, see i tems 3.1.4 and 5.3. T h e dry strength of pellets 1 - 3 (con-
centrates) is insuff ic ient while tha t of ore 4 is satisfactory. T h e dry 
strength of pellets 1—3 can be improved by the add i t ion of bentoni te . In 
practical opera t ion , a dry pellet s trength of abou t 10 N e w t o n is requi red . 
These values can be ob ta ined ei ther directly or by the addi t ion of binders . 
T h e gel-containing consti tuents in the ore or in the added binders — 
seemingly soluble in water or reacting with water — concentrate in the ever 
shr inking l iquid br idges dur ing drying. These processes can be co m p a red 
with the sol idif icat ion of drying loam or clay. T h e dehydra t ion of the gels 
is accompanied by a shr inkage whereby the adhes ion 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 
binder 

with 0.5% 
bentonite 

with 1.0% 
bentonite 

wet dry wet dry wet dry 

1 Magnetite 
Concentrate 

11 7 12 20 13 33 

2 Artif Magnetite 
Concentrate 

11 4 10 23 - -

3 Spec. Hematite 12 4 10 20 11 35 
4 Earthy Hematite 14 30 16 70 - -
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R u m p f 23) even designates this p h e n o m e n o n as " m o r t a r br idges" . Crystallizing "salt b r idges" 29) can also cont r ibute to the dry pellet strength. Even 
if, nowadays, fo r metal lurgical or ecological reasons, t he direct add i t ion of 
salts has been abandoned , the f o r m a t i o n of such br idges may , never the-
less, occur w h e n ores are pelletized wi th sea water . 

2.2.1.4 Shock Resistance 

Apar t f r om m a n y inf luences which are connected with the na tu re of 
each individual ore, the initial temperature of the drying gases is of 
decisive impor t ance for the dry pellet s trength. T h e hea t supply has to be 
so controlled tha t the arising water v a p o u r and the air inclusions still 
existing in the pores can escape or expand f r o m the pellet cores th rough 
the capillaries wi thou t any ensuing over-pressure . A n overpressure would 
weaken the pellet s t ructure and, thus, its s t rength by the f o r m a t i o n of 
cracks or by spl inter ing of f ragments 3 0 ) . T h e admiss ib le drying gas tem-
perature, at which the pellet s t ructure is no t yet d a m a g e d , is called "shock 
t empera tu re" , someth ing which was a l ready f o u n d ou t very early, e.g. by 
Tigerschiold 7 ) . T h e shock t empera tu re can be raised by the add i t ion of 
binders, see i tem 5.4.1.1.2, Fig. 72. 

Since a suff ic ient ly h igh dry strength can b e ob ta ined with all types of 
ores by using sui table binders , it is still i m p o r t a n t to ad jus t or, better , to 
de te rmine the drying velocity in tests in such a way tha t the fo rma t ion of 
cracks is avo ided and the conglomerates , f o r m e d dur ing green pellet 
product ion, are not damaged . 

Green ball f o rma t ion and pellet drying are essential p repara to ry steps 
leading to the p roduc t ion of pellets, ready for reduct ion . However , the 
decisive s tep is the the rmal t rea tment by control led hea t ing of a pellet bed. 

2 .2 .2 P e l l e t F i r i n g 

The last processing step before ut i l izable pellets are obta ined , is the 
thermal indura t ion of dr ied pellets. T h e indura t ion impar t s such characteristics to the pellets, as are impera t ive bo th for their t ranspor ta t ion and 
metallurgical t rea tment , provided the preceding steps were m a d e unde r 
o p t i m u m condi t ions. 

Dur ing the first years, when p roduc t ion was car r ied out on a smal ler 
scale and the por t ion of pellets in the blast fu rnace b u r d e n was low, few 
features were suff ic ient for the de te rmina t ion of the pellet quali ty. Wi th 
rising pellet quant i t ies , it was possible and necessary to s tudy m o r e 
precisely the inf luence of the pellets on the blast fu rnace opera t ion. As a 
result, the qual i ty specif icat ions have b e c o m e m o r e rigorous. In addi t ion , 
special condi t ions had to be considered for the use of pellets in the direct 
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reduct ion processes. No t only the sound t ranspor tabi l i ty bu t p r imar i ly the 
behav iour of pellets dur ing the d i f ferent reduct ion stages was given 
part icular at tention. To mee t the more severe requi rements , var ious 
process pa r ame te r s are to be taken into account , such as: 
(a) Inf luence of metal lurgical ly-effect ive addi t ives 
(b) Ha rmon iza t ion of heat ing velocity and f i r ing per iod 
(c) Observa t ion of close t empera tu re ranges and precise control of the 

firing t empera tu re 
. (d) E labora t ion of heat ing p rog rammes especially adap ted to specif ic ores 

or ore mixtures . 
In connect ion with these factors, the quest ion arises regarding the type 

and impor tance of eff icient bond ing mechan i sms which have to d i f fe r 
f r o m those for the green and dry pellet strength. In numerous tests carr ied 
out pr imar i ly with pellets f rom industr ial plants, it was found tha t two 
thermal bond ing types are decisive for the qual i ty of indura ted pellets: 

(a) C h a n g e of the crystalline structure dur ing f i r ing either by crystal 
t r ans format ion and growth upon oxidat ion of magnet i te to hemat i t e or by 
crystal growth when hemat i te is used only. 

(b) The react ion of slag-forming constituents which are ei ther present as 
gangue in ores or concentrates or added before the ball fo rmat ion , such as 
bentonite , quar tz or basic additives. Basic components react wi th acid 
components and - under certain condi t ions — also with i ron oxides. 

Since the ores or concentrates to be pelletized always have a certain 
gangue content and since addi t ives are used to an increasing extent, bo th 
bonding mechan i sms s imul taneously occur u n d e r normal opera t ing condi-
tions. Addi t ives are used because it is in tended thereby to improve the 
pellet quali ty. T h e impor tance and effect of the addit ives are in close 
relat ion with the ore to be treated, see i tems 3.1.4 and 5.3. 

T h e the rmal t rea tment by hea t supply with hot combus t ion gases 
proceeds in two stages. T h e first stage, the preheating stage, direct ly 
follows the t empera tu res of the drying zone. Accord ing to the ore type 
involved, the t empera tu re is raised f rom 3 0 0 - 3 5 0 0 C to 1 2 5 0 - 1 3 4 0 0 C by 
a cont inuous and controlled heat supply. 

In the second, the final induration stage, the pellet charge is hea ted to an 
o p t i m u m t empera tu re for each ore type, and this t empera tu re is ma in -
tained for a controlled period. T h e said t empera tu re is to be below the 
mel t ing t empe ra tu r e bu t within the reactivity range of gangue componen t s 
and addit ives. In general , the indura t ion is achieved under a de f ined , 
oxidizing a tmosphere . 

Dur ing p rehea t ing , various reactions proceed in parallel and succes-
sively according to the componen t composi t ion. 
— Evapora t ion of crystal water 
— Decompos i t i on of hydrates, carbonates, su lphates 
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— Roast ing of su lphur f rom su lphide componen t s 
— Conversion of iron oxides f rom sideri te , l imoni te , pyri te as well as 

mainly magne t i t e into the highest ox ida t ion stage, the hemat i t e . 
The prehea t ing velocity depends, inter alia, on the compos i t ion and 

quanti ty of the combina t ions to be decomposed and also on the ox ida t ion 
velocity r equ i red for magneti te . 

T h e bond ing types decisive for ob ta in ing the desired pellet charac ter -
istics finally arise in the indura t ion zone. 

2.2.2.1 Bonding by Change of the Crystalline Structure 

As a rule, the ores or concentrates to be pel let ized conta in a cer ta in 
percentage of gangue or addit ives which — even at m i n i m u m por t ions — 
react with each o ther by the fo rma t ion of in te rgranular mel t ing phases. As 
transport m e d i u m , these phases m a y play an impor t an t par t for the 
growth of i ron oxide crystals. However , the behav iou r of p u r e i ron ox ide 
phases should be considered first. 

The conglomerates , arising dur ing the fo rma t ion of green pellets and 
their drying, are stabilized by the rmal t rea tment and are fu r the r con-
solidated. T h e consol idat ion is achieved by energy supply du r ing prehea t -
ing and indura t ion . T h e solids react with each o ther in confo rmi ty wi th 
natural laws. T h e react ion proceeds below the mel t ing t empera tu re while 
new solid phases are formed. Such react ions of fine crystalline and 
pulverous mater ia ls develop in dependence on the energy suppl ied du r ing 
the t empera tu re rise in various stages: 
— First, an act ivat ion occurs in the crystal lattice which can be recognized 

in the interfaces. A re-ar rangement of the molecules takes place. T h e 
particles d r aw closer together wi th strength beginning to increase. 

— Dur ing the fu r the r t empera tu re rise, the mobi l i ty of the ions in the 
lattice increases. A lattice d i f fus ion occurs which leads to re-arrange-
ments, vacancies are occupied and inclusions are e l iminated. 

— T h e dislocations intensify and involve ad jacen t crystals in the di f -
fusion. 

— Crystal br idges are f o rmed between the indiv idual ore grains. These 
bridges lead to a consol idat ion of the conglomerate . 

— A re -a r rangement of the crystal lattice and a re-crystall ization occur. 
T h e br idge fo rma t ion changes to a br idge bonding. T h e re-crystalliza-
tion intensif ies the latter. 

— A fur ther energy supply causes the round ing of the grains. T h e pores 
between the ore grains become smaller . 
T h e latest phase would be mel t ing which, however , has to be avoided 

because, in this case, individual pellets would no longer exist. 
This react ion deve lopment is wel l -known f r o m solid-state chemist ry and 

physics. It depends on m a n y factors, with the genesis of the ores being of a 
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certain impor tance . D u e to their small crystal size, fine crystalline ores of 
sedimentary or igin are more reactive than coarse crystalline ores which 
require h igher t empera tu res or more t ime for crystal growth. 

T h e incentive of the crystal growth and consol idat ion react ion in a solid 
state consists of the f ree energy of a system. O n account of the tendency to 
a thermodynamic equ i l ib r ium, the very f ine particles with the greatest 
interface energy lie on greater particles whi le the energy potent ia l 
diminishes. At a suff ic ient react ion t ime and a d e q u a t e t empera tu re as well 
as at a fu r ther decrease of the interface energy, these particles would d r aw 
near to a spherical shape. 

T h e consol idat ion of the conglomerates is exclusively caused by re-
crystallization and crystal growth. T h e oxida t ion of magnet i te dur ing 
heat ing is a special case insofar as the ox ida t ion energy is addi t ional ly 
available and f r o m a crystal lographic viewpoint , a crystal t r ans fo rmat ion 
f rom the cubic magnet i te to the hexagonal hemat i t e lattice takes place 
first. These newly fo rmed very fine hemat i t e crystals now start to grow 
intensively according to the fu r the r t empera tu re rise. 

2.2.2.1.1 Crystal Change During the Induration of Pellets from Magnetite 
Concentrate. T h e s t ructure of a green ball is de t e rmined by its shape, size 
and location of magnet i te grains to each other , in a s imilar way to tha t 

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 0C, 

1 cm = 0.025 mm 
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Fig. 21. Intensified bridging, crystal growth. Temperature 1250 °C, 1cm=0.025mm 
Fig. 22. Crystal growth after further temperature rise to 1320 °C, 1 cm = 0.025 mm 

shown in Fig. 193 1). T h e concentrate ind ica ted in this p la te contains a b o u t 
71% iron and less than 1% gangue. 

Dur ing hea t ing unde r oxidizing a tmosphere , the magne t i t e oxidizes in to 
hemat i te at a s imul taneous conversion of the cubic magne t i t e into the 
hexagonal hemat i t e lattice. Accord ing to the genesis of magnet i te , the 
oxidat ion starts at abou t 3 0 0 - 6 0 0 0 C and is to be t e rmina ted at a 
t empera tu re of 1 1 0 0 0 C . It begins on the crystal and gra in surfaces, as 
represented in Fig. 20. T h e First very small crystals s imul taneously f o r m 
first bridges between the grains. At a t e m p e r a t u r e of 1150 °C, the ox ida-
tion is f in ished and all the magnet i te shou ld be converted into hemat i te . A t 
the grain edges, numerous small new crystals have fo rmed , which s imul -
taneously intensify the fo rma t ion of br idges be tween the indiv idual grains. 

Already at a t empera tu re of 1250 0 C (Fig. 21), the br idges have inten-
sified and the re-crystall ization has b r o u g h t abou t a growth and the 
rounding-off of crystals. T h e o p t i m u m strength has been reached. F u r t h e r 
heat ing would result in fu r the r crystal g rowth and round ing off at t em-
peratures of abou t 1320 °C, Fig. 22, bu t dissociat ion of hemat i t e would 
start. 

2.2.2.1.2 Crystal Change During Induration of Hematite Pellets. H e m a t i t e 
ores and concentrates a re being used to an ever increasing extent for pel let 
product ion. H e m a t i t e is present, according to its genesis, in the f o r m of 



Fig. 23. Crystal structure in a hematite pellet at 1200 0C, 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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m a n y crystalline variants as set for th under i tem 3.1.1.1. Dur ing the 
indurat ion the strength increase is only achieved — in contrast to magne t i t e 
pellets - t h rough crystal growth and recrystall ization. This growth can 
only be measu red at t empera tu res of above 1200 0 C . U p to this t empe ra -
ture, the individual ore grains and the pellet structure mainta in 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 fo rm 
the first crystal bridges, Fig. 24, and recrystallization can be observed at 
1350 0 C as is appa ren t f rom Fig. 25. Fig. 24 also shows how impor t an t the 
presence of suff ic ient ly f ine-grained ore part icles is for crystal growth and 
thus for creat ing pellet strength. The re is a direct re la t ionship be tween 
grain size and crushing strength of pellets3 2) . T o ensure tha t a suff ic ient 
format ion of br idges occurs in the hemat i te , a longer indura t ion t ime at an 
op t imum indura t ion t empera tu re is necessary. This is reflecting the 
capacity of industr ia l pellet indura t ion plants. F o r example , in travell ing 
grate plants, 28 —30 t of pellets can be p roduced f r o m magne t i t e per m 2 

suction area and day, bu t only 2 2 - 2 5 t of pellets f r o m hemat i te . 
T h e theoret ical ly possible accelerat ion of crystal growth by h igher in-

durat ion t empera tu res cannot be real ised 3 3 ) . A t t empera tu res a b o v e 
1350 0 C hemat i t e starts to dissociate into magne t i t e and oxygen, result ing 
in a weakening of pellet strength. 

2.2.2.2 The Reaction of Slag-Forming Components 

Usually, h igh-grade iron ores and concentrates a re used for pelletiz-
ing only. There fo re , the gangue por t ion, mostly consisting of acid com-
ponents, is correspondingly low. In spite of a great variety of ore types 
the pellets have to be of un i fo rm mechan ica l and metal lurgical con-
dition. It was invest igated early which me thods should be adop ted to 
equalize any d i f fe ren t ore propert ies . A very eff ic ient m e t h o d proved to be 
the addi t ion of certain substances such as basic ear thy compounds , 
silicates, quar tz , ben ton i te and others. Inorganic addi t ives , or such which 
do not volatil ize dur ing indura t ion , par t ic ipa te in the reactions. They can 
react ei ther wi th the gangue consti tuents or with the iron oxides. W h e n 
they react wi th the gangue, they can fo rm par t of the in tergranular mel t ing 
phase which, besides the crystalline phase, contr ibutes to pellet sol idif ica-
tion a l though this phase is qual i ta t ively insignif icant c o m p a r e d to the 
crystalline phase . This can be seen f rom the phase tr iangle, Fig. 26, which 
is composed of the pr incipal basic const i tuents such as C a O / M g O , the 
acid consti tuents S iO 2 /Al 2 O 3 and hemat i t e (Fe 2O 3) . T h e analyses of some 
well-known pel let types are plot ted on the phase d i ag ram. T h e d o m i -
nating role of the i ron oxide phase is apparen t . A l though the intergranular phase is qual i ta t ively insignif icant , it plays an impor t an t p a r t 
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Fig. 26. Iron oxide corner in phase triangle F e 2 O 3 - C a O - S i O 2 composition of vari-
ous pellet types 

for the crystal growth pr imar i ly of hemat i te . F o r example, C a O re-
acts with Fe 2 O 3 at a s imul taneous fo rma t ion of d i f fe ren t calcium ferri tes 
which substantial ly accelerate the crystal growth par t icular ly at t empera -
tures of above 1250 °C. This is due to the fact tha t these ferri tes mel t ing at 
lower t empera tu res speed up the d i f fus ion of ind iv idua l crystal ions in 
such a way that the crystal growth proceeds m o r e rap id ly than in crystal 
structures f ree f rom any melt ing phase . Even low C a O addi t ions are suf-
ficient to p roduce this effect, as is shown in Fig. 27 3 4) . A f t e r the add i t ion 
of one or two percent CaO, a concentrate wi th 99.1% magnet i te is 
pelletized and indura ted at d i f fe ren t tempera tures . An addi t ion of as low 
as 1% C a O is suff icient to m a k e the hemat i t e crystals grow more in-
tensively than the sample free of l ime f r o m t empera tu r e s of 1300 0 C 
onward. SiO2 in the fo rm of quar tz does not react with hemat i t e dur ing 
indurat ion. SiO2 in the fo rm of reactive silicates, which are part ia l ly or 
completely converted to glassy or crystalline c o m p o u n d s can be combined 
with ore grains to fo rm silicate bridges. 

As ment ioned at the beginning of this section, cer ta in addit ives are of 
great impor tance for pellet product ion . N o w a d a y s , in m a n y pellet izing 
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Fig. 27. Influence of CaO and firing temperature on crystal formation of hematite 

plants, addi t ives are increasingly used which serve not only for the original 
purpose to i m p r o v e the pellet strength, bu t go beyond that . In a s imilar 
way, as in the product ion of self-fluxing sinter, the additives are selected in 
such a way tha t the acid gangue componen t s a re neut ra l ized to improve 
to a large extent the slag formation in succeeding melt ing units or reduction 
furnaces. T h e type and quant i ty of these addi t ives d e p e n d on the analysis 
of ores to be t rea ted (see i tem 5.3). 

2 .2 .3 C o o l i n g of Indurated P e l l e t s 

There are two reasons why the pellet cooling is an impor t an t step in the 
final pellet product ion . 

On the one hand , the hot pellets have a cer ta in heat content which, with 
a view to a f avourab le hea t balance, should be recycled, if possible wi th 
small losses, to the hea t ing process. In all pel let f i r ing systems presently 
appl ied on an industr ia l scale, cor responding technological and construc-
tional measures are taken. 



However , it is also impor tan t that the crystalline and glassy c o m p o u n d s 
arising during indurat ion are not damaged by a too rapid cooling. Relevant 
tests have demons t r a t ed 1 8 ) that pellets, which were careful ly cooled by air 
to 300 0 C , will not be d a m a g e d if their f u r the r cooling is achieved in 
water. However , dur ing cooling pellets hav ing a t empera tu re of 600 0 C , 
almost at 50% c rumbled into smaller f ragments . O the r tests yielded s imi lar 
results. In these tests, it was found that the crushing strength of pellets 
having been quenched in water at a t empe ra tu r e of abou t 700 0 C 
d imin i shed to less than half of their initial c rush ing strength. Care fu l pellet 
cooling for ma in ta in ing pellet strength in conjunct ion wi th extensive heat 
recovery are d e m a n d s which mus t be considered for the d imens ioning of 
the cooling units. 

If, finally, the various processing steps f r o m the raw ore to the f inished 
pellets are reviewed, it is found , that several bond ing mechan isms are 
responsible for the fo rmat ion of sound pellets. 
— Liquid bridges be tween the indiv idual grains of the conglomera te to be 

pelletized are responsible for the strength of the green balls dur ing 
their format ion . 

— Solid bridges in the fo rm of " m o r t a r b o n d s " arising th rough gels, hy-
drates and inter-facial forces are responsible for the strength of dry 
pellets. 

— T h e final s t rength of indurated pellets is again due to solid bridges 
arising by crystal change, crystal growth and sintering of the inter-
granular mel t ing phases. 
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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 f rom iron, which 
are exclusively used for: 
— facilitating the pellet product ion (binders) 
— improving the physical-mechanical quali ty (binders and additives) 
— modifying the metallurgical properties of pellets (additives). 

3.1 .1 Iron-Bearing Mater ia l s 

The by far greatest quant i ty of i ron-bearing materials consists of natural 
ores either in the form of high-grade ores or concentrates originating f r o m 
the beneficiation of low-grade ores. W h e n 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 quanti t ies of 
high-grade secondary materials such as calcines f rom pyrite roasting plants 
are used. Some of these secondary materials may contain other impuri t ies 
either in the form of detr imental constituents to be separated such as 
phosphorus, non-ferrous metals or utilizable components, e.g. vanadium 
or copper. For the separat ion of such impurit ies, 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 m a d e on the chemical composit ion of pellets are forming the 
basis of the pellet feed. Natura l 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 primari ly 



f r o m highly me tamorph ic , initially sed imenta ry deposi ts with the pre-
cambr i an era domina t ing as geological fo rmat ion . A high por t ion of ores 
f r o m these deposi ts originates f r o m weather ing zones in which the iron 
content was enriched. According to the c l imat ic zone in which the 
weather ing took place, a lumina minerals such as bauxi te mater ia ls or 
lateri t ic wea thered products p r edomina t e as gangue const i tuents of the 
i ron ores in t ropic zones. In cooler zones, silicate minerals or quar tz are 
domina t ing . In the original parts of these deposits , the qua r t z -banded iron 
ores occur as i tabiri te, locally designated also as taconite or jaspi l i te , pre-
dominant ly in the fo rm of magnet i te ore. O the r deposi ts in the perimagmatic area, mostly pneumato l i t i c ore rep lacement deposits , of ten 
contain the ore in two di f ferent forms: as ca rbona te and magnet i te , and 
also in the f o r m of pyri te as accessory mineral . 

T h e great quant i t ies of geologically younger sed imenta ry deposi ts con-
sisting of cretaceous and dogger fo rmat ions are of great impor t ance for 
m a n y geographical ly l imi ted areas bu t not as ore supplies to pellet izing 
plants. T h e pr incipal i ron minera ls used fo r pellet p roduc t ion are de-
scribed below: 

3.1.1.1.1 Magnetite. Magnet i t e is the ma in i ron-bear ing minera l in un-
weathered and non-oxidized m e t a m o r p h i c sed imentary deposi ts or in 
replacement ore deposits in the magmat i c area. T h e i ron contents of these 
ores range f r o m 20 to 50% for i tabir i tes and u p to 65% in the m a g m a t i c 
deposits. 

Its chemical composi t ion is Fe 3 O 4 , f requent ly also designated as F e O -
Fe 2 O 3 wi th a theoret ical iron content of 72.4%. A rep lacement of the 
bivalent i ron by manganese or ca lc ium ions, of the tr ivalent i ron by 
a l u m i n i u m ions can be observed in ore r ep lacement deposits. In deposi ts 
with a high fo rma t ion t empera tu re , TiO 2 contents are found which are 
mostly present in the fo rm of segregated i lmeni te lamel lae wi th in the 
magnet i te crystals. Vanad ium-pen tox ide incorpora ted into magnet i te lat-
tices, occurs in minera l ized gabb ro massifs mostly together with t i t an ium. 
Other undes i rab le accompanying minerals are apat i te (Nor the rn Sweden) 
or metal su lphides (Peru, Marcona) . Magnet i te , being of the spinel type, 
crystallizes as doub le oxide with the i ron occurr ing in bivalent f o r m as 
F e O and in tr ivalent f o rm as Fe 2 O 3 . T h e p r e d o m i n a n t crystal shape is the 
oc tahedron or the r h o m b i c dodecahedron . 

In general , magnet i te ores are benef ic ia ted to achieve a chemical com-
posi t ion sui table for smelting. As the bes t -known process, magne t i c 
separa t ion is appl ied and somet imes , in addi t ion , f lo ta t ion is also used. 
Dur ing pellet indura t ion , the magnet i te oxidizes to hemat i te . D u r i n g this 
react ion a b o u t 498 kJ pe r kg magnet i te are l ibera ted which, as addi t ional 
energy, posit ively inf luence the indura t ion process. 
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3.1.1.1.2 Hematite. H e m a t i t e is the i ron ore which occurs mos t f requen t ly 
and in the greatest quanti t ies. Accord ing to its genesis, it is avai lable in 
coarse to m e d i u m crystalline s t ructure des igna ted as i ron glance or 
specular i ron ore, in f ine crystalline s t ructure or in ear thy condi t ion as 
earthy hemat i te . Its chemical compos i t ion is F e 2 O 3 wi th a theoret ical i ron 
content of 70.0%. Hema t i t e is also the final ox ida t ion s tage of i ndura t ed 
pellets. F r o m a crystal lographical viewpoint , it per ta ins to the c o r u n d u m 
group and p redominan t ly crystallizes in the hexagonal system with a great 
number of shapes in d i f fe ren t combina t ions up to micaceous scales. D u e 
to weathering of magne t i t e to hemat i te , the cub ic crystalline shape is o f t en 
maintained. This type of hemat i t e is known as mar t i te . 

The p r imary i tabir i tes mostly contain 3 0 - 4 5 % iron wi th quar tz and 
silicates as gangue. More impor t an t are the wea the r ing zones of i tabir i te 
deposits in which the iron is enr iched to contents of 50 u p to a lmost 70%. 
T h e iron content is mainly present as specular i ron ore or ear thy hemat i t e , 
in lower percentages also as magne t i t e or mar t i t e and — d e p e n d e n t on the 
weathering degree — as iron hydrox ide ( " l imoni te" , F e O O H ) . T h e m a j o r 
part of the i ron ores used at present or ig inates f r o m tropical and 
subtropical zones and represents laterit ic wea the r ing products . T h e caps of 
such lateri t ic ore deposits generally consist of a h a r d ore layer of u p to 
20 m dep th wi th h igh i ron and a l u m i n a contents. Sof t to br i t t le f ine i ron 
ores (mostly i ron glance) with i ron contents d imin i sh ing wi th increasing 
depth are s i tua ted undernea th . T h e hemat i t e ores and their concentrates 
seldom contain metal lurgical ly de t r imenta l const i tuents except for the un-
favourable ra t io of a lumina to silica in some ores. 

3.1.1.1.3 Weathered Ores. These ores deserve some addi t iona l lines since, 
quanti tat ively, they are of very great impor t ance as feed mater ia ls for 
pelletizing plants. The best-known deposits are at present si tuated in Canada , 
West Africa, Brazil, Venezuela, India and Western Austral ia. In all cases, 
the original mater ia ls consist of i tabir i te deposi ts of the P recambr i an Era 
with magnet i te and iron glance as basic minerals . By weather ing , gangue 
minerals, qua r t z and silicates are d e c o m p o s e d and r emoved to a greater 
extent due to the i r h igher solubil i ty whereby the i ron content in the 
residual ore is increased. T h e gangue content is locally decreased to less 
than 1% e.g. in some parts of Minas Gera i s /Braz i l . 

T h e iron minera ls are also subjected to a tmosphe r i c inf luences and are 
thus partly conver ted to a h igh degree. A typical f ea tu re of the weather ing 
deposits is the i r heterogeneous compos i t ion and their cons iderable var ia-
tions at shortest distances. T h e ra t io of the ind iv idua l i ron minera l s to each 
other such as specular i ron ore, ear thy hemat i te , l imoni te and magnet i te 
changes wi th in wide limits. Pellet izing plants for such ores can only be 
operated with great difficulties, unless they are p receded by homogeniz ing 



systems. T h e very close in tergrowth of a lumina minerals and l imoni te is 
typical for the wea thered lateri t ic ores. 

3.1.1.1.4 Limonite. L imoni te can be considered as a typical example of 
wea thered ore. Th is somewha t inexact collective te rm covers the i ron hy-
droxide minerals . Mineralogical ly, they occur in the modi f ica t ions "need le -
i ron-ore" and "pyr rhos ide r i t e" whose s t ructural f o r m u l a is F e O O H . O the r 
mineralogical designat ions are "geo th i t e" or " lepidocroci te" . T h e inter-
med ia t e grades with undef ined hydra t ion degree are also specif ied as 
"hydrohemat i t e " . I ron hydroxide is the basic minera l of nearly all 
sedimentary as well as m e t a m o r p h i c deposits . Economical ly impor t an t 
l imonite deposi ts or iginate f rom wea ther ing zones of the i tabir i te and 
sideri te deposi ts as well as f r o m deposi ts with ooli t ic and f ragmenta l i ron 
ores (Mesozoic Era). In the fo rmer i tabir i te deposi ts l imoni te deposi ts 
occur together with specular i ron ore and ear thy hemat i te . D u r i n g the 
pellet i ndura t ion process, l imoni te is converted into tr ivalent i ron oxide, 
Fe 2 O 3 . This process is endo the rmic and there fore increases addi t ional ly 
the hea t consumpt ion . Af te r drying and prehea t ing , l imoni te leaves a very 
f luf fy porous s t ructure which calls for a ra ther long indura t ion t ime at high 
temperatures . P r imary l imoni te ores somet imes contain phosphorus at a 
percentage necessitat ing special s tee lmaking processes such as T h o m a s 
and L D A C processes because separa t ion of the phospho rous minerals by 
mining me thods is very dif f icul t or only possible to a l imi ted extent 
(Minette) due to the i r d isseminat ion with the i ron minerals . 

At present l imoni te is an impor t an t ore const i tuent in several pellet izing 
plants, e.g. R o b e River , Western Aust ra l ia , Sidor , Venezuela . 

F r o m all ores used for pelletizing, hemat i t e is the f inal oxida t ion stage 
af ter indura t ion , as shown in Table 5. Tab le 6 gives some da ta of ores 
nowadays ut i l ized wi thout previous benefic ia t ion. 

Table 5. Conversion of iron compounds into hematite during induration 

Types of compounds Formula % Iron content 

before 
Induration 

after 
Induration 

before 
Induration 

after 
Induration 

Hematite Fe2O3 70 70 
Martite 
Magnetite Fe3O4 72.4 70 
Goethite/Limonite FeO (OH) 62.9 70 
(Hydro-Hematite) (Fe2O3 • H2O) 
Siderite FeCO3 48.3 70a 

Pyrite FeS2 46.6 70ª 

a 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 
ores 
Spec. surface 
area cm2/g 

Fe 
tot. 

Fe" SiO2 Al2O3 CaO MgO L.O.I. Plants Types of 
ores 
Spec. surface 
area cm2/g in % about 

CVRD 
Brazil 

Hematite 
1600- 1800 

66 - 2.7 1.0 0.2 0.2 1.0 

Samarco / 
Brazil 

Hematite 
1500- 1700 

66.5/ 
67.5 

- 2.5/ 
3.6 

0.4/ 
0.7 

0.1 0.2 

Hamersley/ 
West-Austr. 

Hematite/ 
Limonite 
1200-2700 

63.4 
68.7 

0.7 4.5/ 
1.2 

2.6/ 
1.0 

0.4 0.1 3 . 5 -
1.0 

Robe River 
West-
Australia 

Limonite 57.5 n. d. 3.0 9.5 

Chowgule/ 
Goa 
India 

Hematite/ 
Limonite 

63/64 1.5 1.5 4.0 

Sidor/ 
Venezuela 

Hematite/ 
Limonite 3400 

62.9 — 1.6 1.2 6.0 

3 . 1 . 2 B e n e f l c i a t i o n P r o d u c t s 

Ores having a metal lurgical ly unsui tab le compos i t ion undergo benef ic ia -
t ion processes be fo re pelletizing in which the undes i rab le const i tuents are 
largely separa ted . T h e concentrates to b e pel let ized are o f t en suff ic ient ly 
f ine-grained for green ball fo rma t ion as in the case of magnet i te . 

Apa r t f r o m the gangue, the contents of dele ter ious substances such as 
phosphorus , arsenic, t i t an ium, c h r o m i u m , chlorides, f luor ides and non-
ferrous metals, which are part ly de t r imenta l du r ing smel t ing and par t ly 
affect adversely the qua l i ty of f in ished products , shou ld be decreased by 
beneficiation. Mineralogically, the beneficiat ion products mostly conform — 
as far as the i ron minerals are concerned — to the r aw ores. Par t icu la r 
reference should be m a d e to the art if icial magne t i t e aris ing f r o m l imoni te 
or hemat i te -conta in ing ores by roast ing u n d e r r educ ing condi t ions and 
which is separa ted as magne t i t e by low-intensi ty magne t i c separa t ion and 
occasionally by f lotat ion. Owing to its h igh porosi ty and crystall ine 
structure, its reactivi ty to oxygen is very high. T h e beg inn ing of its ox ida -
tion is marked ly lower t h a n tha t of na tu ra l magnet i te . 

T h e i ron content of concentrates, i r respect ive of the process according to 
which they a re ob ta ined , is at least 64%, wi th few exceptions. 
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3 . 1 . 3 S e c o n d a r y R a w M a t e r i a I s 

In some cases, apa r t f r o m iron ores and their concentrates, mater ia ls are 
pelletized alone or mixed with ores or iginat ing f r o m other the rmal or 
chemical processes. Such mater ia ls cover pyri te cinders, leaching residues 
and inplant fines. T h e cinders are p roduced dur ing the roast ing of i ron 
sulphides, such as pyri te (FeS2) or pyrrhot i te (FeS). The i r use is l imi ted 
due to the o f t en existing non-fer rous meta l (Cu, Pb , Zn), or arsenic 
impurit ies. However , in some countries, there are exceptions. Pellet izing 
plants for these ore types are unde r construct ion or in opera t ion in Japan , 
in the Uni ted States, Canada , Italy and R u m a n i a . 

Dur ing the roast ing of iron sulphides (oxidat ion of su lphur to gaseous 
SO2), the i ron is oxidized to ei ther Fe 2 O 3 or Fe 3 O 4 according to the 
ad jus ted roast ing a tmosphere . In these cases, highly porous oxides are 
involved. Res idua l su lphur contents of 0 . 5 - 2 % are usual. Res idues f r o m 
the leaching of copper or nickel-bearing su lphides such as chalcopyri te or 
pent landi te , which are roasted be fo re leaching, are also used as ores, for 
example art if icial magne t i t e concentrates f r om the Inco plant at C o p p e r 
Cliff , Ontar io , Canada . 

In pelletizing plants located in i ron and steel works, nowadays a t t empts 
are m a d e to add in-plant fines to the ore mix to be pelletized. In this case, 
mater ia ls are involved which are ei ther ob ta ined as waste mater ia ls with a 
h igh iron content or are tolerated as basic mater ials . These mater ia ls 
consist of B O F dust, mill scale, blast fu rnace dust and slag and B O F slag. 
Examples of analyses are given in Tab le 7. T h e dusts have a h igh fineness 
degree at a great specif ic surface area whereas slag and mill scale have to 
be ground be fo re pelletizing. T h e presence of mill scale calls for special 
attention. T h e oil adher ing may adversely af fec t the pelletizing process and 
is to be careful ly considered dur ing the dedus t ing of the pellet izing p lant 
waste gases. 

Table 7. Chemical composition of in-plant fines 62 sobrescrito) 

Fe 
total 

SiO2 Al2O3 CaO MgO MnO S 

in % about 

Blast furnace dust 34.8 10.2 2.7 1.1 1.2 1.2 0.4 
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 5.2 0.6 1.5 0.1 
BOF slag 12.0 20.5 6.4 42.5 3.5 4.2 0.6 
Mill scale 64.0 3.0 1.9 3.2 0.3 1.3 0.1 
Pellet undersize 64.8 4.3 0.8 0.6 0.9 0.1 0.02 
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3 . 1 . 4 Binders and Addi t ives 

3.1.4.1 Binders 

Binders, in con junc t ion with the f inely-ground ore part icles, serve to 
improve the proper t ies of pellets in wet, dr ied or i ndu ra t ed condi t ion. T h e 
most impor t an t b ind ing reagents, namely water and iron ore particles a re 
not considered here since they will be discussed in chap te r 5. D u r i n g the 
development of the pellet izing process, a great n u m b e r of organic and inorganic substances were tested with regard to the i r sui tabi l i ty as binders . 
However, nowadays only bentonite , s laked l ime, l imes tone and do lomi te 
are used. Binders which are deleter ious or which give off pol lu tants to the 
waste gas of pellet plants are no longer taken into considera t ion. A l though 
some binders are s imul taneously used as addi t ives , ben ton i te serves as a 
binder only. 

3.1.4.2 Additives 

Addit ives are p rov ided for m o d i f y i n g the chemical compos i t ion of 
pellets, especially their s lag-forming consti tuents. S o m e of t hem have 
binding proper t ies too: 
(a) L ime and l ime-magnes ium compounds , 
(b) Recycling mater ia ls , 
(c) Ores with a par t icular ly high bond ing abili ty, 
(d) Si l ic iferous substances such as quar tz , quar tz i te or rocks wi th a h igh 

quar tz content . 
Siliceous mater ia l is somet imes uti l ized if the gangue content of the ore to 

be pellet ized is too low for obta ining an in tergranular phase . Thus , in some 
benef icat ion plants the separa t ion is, due to the e l imina t ion of me ta l 
sulphides (Marcona ) or phosphorous minera ls (Nor the rn Sweden) , ac-
complished to such a degree that, subsequent ly , the insuff ic ient gangue 
content in the concentra te has to be increased by add i t ion of g round silica. 

Besides b inders and addit ives, g round pellet re turn fines (f ines f rom the 
screening of indura ted pellets) or g round sponge iron can be added to the 
material to be pelletized. Re turn fines show an inert behav iou r whereas 
sponge iron improves the qual i ty and raises the product iv i ty (see i tems 
5 .3 .1 .6-8) . 

3.1.4.3 Bentonite 

In this case, a clayey rock is involved or ig inat ing as a result of 
weather ing f r o m glassy, magmat i c masses and occurr ing in cretaceous and 
tertiary layers. T h e pr incipal minera l c o m p o n e n t is montmor i l lon i te . Be-
sides this m a i n minera l , small quant i t ies of quar tz , mica , fe ldspar and 



kaoline are present . As concerns montmor i l lon i te , the fol lowing structural 
fo rmula is given: 

formula (Al, M g ) 2 ( O H ) 2 ( S i , Al ) 4 O 1 0 x nH2O 35) 

It has a lattice s t ructure ar ranged in layers which is capab le of absorb ing 
great water quant i t ies be tween the indiv idual layers; this is represented by 
n H 2 O in the fo rmula . On such occasions the dis tances be tween the lattice 
layers increase considerably. T h e minera l swells. This swelling proper ty 
and the high th ixot ropic behav iour are the mos t impor t an t characterist ics 
for its bond ing capacity. T h e te t rahedra l crystalline s t ructure of silica can 
incorporate ca lc ium and magnes ium cations in an exchangeable m a n n e r 
with the Ca ions f requent ly being replaced by N a ions. These ions are 
responsible for water bond ing in the in te rmedia te a rea be tween lattice 
layers. The re are two large groups, the calcium bentoni tes , p redominan t ly 
occurring in the Med i t e r r anean area, and the more active sod ium 
bentonites in the Uni ted States. O n e of the bentoni tes wi th the highest 
swelling capaci ty is the W y o m i n g bentoni te . It is possible also to in t roduce 
sod ium ions into the calcium bentoni te and such a bentoni te is then 
designated as act ivated bentoni te . T h e swelling capaci ty is character ized 
by the Enslin value. It is a typical coeff ic ient for the swelling behav iou r of 
the montmor i l lon i t e g roup with intercrystall ine swelling proper ty . T h e 
water absorp t ion of a p rede te rmined bentoni te quant i ty is ascer ta ined at 
intervals of 30 minutes u p to 24 hours al together. 

T h e Enslin value is calculated according to the fo rmula : 

formula _ V x l O O 
E w -

Ew = Enslin value in % 
V = absorbed water quant i ty in cm 3 

P = bentoni te quant i ty in g. 

T h e bentonite index indicat ing the swelling capaci ty and the emptying 
index character iz ing the viscosity of bentoni te suspensions are used as 
fu r ther data . T h e r e is a certain propor t ional i ty be tween these three 
indices. 

T h e chemica l composi t ion of some bentoni tes is shown in Table 8 35). 
Wi thou t taking the interstitial water into account, the typical com-

ponents are as follows 36): 

SiO2 66.7%, Al 2 O 3 28.3%, H 2 O 5%. 

Bentoni te benef ic ia t ion mostly consists of c rushing or extrusion fol lowed 
by drying f r o m an average na tura l mois ture content of 30% ( 2 5 - 5 0 % ) to 
7—8%. T o ma in t a in the bentoni te activity, t he drying t empera tu re should 
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Table 8. Specifications of various Bentonite types 

Chemical 
analysis 

A B C D E F H I Chemical 
analysis Ca.-B. Ca.-B. act.ª B. act. B. act. B. Na.-B. Na.-B. act.ª B. 

Fe ges. 14.02 0.67 1.42 4.47 1.14 2.70 2.55 4.20 
SiO2 42.70 56.80 72.76 56.56 72.08 60.50 60.64 56.90 
Al2O3 17.40 3.37 11.72 19.10 13.96 21.18 21.70 19.52 
CaO 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 
Na2O 0.04 0.25 2.14 2.31 3.00 2.25 2.56 3.20 
K2O 0.11 0.44 0.70 1.70 0.58 0.62 0.44 0.99 
L.O.I. 11.83 9.88 5.38 7.84 4.88 6.10 5.80 7.48 

Spec. 
surface 
area 
cm2/g 

6502 4340 8480 7056 7350 2900 3380 4610 Spec. 
surface 
area 
cm2/g 

6502 4340 8480 7056 7350 2900 3380 4610 Spec. 
surface 
area 
cm2/g 

6502 4340 8480 7056 7350 2900 3380 4610 Spec. 
surface 
area 
cm2/g 

6502 4340 8480 7056 7350 2900 3380 4610 

Permea-
bility 
methods 

Permea-
bility 
methods 

Permea-
bility 
methods 

Enslin 
values 
in % 

200 280 480 610 620 800 900 900 Enslin 
values 
in % 

200 280 480 610 620 800 900 900 Enslin 
values 
in % 

200 280 480 610 620 800 900 900 

a act. = activated 

not exceed 150 °C. Subsequent ly or dur ing drying, the ben ton i t e is g round 
to at least 9 0 % - 0 . 0 4 4 m m corresponding to a specif ic su r face area of u p to 
8000 cm2 /g. T h e t ranspor ta t ion is achieved in closed containers such as 
tank cars or bags. 

3.1.4.4 Lime Compounds 

Limestone, C a C O 3 , and hydroxide , C a ( O H ) 2 , are p re fe rab ly used. In 
nature, l imes tone is somet imes con tamina ted by qua r t z or silicates such as 
clay. L imes tone is sed imentary s t ra t i f ied rock or of c o m p a c t coral l ine 
nature. T h e l ime minera l consists most ly of calcite a n d m o r e se ldom of 
aragonite. Both d i f fe r by their crystal form. T h e i r chemical compos i t ion is 
CaCO 3 . They are benef ic ia ted by crushing, classif icat ion, washing and 
grinding, if necessary. Excessively con tamina ted l imes tone and especially 
l imestone wi th a h igh clay content (mar l ) is not used for pellet izing. 

Before l imes tone is added to the ore to be pellet ized, it is g round to a 
fineness cor responding to a specif ic sur face a rea of abou t 2500-4000cm 2 /g . 
T h e dry gr inding me thod is usually adop ted . In most cases, roller mills or 
comparab le mil l types are used. L imes tone is main ly employed fo r 
modi fy ing the pellet gangue basicity. 
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As a b inder , calcium hydra te C a ( O H ) 2 is p re fe r red , which is p roduced 
f rom CaO by slaking with water. Ca lc ium oxide is ob ta ined by calcinat ion 
of l imestone, C a C O 3 , at a t empe ra tu r e of above 900 ° C in several reactor 
types such as shaf t furnaces , rotary kilns or f lu id bed reactors. T h e selec-
t ion of the reactor type depends on the size and tendency to degrada t ion 
of C a C O 3 du r ing heat t rea tment . 

T h e oxide is cont inuously converted to hydrox ide at a slightly over-
stoichiometr ical water a m o u n t in quench ing uni ts s imi lar to mixing screws 
and is then ground in order to pulverize any remain ing coarse-grained 
constituents. As in the case of bentoni te , t ranspor t is carr ied out in closed 
containers. 

L ime hydra te is both b inder and basic addi t ive. Dolomite or dolomi te-
containing l imestone is occasionally used as fu r the r basic addit ive. Dolo-
mite is a mixed crystal i somorphous to calcite. Its fo rmula is (Ca, Mg)CO 3 

and it is p r e p a r e d like l imestone. 
Dur ing pellet indura t ion , the basic addi t ives react f irst with the " ac id" 

gangue const i tuents whereby a neutral or basic matr ix be tween the iron 
oxide grains is fo rmed . 

3.1.4.5 Other Additives 

If, apar t f r o m pellet indura t ion , o ther react ions are to be carried out, 
corresponding reagents can be used. Calcium chloride (Ca Cl2) is employed for the volat i l izat ion of non-fer rous meta ls such as copper , lead and 
zinc of the pellet mix. Sod ium carbona te or sod ium su lpha te is added if 
vanad ium is to be dissolved as sod ium vanada te f rom vanad ium-con ta in -
ing ores, see C h a p . 7. 

3.2 Preparation of Raw Materials for Pelletizing 

Many of the natura l ores, secondary raw mater ia ls , addi t ives or b inders 
are natural ly not sui table for direct processing into pellets. In these cases, a 
p repara t ion adap t ed to the raw mater ia ls involved is requi red . This refers 
to the 
- increase of i ron content in the low-grade raw ore, 
- separat ion of undes i rab le constituents, 
- gr inding to the fineness requi red for pelletizing. 

T h e me thods adop ted for this pu rpose a re descr ibed in the following 
items as fa r as they are of impor tance in conjunct ion with pellet p roduc-
tion. In this connection, it is also r e c o m m e n d e d tha t the facilities requi red 
for the p e r f o r m a n c e of adequa t e tests (see i t em 4.2) should be provided in 
the pelletizing laboratory. 



3 .2 .1 S e p a r a t i o n 

Separat ion m e t h o d s cover all benef ic ia t ion processes which are neces-
sary for ob ta in ing a sui table chemica l -minera log ica l compos i t ion of the 
materials to be pelletized. D e p e n d i n g on the proper t ies of the ores, several 
methods are ava i lab le for this purpose : 

3.2.1.1 Washing 

Washing is main ly used to decrease the por t ion of clayey const i tuents in 
high-grade la ter i t ic ores. Ores can be subjected to the washing process as 
screened na tura l fine ores or a f te r add i t iona l gr inding. By washing, t he 
clayey const i tuents of the wea thered ores are slurried wi th water and the 
dissolved part icles a re separa ted . In this case very fine-grained a l u m i n a 
compounds as well as some i ron minerals , p r eponde ran t ly l imoni te , go into 
the tailings. F o r this reason, the concentra te always has a h igher rat io of 
magneti te or specular i te to l imoni te than the r aw ore. F r o m a physical 
viewpoint, this wash ing process is a classif ication process (separa t ion 
according to gra in size). D u e to the h igher specif ic gravi ty of the ore 
minerals c o m p a r e d with that of the gangue , an add i t iona l up -g rad ing 
effect occurs. T h e e q u i p m e n t used for wash ing consists of wash ing t roughs 
or washing d rums , spira l classifiers, hydro-cyclones and t u m b l e mills. T h e 
iron concentra t ion is no t very high. But the iron losses are cons iderable in 
the very fine tai l ing particles. Fig. 33, i tem 4.2.1 shows a benef ic ia t ion 
flow-sheet for an ear thy, l imoni te conta in ing ore. 

3.2.1.2 Gravity Separation 

T h e gravity m e t h o d s are based on d i f fe rences in specif ic gravi ty 
between gangue (2.8—3 g/cm 3 ) and iron minera l s ( 4 . 5 - 5 . 1 g /cm 3 ) . These 
methods are a d o p t e d for fine-grained ores wi th specular hemat i t e or 
magnet i te as i ron-bear ing mater ia l and quar tz-s i l icate gangue. Before 
separat ion, the ores are g round to such a degree tha t the i ron-conta in ing 
constituents are mechanica l ly l ibera ted f r o m the gangue. T h e o p t i m u m 
size range is be tween 1.5 and 0.1 m m . In the finer size range, the i ron 
recovery drops considerably. T h e mos t impor t an t uni t which is o f ten used 
on an industr ia l scale is the spiral separa tor , k n o w n as Humphrey's Spiral, 
which has an acceptab le th roughput . 

Other appa ra tus , having in pr inciple the s ame or even a be t te r separa-
tion eff iciency such as shaking tables are hardly used d u e to their grea t 
space requ i rements and insuff ic ient t h roughpu t . In fu ture , the cone 
separa tor accord ing to Reicher t , which wi th in a shor t t ime has ga ined a 
domina t ing pos i t ion for preconcent ra t ing heavy minera l sands, m a y par t ly 
supplant the spiral separator . H u m p h r e y ' s spirals are used for example in 
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the Carol Lake and W a b u s h Lake plants p roduc ing concentrates with an 
iron content of above 63%. 

3.2.1.3 Flotation 

This process which has proved to be su i tab le for the concentra t ion of 
many su lphide ores has also gained a certain impor tance for oxidized iron 
ores wi th in the last 30 years. T h e separa t ion is ach ieved on the basis of the 
d i f ferent physical-chemical surface proper t ies of the individual minera l 
constituents, par t icular ly on the basis of their wet tabi l i ty by water. T h e ore 
surface proper t ies are inf luenced by several reagents which, owing to their 
polar — nonpola r s tructure, are surface-act ive. Othe r reagents are em-
ployed to p rov ide favourab le condit ions in the circulat ing l iquid phase. 
Such reagents are designated as modif iers . T h e water-repel lent part icles 
and those d i f f icu l t to wet accumula te on the air bubbles p roduced in the 
ore pulp. They are discharged by f o a m f o r m e d by these and separa ted 
f rom the pu lp surface. In m a n y cases, a reagent favour ing the f o a m f o r m a -
tion is necessary. T h e wet table grains of the gangue r ema in in the pulp . 

W h e n this separa t ing me thod is adopted , it is unders tood that the 
minera l part icles separa ted by f lotat ion must no t exceed a def in i te u p p e r 
grain size d i ame te r which is of the order of 0.1 m m and dependen t on the 
specific weight. T h e o p t i m u m size range seems to be 0 . 0 1 - 0 . 0 6 m m . 
Initially, the f lo ta t ion me thod was adop ted in two plants in N o r t h Amer i ca 
for the direct concentra t ion of i tabir i te specular i ron ore in which con-
centrates with abou t 65% iron were p roduced f r o m raw ore with abou t 
50% iron. In one of the two plants, the f lo ta t ion was temporar i ly carr ied 
out at abou t 45 0 C when concentrates with an i ron content of 6 8 - 6 9 % 
were requi red . In this way, a more intensive inf luence of the reagents and 
a more eff icient separa t ion were achieved d u e to a lower viscosity of the 
l iquid phase. 

In the mean t ime , the f lotat ion me thod is a d o p t e d to a m u c h greater 
extent for the separa t ion of residual gangue f r o m concentrates and of 
meta l su lphides or phosphorous minera ls f r o m concentrates a l ready 
produced otherwise. In the case of this " inverse f lo ta t ion" , the i ron-
bear ing minerals are thus hydrophi l ized or "dep re s sed" and the r emain ing 
gangue particles are hydrophob ized and f loat in the foam. T h e concen-
trates p roduced by inverse or indirect f lotat ion contain 6 3 - 6 7 % iron. T h e 
iron losses in the tailings are mostly below 10%. 

3.2.1.4 Magnetic Separation 

According to the magne t ic proper t ies of the i ron-bear ing minerals , two 
d i f fe ren t magne t i c separa tor types are used (see i tem 4.3.1). T h e low-
intensity magnetic separator is employed for h ighly magne t ic ores such as 
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magnetite. Accord ing to the necessary l ibera t ion gra in size, the separa t ion 
is carried out in dry m a n n e r (above 2 m m gra in size) or in wet m a n n e r 
when a f iner gr inding is requi red . D r u m separa tors wi th p e r m a n e n t 
magnets are uti l ized as separators. T h e size of recently deve loped units is 
3000 m m width and 1200 m m d i a m e t e r at a capaci ty of 250 m 3 / h feed 
pulp containing 20—50 weight % solids. 

The Alnico magnets former ly used are at p resen t being supp lan ted to a 
high degree by ferr i te magnets . T h e magne t i c induc t ion (field intensity) 
measured on the d r u m surface or at a dis tance of 50 m m is 0 . 0 4 - 0 . 2 tesla. 

In many cases, magne t i t e ores a re so f inely g r o u n d for l ibera t ion that the 
concentrates p roduced a l ready have the grain size requ i red for pelletizing. 
The low-intensity wet magne t ic separa t ion al lows a h igh i ron concent ra t ion 
to 65—72% at a recovery of 95—97% refer red to the highly magne t ic ore 
portion. In some cases, it is possible to u p g r a d e mar t i t e ores with a h igh 
residual magnet i te content by using d r u m s of a s t ronger field intensity. 

Dry high-intensity magnetic separators wi th a f ield intensity of u p to 
2.4 tesla are somet imes used for weakly magne t i c ores, p r imar i ly for those 
with a m e a n size range of 0.05—2 m m . U n d e r f avourab le condi t ions , a 
concentration to 6 5 - 6 6 % iron is possible. A n i m p o r t a n t deve lopment of 
the past twenty years is the high-intensi ty wet magnetic separator. I t 
permits the upgrad ing of relatively f inely g r o u n d specular i ron ores in 
units having a capaci ty of 1 0 0 - 1 5 0 t /h . As regards the f ineness of the ores 
to be treated, its appl ica t ion range is part ly ident ical wi th tha t of f lota t ion. 
In some cases the f lo ta t ion concentra te processing p rob lems can thus be 
obviated when this separa tor type is used. U p to now, this separa tor type 
is being largely employed for the benef ic ia t ion of Brazi l ian low-grade 
itabirite wea thered ores. 

3.2.1.5 Magnetizing Roasting 

Even at a very early stage, a t tempts were m a d e to benef ic ia te hemat i t e -
bearing ores by convert ing the hema t i t e first to magne t i t e by reduc t ion 
and by separa t ing the magnet i te f r om the gangue in magne t i c separators . 
Shaft furnaces, rotary kilns and f lu id -bed roasters can be used fo r 
reduction. According to the density and porosi ty of the ore to be t rea ted , 
the ore is charged at a grain size of u p to 20 m m . Gaseous , l iquid and 
solid fuels are usable as hea t ing and reduc t ion energy. Solid fuels can b e 
employed w h e n they are suff iciently reactive, e.g. lignite. D u e to the 
relatively h igh fuel costs, this process is p re fe rab ly used when c h e a p 
energy is avai lable or in conjunct ion wi th o ther processes. 

U p to the fift ies, a p lant for the t r ea tmen t of dogger ores with a 
throughput of 10000 tpd 37) was in opera t ion in the Salzgit ter district in 
Germany. Large-s ized plants are presently opera t ing in the Soviet U n i o n 
and Austral ia . In a p lant for the processing of nickel-containing ores, 
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opera ted in Canada , artificial magnet i te is ob t a ined as is also the case in a 
plant for the roas t ing of pyri te cinders in Italy. 

Large-sized pi lot plants were opera ted by Oliver Min ing and H a n n a 
Min ing Co. in the Mesabi range for several years. 

However , owing to excessive costs, no indust r ia l plants were erected in 
this area. 

According to this process, very h igh-grade concentrates with an i ron 
content of up to 70% could be p roduced . O n account of its h igh reactivity, 
the artificial magne t i t e a l ready oxidizes at very low t empera tu res of 
a round 300 ° C. T h e fact that it reacts very quickly mus t be considered 
dur ing heat ing and oxidat ion of green pellets f r o m art if icial magnet i te . 

3.2.1.6 Electrostatic Separation 

In the magne t i c f ield, minera l mixtures m a y show a d i f fe ren t behav iour 
according to the i r magnet izabi l i ty so that the separa t ion of magne t ic and 
non-magnet ic solids is based on this proper ty . S imi lar tendencies can also 
be observed in an electrically-loaded field w h e n electrically conduct ive and 
non-conduct ive minera l mixtures are in t roduced . By charging the minera l 
surfaces and subsequent ly discharging the conduct ive particles, migra t ion 
of the conductors in one di rect ion and of the non-conductors in the 
opposi te d i rec t ion can be achieved in an electric field. Conductors and 
non-conductors can thus be separa ted f rom each other. Th is pr inciple is 
also appl icable to i ron-containing minerals of d i f fe ren t conduct ivi ty or to a 
mix ture of the s a m e with o ther i ron- f ree minerals . 

This process is par t icular ly sui table for secondary cleaning of magne t i c 
concentrates wh ich are con tamina ted by i ron-conta in ing minerals , such as 
hornblende , garne t and mica or for secondary cleaning of gravimetr ical ly 
p roduced concentrates. A typical example is t he W a b u s h Lake benef ic ia-
t ion plant. In this plant , spiral concentrates are subjected to secondary 
electrostatic c leaning af ter previous drying. Also in the case of magne t ic 
concentrates, as for example in a p lant bui l t in N o r t h e r n Sweden, a 
secondary electrostatic cleaning is carried out. T a b l e 9 shows the results of 
t he pr incipal benef ic ia t ion processes, analyses of raw ores and their con-
centrates. 

According to this table, several sui table processes are avai lable in which 
a high iron content of the benef ic ia t ion products is obta ined . 

A second impor t an t task of pellet p repa ra t ion is to ensure a sui table size 
d is t r ibut ion of the raw mater ia ls for ball fo rmat ion . 

3.2.1.7 Proportion of Different Ores in Pellet Production 

U p to abou t 1962, magnet i te h a d almost exclusively been processed into 
pellets and this p r imar i ly in the Mesabi Range . Only f r o m tha t da te on 



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

Methods of Benefication 
Types of Ores 
Plant/Location 

Stage of 
Beneficiation 

Analysis * Methods of Benefication 
Types of Ores 
Plant/Location 

Stage of 
Beneficiation 

Fe SiO2 Al2O3 CaO MgO L.O.I. 

Methods of Benefication 
Types of Ores 
Plant/Location 

Stage of 
Beneficiation 

total bivalent 
SiO2 Al2O3 CaO MgO L.O.I. 

Washing Crude 62.7 1.8 2.4 2.7 n.d. n.d. 4.0 
Hematite/ Limonite Concentr. 64.2 1.9 1.8 2.0 n.d. n.d. 3.7 
(Goa India) Pellet 66.0 

0.3 
1.9 2.2 0.5 n.d. -

Gravimetry Crude 38.0 n.d. 40.5 n.d. n.d. n.d. n.d. 
Hematite Spiral Concentr. 64.93 n.d. 5.62 0.21 0.20 0.18 0.34 
(Lac Jeanine Canada) Pellet 65.05 5.64 0.30 0.20 0.17 0.11 
Flotation and flocculation Crude 36.0 n.d. 45.0 n.d. n.d. n.d. 
Hematite (Tilden Mine USA) Concentr. 66.0 5.0 

Pellet 65.0 5-7 0.7 n.d. n.d. 
Magnetic separation Crude 42.1 12.5 14.7 4.4 2.8 2.3 
(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 
Magnetizing roasting Crude 36.4 1.0 45.9 n.d. n.d. n.d. 0.26 
Low-intensity separation Concentr. 66.9 20.2 5.6 0.8 n.d. n.d. 
Jaspilite (Whyalla Australia) Pellet 65.0 1.0 5.4 0.7 0.35 
Wet magnetic separation Crude 56.4 0.2 15.4 1.3 n.d. n.d. 1.8 
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. 41.4 n.d. n.d. n.d. n.d. 
and Concentr. I 61.4 n.d. 5.8 n.d. n.d. n.d. n.d. 
Electrostatic separation Magnetite/ Concentr. II 66.3 n.d. 2.8 n.d. n.d. n.d. n.d. 
Hematite (Wabush Mine Canada) Pellet 65.4 n.d. 2.97 0.27 0.1 0.1 

* Analysis of pellets incl. additives or binders 
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were other ores increasingly used for pellet p roduct ion , such as hemat i t e 
concentrates (Marque t t e Range, USA) , magne t i t e -hemat i t e mixtures 
(USA and C a n a d a ) or hemat i t e containing h igh-grade ores (Brazil, 
Austral ia) . L imoni te -conta in ing hemat i t e was successfully pelletized on an 
industr ial scale even at a later date, f r om abou t 1966. (Goa , R o b e River , 
Western Austral ia .) 

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

Ore types 106 tons/year % 

Magnetite 156.0 53.4 
Hematite 62.0 21.1 
Magnetite/Hematite 47.0 16.0 
Hematite/Limonite 28.0 9.5 

293.0 100.0 

Ore mixtures were t reated as late as abou t 1968 -70 . F o r this purpose , 
the technological condi t ions had first to be e labora ted . Tab le 10 gives a 
survey of the ore supply for pellet plants t h r o u g h o u t the world. It also 
contains a l ready the f igures for the plants whose s tar t -up is scheduled for 
1978. F u r t h e r m o r e , this table represents the percentages of the var ious ore 
types being used for pellet product ion u p to this date. 

3 . 2 . 2 P h y s i c a l Propert i e s of F ine -Gra ined Iron O r e s 

T h e physical proper t ies of fine-grained i ron ores a re the mos t in-
f luencing factors for green ball fo rmat ion , see i tems 2.1, 4.3.1, and 5.1.1. 
Some of t h e m are variable, others not. By control l ing and inf luencing the 
var iable factors the pellet qual i ty can be improved . 

Such var iable factors are the following: 
— grain size and size dis t r ibut ion 
— grain shape 
— surface condi t ion (e.g. peak — to — valley height , specif ic sur face area) 
— porosi ty 
— pore types. 

3.2.2.1 Size Distribution - Specific Surface Area 

There is no def in i te i n fo rma t ion avai lable on the ideal physical p rop-
erties for green ball fo rmat ion . In practical opera t ion , a sui table size 
d is t r ibut ion is empirically ascertained. Subsequent ly , one a t tempts to m a k e 
this size d is t r ibut ion reproduc ib le by a precise descript ion. Wi th cer ta in 
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limitations this leads to the desired success. A n i m m e n s e di f f icul ty is tha t 
the ore to be pelletized undergoes f luc tuat ions due to its raw mater ia l -
dependent propert ies . In m a n y cases, homogen iz ing processes are at 
present appl ied to equal ize the ore proper t ies to m a x i m u m extent. 

A fu r ther p r o b l e m is caused by the dif f icul ty in p e r f o r m i n g an accura te 
measurement of size dis t r ibut ion. This is comprehens ib le because the 
major par t of the grains of a pel le t izable g round p roduc t is below the 
usual size range of test screens. To avoid an excessive a m o u n t of work and 
time, only the coarse gra in size por t ion down to 0.037 or 0.045 m m is 
determined by dry or wet screening, and the por t ion be low this size range 
which may cover 6 5 - 9 5 % by weight is ascer ta ined by adop t ing ano the r 
method. 

A ra ther sui table cr i ter ion for this pu rpose is the de t e rmina t ion of the 
specific sur face a rea (see i tem 4.3.2.). However , in this case also, the 
measurement p rob lems have to be taken into account . T h e usual me thods 
are those in which the permeabi l i ty of a s ample p r e p a r e d according to 
exact specif icat ions is measured . By compar i son with s tandard samples , 
the size of the specif ic surface area of the s ample is in fe r red and this size is 
indicated in cm 2 / cm 3 or cm 2 / g or more se ldom in m 2 / kg . A compar i son of 
different measur ing methods , par t icular ly w h e n the gas adsorp t ion processes (e.g. B. E. T.) are included, shows cons iderable d i f fe rences be tween 
the measured values which may be up to mul t ip le values of o the r 
methods. However , in practical opera t ion , it has p roved tha t s imple 
permeabi l i ty measurements , which can be quickly carr ied out, can be 
s tandardized to such an extent tha t their reproducib i l i ty is suff ic ient fo r 
process control. Accord ing to experience the specif ic su r face area a lmost 
exclusively depends on the p ropor t ion of particles, p r imar i ly of those 
around 0.001 m m . 

Fig. 28. Grinding energy consumption versus specific surface 



Ore "gr ind ing" should be carr ied out as " su r face gr ind ing" in contrast 
to " l ibera t ion gr inding" used for upgrading . T h e values found ou t by 
measur ing the specif ic surface are dependen t on the type of i ron minerals . 
T h e usual values for specular i ron ores are 1 6 0 0 - 1 8 0 0 cm 2 / g and 
1600—2300 cm 2 / g for magnet i te concentrates. If l imoni te por t ions a re included in these ores, a surface area of u p to 4000 c m V g m a y be found . 
Pyrite cinders are of a s imilar order of magn i tude . However , the measu red 
values for magnet i te and specular i ron ore are dependen t on the sur face 
shape. Magnet i te tends to dis integrate into cubic part icles dur ing gr inding 
while specular i ron ore of ten yields flat, mica- l ike f ragments . In the case of 
specular i ron ore, the surface values measu red according to the p e r m e a -
bility me thod thus d i f fe r m u c h more f rom the real sur face than for 
magneti te . T h e size of the specific sur face area highly inf luences the 
gr inding energy consumpt ion as can be seen f r o m Fig. 28. 

3 . 2 . 3 Grinding 

Concentrates f r om disseminated magnet i te ores are, in most cases, 
a l ready obta ined at a grain size sui table for pel let izing whereas in o ther 
cases this gra in size has to be achieved by grinding. T h e gr inding units 
used consist of t umble mills with a gr inding m e d i a charge composed of 
steel balls, except for some cases in which gr inding rods or ore f r agments 
("pebbles") are used. 

Normal ly , the ore is fed to the mills as a p u l p with a solids content of 
60—80% by weight (wet grinding). N o w a d a y s the dry grinding method is 
adopted for abou t 1 5 - 2 0 % of the capaci ty of p lants under construct ion 
and in operat ion. This gr inding process is appl ied if wet g round ore canno t 
be dewatered or not suff icient ly by vacuum fi l t rat ion. Par t icular ly in those 
cases in which purchased ores p r edomina t e the dry gr inding me thod is 
r ecommended to ensure a f lexible ore supply. 

T h e grinding can be achieved in an open circuit (single passage th rough 
the mill) or in a closed circuit. In the lat ter case, hydrocyclones (wet 
grinding) or air classifiers (dry grinding) are a lmost exclusively used for 
classification of mill discharge. T h e decision as to whe ther the closed-
circuit or o p e n - c i r c u i t gr inding m e t h o d is to be adop ted is t aken 
empirically on the basis of gr inding and pellet izing tests. Figs. 29 and 30 
d iagrammat ica l ly il lustrate the di f ferences be tween the two systems. In 
most cases, the a m o u n t of energy requi red for gr inding is, refer r ing to the 
same ore type, the lowest for wet closed-circuit g r inding and the highest 
for dry open-circui t grinding. T h e rat io of these values to each o ther 
differs f r om one ore type to the other. N o def in i t e rule can be given. As 
regards the capital costs, the wet open-circui t g r inding is the cheapes t 
while the dry closed — circuit gr inding necessitates the greatest expense. 
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Figs. 29/30. Wet grinding in open and closed circuit 

Fig. 31. Two alternatives for dry grinding 
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However , w h e n considering the total gr inding costs, including capi ta l in-
vestment , the dry gr inding me thod , Fig. 31, is m o r e sui table for ear thy 
hemat i t e ores since, in this case, the wear costs are substantial ly lower due 
to the lower consumpt ion of ball pebbles and mill l ining than for wet 
grinding. In this way, the costs for ore drying, which is carried out be fo re 
or dur ing grinding, are more than compensa ted . 

3.2.3.1 Dewatering 

Wet g round ores mus t be dewatered be fo re pelletizing in such a way 
that their mois ture content is identical , with, or slightly below, tha t of the 
moisture requ i red for green ball fo rmat ion . T h e corresponding value is 
about 8 . 5 - 1 0 % moisture , according to ore type and gr inding fineness. 

Ores which are wet g round in closed-circuit a re first ob ta ined as a p u l p 
with abou t 1 5 - 2 0 % solids by weight. In circular thickeners, the solids 
content is raised to abou t 6 0 - 6 5 % by weight. 

Rota ry vacuum filters, p redominan t ly disc-type filters are used for 
fu r the r dewater ing to ensure a m a x i m u m capaci ty at a m i n i m u m space. 
Before the ore pu lp is fed to the filter, it is ad jus ted to an empir ical ly 
ascertained o p t i m u m density. Th is density cor responds to a solids content 
of abou t 5 0 - 5 5 % by weight for magnet i te and 5 5 - 6 5 % for specular 
iron ore. 

Filter discs made f r o m metal, hard rubber , or plastic, have a fabr ic layer 
as filter m e d i u m . U p to now, monof i l e plast ic fabr ics have prevai led . 
Nowadays , relatively dense mult i f i les and par t ly felt- l ike plastic fabr ics are 
increasingly preferred . T h e filters compris ing u p to 12 discs have a 
m a x i m u m suction area of 100 m 2 at a disc d i a m e t e r of about 3 m. Larger 
filters with a m a x i m u m d iamete r of 5.3 m have m e a n w h i l e been deve loped 
and will possibly be used in commerc ia l plants in the near fu ture . A 
vacuum of abou t 85%, refer red to a tmosphe r i c pressure, is necessary for a 
suff icient dewater ing. This v a c u u m is p roduced in water-r ing or rotary-
pis ton- type-pumps. A capaci ty of abou t 1 4 0 - 2 0 0 m 3 / h air is r equ i red per 
m2 filter area. In the case of i ron ore, the v a c u u m filter capaci ty is 
0.4—1.5 t / h per m 2 filter area. 

Some ores cannot be suff iciently dewate red by f i l t ra t ion for ball f o r m a -
tion due to their mineralogical composi t ion. In some fo rmer plants, the 
filter cake is, therefore , subjected to drying in drum dryers. This has de-
tr imental consequences for the pellet qual i ty because the d r u m discharge 
consists a lmost completely of micro-pellets of abou t 0 . 5 - 3 m m f rom which 
perfect green balls can hardly be p roduced . F o r this reason, in some 
modern plants the fi l ter cake f o r m e d on the filter disc is hea ted to a h igher 
t empera tu re by using s team instead of air. T h e decrease of water viscosity 
resulting t h e r e f r o m is suff icient to improve sat isfactori ly the filtration. In 
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principle, the s ame effec t could also be ach ieved by a cor responding 
temperature increase of the pu lp bu t the relevant hea t consumpt ion would 
be higher. 

Finally, the endeavours to improve f i l t ra t ion by fi l ter aids should b e 
referred to. F o r m e r a t tempts fai led because the reagents known at tha t 
time adversely a f fec ted the green ball fo rma t ion . T o d a y the chemical 
industry seems to have reagents which do not show such undes i rab le 
secondary effects so that an al ternat ive to s team fi l t rat ion m a y soon be 
available. 



4 The Pelletizing Laboratory and its Tasks 

The fundamenta l demand for indurated pellets is their uniformly good 
quality irrespective of the raw material f rom which they were produced, of 
the purpose for which they are used and of the system according to which 
they are made. D u e to different raw material propert ies 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 f rom industrial plants, 
one can establish reliable and convertible data in the laboratory. 

4.1 Application Range of Laboratories 

Laboratories in which the stages starting f rom the ore up to the testing 
of indurated pellets can be investigated are impor tan t for: 

(a) Pelletizing Plant Constructors. Fo r 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 indurat ion 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 f rom for example blast furnace to direct 
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reduction pellets for which o ther meta l lurgical proper t ies are o f t en 
demanded. Such labora tory tests are of pa r t i cu la r i m p o r t a n c e for pel-
letizing plants in which mixed ores are t reated. 

(c) Pellet Consumers. Purchasers of pellets are p r imar i ly the blast f u r n a c e 
and the direct r educ t ion plant operators . They of ten have labora tor ies in 
which mostly indura t ed pellets are tested. 

(d) Universities, Mining Schools as well as Independent and Public Research Institutions. Accord ing to the tasks to be p e r f o r m e d , such insti tutes 
of ten have only special ized equ ipment . T h e labora tor ies can be adap t ed 
and equipped according to and in conformi ty wi th the p u r p o s e of the tests 
required. T h e inst i tut ions refer red to u n d e r a and b should have the c o m -
plete scope of relevant facilities. 

4.2 The Tasks of a Laboratory 

F r o m the processing of the ore u p to the p roduc t ion of the f in i shed 
indurated pellet , the fol lowing funct ions are in general to be fulf i l led: 
— Choice of su i tab le benef ica t ion processes fo r d i f fe ren t ores 
— Dete rmina t ion of the o p t i m u m gr inding of all r aw mater ia l s 
— Choice and use of b inders or metal lurgical ly eff ic ient addi t ives 
— O p t i m u m green pellet composi t ion 
— Elabora t ion of sui table f ir ing pat terns for de t e rmina t ion of the necessary 

pellet qual i ty 
— Dimens ion ing of the mos t impor t an t process uni ts 
— D a t a on the energy consumpt ion to be expected. 

Essential prerequis i tes to the de t e rmina t ion of all the necessary d a t a 
are: 
(a) the use of representative raw mater ials . Accord ing to the purpose of 

tests, some hund reds of k i lograms to several tons of testing mater ia l 
may be requ i red ; 

(b) fu r the rmore , such equ ipment , facili t ies and furnaces which allow a 
conversion of the results thus ascer ta ined to indust r ia l plants are to be 
used. 

Fig. 32 shows a testing p r o g r a m m e according to which var ious i ron ores 
and addi t ives can be processed up to the finished i ndu ra t ed pellet. Ac-
cording to the p repa ra t ion stage of the ore, some process steps may be 
omit ted. Above all, for the design and construct ion of a comple te plant 
beginning wi th the raw ore and end ing with the f in ished pellet, it is 
advisable to incorpora te the benef ic ia t ion, par t icular ly the fine gr inding, 
into the l abora tory cycle. 
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Fig. 32. Process flow sheet from ore to burned pellets 

4.3 Raw Material Preparation and Pellet Production 

4 .3 .1 R a w M a t e r i a l Preparat ion 

Analogously to the comments given under i tem 3.2, an adequa te ly 
equ ipped pelletizing laboratory should also include the most impor t an t 
facilities and e q u i p m e n t for the benef ic ia t ion of ores. 

(a) Washing of Ores. Finely d isseminated ores should be ground to minus 
0.5 mm. In a p re l iminary test, a small quant i ty of ore is s lurried in an 
agi tat ing tank and its suspension behav iou r is examined. Af te r a certain 
settling t ime, the suspension is separa ted f rom the sedimented solids. Af t e r 
weighing and chemical analysis of the separa ted solids port ion, a meta l 
balance is to be established. In semi- industr ia l tests for the p roduc t ion of 
m a j o r concentrate amoun t s washing appara tus of types which are gen-
erally used in industr ia l plants, such as washing drums, spiral classifiers, 
wet screens and hydrocyclones are utilised. A f lowsheet based on a test 
with an earthy, l imoni te-conta ining hemat i t e f r o m G o a is descr ibed in 
Fig. 33. In this case the i ron concentra t ion effect was of secondary interest 
while the decrease of the a lumina content was m o r e impor tan t . 
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Fig. 33. Flow sheet and material balance in a pilot-scale washing plant for earthy 
hematite 

(b) Gravity Methods. T h e characterist ics of the ores are firstly ascer ta ined 
with only m i n o r quanti t ies . By heavy-media separa t ion in organic l iquids 
of a higher densi ty than water , the gangue is separa ted f r o m the i ron-
bearing mater ia l . T h e density of the heavy m e d i a — general ly a round 
2.8 g /cm 3 fo r i ron ores - is ad jus ted to o p t i m u m selectivity. T h e s e 
laboratory tests are to be conf i rmed by exper iments on a semi- indus t r ia l 
scale. Sui table e q u i p m e n t for such tests is avai lable on the marke t . 

(c) Flotation. D u r i n g f lo ta t ion the ore sur face is, in d i f fe ren t ways, al tered 
by using speci f ic chemicals . T h e effect of individual chemicals is s tud ied . 
Since, in contras t to m a n y physical benef ic ia t ion processes, the t ime fac tor 
plays a certain role dur ing f lotat ion, the next test ing phase is carr ied ou t in 
a continuously opera t ing pilot plant. On this occasion, not only the t i m e 
factor but also the inf luence of middl ings in internal circuits on the process 
are investigated. Such tests on a larger scale a re the prerequis i tes to the 
eleborat ion of a sui table f lowsheet. Wi th a view to a good f i l t rabi l i ty of the 
concentrates and , if necessary, an eff icient wet tabi l i ty of the gra in surfaces 
dur ing pellet p roduc t ion , the choice of reagents is of impor tance . 

(d) Magnetic Separation. According to their behav iou r in a magnet ic field, 
the minerals can be d iv ided into three classes, namely highly-, weakly-, 
and non-magne t ic minerals . S o m e minera ls impor t an t for pellet izing a re 
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specif ied be low 3 8 ) , with the behav iour of i ron in a magne t i c f ie ld serving 
as a criterion: 

i ron = 100 
highly magne t i c 

magnet i te = 40.2 highly magne t i c 

t i tanomagnet i te = 24.7 
pyrrhot i te = 
sideri te = 

6.7 
1.8 

weakly magne t i c 

hemat i t e = 1.3 
l imoni te = 0.8 
quar tz = 0.37 
dolomite = 0.22 

n o n magne t i c 
calcite = 0.03 

n o n magne t i c 

In conformi ty wi th these propert ies , low-intensi ty magne t i c separa tors are 
used for highly magne t ic ores and high-intensi ty magne t i c separa tors for 
weakly magne t i c ores. F o r the de te rmina t ion of the l ibera t ion size, the 
ores are g round to d i f fe ren t fineness. 

T h e Davis tube , which a l ready with a few grams of mater ia l gives 
representat ive results and gu ide values for f u r t h e r tests on a larger scale, is 
suitable for highly magnetic ores. 

Such tests are carr ied out with e q u i p m e n t having a capaci ty of about 
1— 3 t /hour . Most ly d r u m separators are used. These separators are 
normal ly e q u i p p e d with p e r m a n e n t magne t i c systems whose field in-
tensity, measu red on the magne t surface, is a b o u t 0.2 Tesla. 

A d r u m separa to r is used for dry separa t ion while a l i f tout separa tor is 
employed for wet separat ion. Both types can be a r ranged in a mass f low 
circuit so that the da ta thus ob ta ined is a l ready valid for the design of in-
dustrial plants. Subsequent ly , representat ive pellet izing tests are run on the 
m a j o r concentra te quant i t ies thus p roduced . 

Fig. 34 shows, for example , the benef ic ia t ion f lowsheet fo r a magnet i te 
ore. 

However , if weakly magne t i c ores (hemat i tes , l imonites) are to be 
upgraded , substantial ly stronger magne t ic f ields of u p to 2.5 Tesla are 
necessary. These separators are, therefore , called high-intensity magnetic 
separators. In this case, a test with small amoun t s of mater ia l can yield first 
da ta on the field intensity requi red . F o r the p repa ra t ion of flowsheets, 
appara tus on a semi- industr ia l scale with a t h r o u g h p u t of several hundred 
ki lograms per hour are used. In the event of d isseminated ores with an 
adequa te g r ind ing degree, wet separa tors are mos t sui table. D r y separa-
tors are employed for m o r e coarsely in tergrown ores. 

(c) Magnetizing Roasting. Lean hemat i te bear ing ores are reduced to 
magnet i te u n d e r a weakly reducing a tmosphere . This process calls for 
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Fig. 34. Alternative routes for wet magnetic separation of magnetite ore in a pilot 
plant 

relatively h igh processing costs so that it is only used rarely on an in-
dustrial scale. Intermit tent ly opera t ing small ro tary kilns or f lu id -bed 
reactors are employed for the pe r fo rmance of or ient ing tests in which the 
principal character is t ics are to be de t e rmined . Before the construct ion of 
an industr ial p lant , pilot plants are general ly erected and opera ted over a 
period of at least several months . 

( f ) Electrostatics. If this process is t aken into cons idera t ion , the b e h a v i o u r 
of the minera l s in an electric f ield is first tested wi th small quant i t ies . 
With this process, the cor responding pa rame te r s mus t be closely observed. 
The opera t ing condi t ions mus t only vary wi th in very na r row limits, they 
have to be precisely ascer tained in previous tests. It is also possible to 
condit ion the ore grain surface in order to increase the d i f fe rences in the 
conductivity of t he var ious minerals . 

4 . 3 . 2 Grinding 

The most impor t an t prerequis i te to green ball f o r m a t i o n is a suff ic ient 
fineness and a sui table size d is t r ibut ion of the raw mater ia ls . Wi th the 
exception of concentrates, which of ten are a l ready o b t a i n e d in a suf f ic ient 
fineness f r o m the benef ic ia t ion plant , na tura l ores, coarser concentrates 
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and addi t ives have to be ground or re-ground. T h e gr inding tests carr ied 
out in the labora tory have virtually two purposes : 
(a) P repa ra t ion of gr inding samples with a representa t ive size range for 

the pe r fo rmance of pelletizing tests. 
(b) De te rmina t i on of the mos t economic m e t h o d taking the capital in-

vestment , energy consumpt ion and wear in to considerat ion with the 
d e m a n d for h igh-grade pellets being of greatest impor tance . 

There are f o u r variants for the p e r f o r m a n c e of fine grinding: 
— Open-ci rcui t d ry gr inding in ball mills, 
- Closed-circuit dry gr inding, 
- Open-ci rcui t wet gr inding, 
— Closed-circuit wet gr inding (see i tem 3.2.2.2). 

In all cases precrushing to minus 6 m m is r ecommendab le , F igures 29 
and 30. 

Gr ind ing rods or pebbles m a y also be used instead of gr inding balls. 
Pebbles are ore f r agments having a d iamete r of 4 0 - 8 0 m m . 

In the case of ear thy hemat i t e and par t icular ly l imonite , only the dry 
grinding m e t h o d should be adop ted because a f te r wet grinding, these ores 
cannot be suff icient ly dewatered by f i l t ra t ion for green ball format ion . An 
adequate ly equ ipped labora tory should compr ise suff iciently d imens ioned 
grinding test facilities fo r this purpose . Th i s part icular ly appl ies to 
pelletizing p lan t constructors. 

In order to l imit the scope of test work accordingly it is advisable to run 
pellet firing tests in paral lel to the gr inding tests since of ten af ter a few 
tests p re l iminary decisions can a l ready be taken. Moreover , the fineness 
has, of course, to be de te rmined in all g r inding tests. T w o methods have 
proved to be successful bu t i t is r e c o m m e n d e d to ascertain the f ineness 
according to bo th methods : 

(a) Screen Analyses. Normal ly , the sreening is achieved in a dry manner . 
In this connection, a screen cut of 0.045 m m = 325 mesh has become 
usual. In principle, the screen cut m a y also be lower, down to 0.032 m m . In 
this regard, the use of air-blown screens has proved to be suitable. Af te r dry 
grinding, some ores tend to f o rm loose agglomerates . In such cases, the 
wet screening m e t h o d is preferable . A screen analysis is reliable for the 
particle size range below 0.02 mm. For the precise de te rmina t ion of these 
very fine fract ions in connect ion with the gr inding degree, it is addi t ional ly 
necessary to ascer ta in the specif ic sur face area (see i tem 3.2.2.1). 

(b) Surface Determination. F o r this purpose , the me thod according to 
Blaine, known f r o m the cement industry, was first taken over and is 
nowadays adop t ed for pelletizing also. In some laboratories , the Svenson 
method is prefer red . 
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Nei ther m e t h o d is qu i t e independen t of h u m a n errors, i. e. of the person 
charged wi th the p e r f o r m a n c e of the per t inent test. 

In this respect, the m o r e mechan i sed surface de t e rmina t ion with the 
Fisher-Subsieve-Sizer is less sensitive. Each m e t h o d yields reproduc ib le 
results. However , the absolute values ob ta ined , ind ica ted in cm 2 / g or in 
cm2 /cm3 , are not always identical. 

Before the p e r f o r m a n c e of screen analyses and su r face de te rmina t ions , a 
preparatory t rea tment of the samples for the des t ruct ion of pseudo-agglomerates by gentle gr inding with r u b b e r balls is o f t en requi red . A 
previous repu lp ing in alcohol for dissolving the agglomera tes has also 
proved to be successful 3 9 ) . 

4 . 3 . 3 Grinding E q u i p m e n t and Gr ind ing Energy 

To obta in a size range requi red for pract ical ope ra t ion in the gr ind-
ing tests, it is r e c o m m e n d e d to use mills wi th a m i n i m u m d i a m e t e r of 
0.6 m where the ra t io of length to d i ame te r shou ld be abou t 1.5:1. 
Fur the rmore , con t inuous grinding is to be given preference . In the case of 
closed-circuit gr inding, care should be taken tha t the classifiers be 
sufficiently d imens ioned since o f t en they only ensure a representa t ive 
classification f r o m a cer ta in capaci ty onward which m a y involve the use of 
correspondingly greater mills. This detai l should be par t icular ly cons idered 
for wet g r ind ing with hydrocyclones as classifiers. 

The per formance of large-scale tests in mills with e.g. 1.0 m diameter at a 
throughput of 1—3 t /h is r ecommended for ascertaining the exact energy con-
sumption. T h e throughput is dependent on the grindabil i ty of the ore and of 
the required fineness. Consequently a larger ore quant i ty of up to 5 0 - 1 0 0 t 
is recommended for such tests. In the event of a closed circuit, it takes abou t 
3 hours for wet gr inding and abou t 4 hours for dry gr inding until the 
system is in balance. Normal ly , several tests have to be run to ob ta in 
dependable results. T h e specif ic energy consumpt ion for gr inding can be 
de termined by: 

Measur ing the to rque at the shaf t be fo re the m a i n drive p in ion or 
s topping the mill ro ta t ion by using a p rony b r a k e or de te rmin ing the 
active power consumpt ion of the mill motor . 

Such measu remen t s especially the to rque me te r ing yield very re l iable 
data for d imens ion ing the gr inding e q u i p m e n t and for the de t e rmina t ion 
of the energy consumpt ion . Tab l e 11 shows test results which were 
obta ined du r ing gr inding tests in large-scale p i lo t mills. 

In these tests, the ore was ground in various g r ind ing systems to the 
same fineness. Consequent ly , the qual i ty of green and indura ted pellets is 
roughly ident ical wi th in the scope of test accuracy. 
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Wet grinding Dry grinding 

Ball mill Pebble 
mill 

Ball mill Ball mill Pebble 
mill 

Ball mill 

Circuit Circuit 

open closed open closed 

1. Specific surface area 
(cm2/g) 

1600 1600 1600 1600 1600 1. Specific surface area 
(cm2/g) 

1600 1600 1600 1600 1600 

2. Grinding energy (Kwh/t) 18.0 14.5 16.5 21.0 15.5 
3. Wet compression strength 

(N/pellet) 
7.0 7.0 7.0 8.0 8.0 

4. Drop number at 46 cm distance 4.0 3.5 4.4 3.6 3.6 
5. Green pellet moisture 

content (%) 
8.5 8.2 8.2 7.4 7.5 5. Green pellet moisture 

content (%) 
8.5 8.2 8.2 7.4 7.5 

6. Dry compr. strength 
(N/pellet) 

14 14 9.0 9.0 9.0 

7. Compression strength of 
fired pellets (N/pellet) 

3000 3500 3200 3600 3400 

8. Tumbler index 0.6 mm (%) 3.5 3.2 3.4 3.5 4.3 
9. Swelling rates (JIS) (%) 15 14 16 14 21 

10. Specific capacity of a 
travelling grate (t /m2 24 h) 

24 25 23 26.5 24 

As regards the energy consumpt ion , closed-circuit wet gr inding yields 
the lowest values. In the case of closed-circuit dry grinding, the energy 
consumpt ion is almost the same 40). 

In some cases, the specific power consumpt ion for gr inding m a y be 
de te rmined with a certain precision by adop t ing the Bond me thod 4 1 ) . But 
of ten, in the case of sur face grinding, this m e t h o d is not precise enough. 

4 . 3 . 4 F i l t ra t ion 

Wet gr inding is fol lowed by filtration in all cases in o rder to achieve a 
mois ture content of the filter cake which is at or bet ter below the o p t i m u m 
green pellet mois ture content. As concerns the fi l ter cake mois ture content 
to be at tained, small-scale tests with filter plates give indicat ions. However , 
cont inuous f i l t ra t ion test's with the cor responding fi l ter type, such as disc 
or d rum- type filters are r e c o m m e n d e d for d imens ion ing the filter plant. 

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



4.4 Mix Preparation for Ball Formation 77 

In the event that the filter cake is difficult to dewater , hot steam fil tration 
may be advantageous . A thermal secondary dry ing is not only expensive 

but also of ten leads, p r imar i ly when d r u m - t y p e dryers are used, to un-
desirable agglomera tes which may br ing a b o u t great d i f f icul t ies du r ing 
green ball fo rmat ion . These agglomerates h inder : 
(a) the desired close size range of green pellets f r o m be ing achieved; 
(b) a homogeneous mixture , par t icular ly wi th addi t ives a f te r drying. 

A fur ther possibil i ty for the subsequen t regula t ion of the fil ter cake 
moisture content is the use of drying addit ives. In this connection, the 
highly wa te r -bond ing bentoni te has, in par t icular , a cons iderable inf luence 
as has also ca lc ium oxide ( C a O ) when special measu res are taken. 

4.4 Mix Preparation for Ball Formation 

4 . 4 . 1 M i x P r e p a r a t i o n 

All f ine-grained components for the pellet mix , b inders or addi t ives a re 
previously mixed intensively. An o p t i m u m mixing is, of course, achieved 
during the c o m m o n gr inding of raw mater ials . However , possibly existing 
great dif ferences in the gr indabi l i ty of ores or addi t ives mus t be con-
sidered. In the case of wet grinding, no bentoni te can be a d d e d since the 
swelling of ben ton i te would adversely af fec t the f i l trabil i ty. T o ensure a 
homogeneous mix , d i f fe ren t mixer types are used. Small-sized experi-
mental units of some of these types exist. In labora tor ies ba tch- type 
positive mixers have proved to be suitable. Since they opera te in te rmi t -
tently, the charge components and mixing t ime can be precisely controlled. 
In these mixers, a pre-wet t ing of the comple te mix to a mois tu re content 
being abou t 1—2% below the o p t i m u m pellet h u m i d i t y is also achieved. 

The testing mater ia l to be pellet ized is then to be continuously and 
uniformly charged to the bal l ing e q u i p m e n t p re fe rab ly by using a var iable 
speed belt. In the event of mixtures tending to the f o r m a t i o n of lumps , it is 
recommended to insert a f lu f fe r for f lu f f ing any undes i rab le conglomera tes 
before the mix is fed to the disc. 

4 . 4 . 2 Green B a l l F o r m a t i o n 

The ball ing d r u m and the ball ing disc have for m a n y years p roved to be 
equally sui table for green ball fo rmat ion . 

Löfgren 4 2 ) c o m p a r e d the qual i ty of green balls p r o d u c e d f r o m Malmberget magnet i te concentra te both in d r u m s and in discs of industr ia l 
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plants and detected practically no differences . W h e n choosing a bal l ing 
unit for the labora tory , in most cases the disc was selected. However , this 
decision has no th ing to do with the choice of the uni t to be used in the 
industr ia l p lan t to be designed. A m a i n reason for the pre fe rence of a 
disc is its easy handling. Discs opera te pract ical ly wi thou t circulat ing 
undersize load or wi th only a small amoun t . Consequent ly , no recircula-
tion of unders ize is requi red , and the disc quickly comes into balance, i.e. 
the quant i ty of pelletizing mater ia l supp l ied corresponds to the same 
a m o u n t of green balls discharged. W i t h i n a shor te r t ime and with smal ler 
quanti t ies of testing mater ia l sat isfactory results are ob ta ined m o r e quickly 
in the disc than in the d rum. T h e quest ion regard ing the convert ibi l i ty 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-
No. 2 

Discs-
No. 3 

Pilot-
disc 

Airplane-
tire 

Equipment Discs-
No. 2 

Discs-
No. 3 

Pilot-
disc 

Airplane-
tire 

Size (diametro m) 6 6 1.0 _ 
Spec. surface area (cm2/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 (% H2O) 9.3 9.3 8.9 7.9 
Size (mm diametro) 1 2 - 1 5 1 2 - 1 5 1 2 - 1 5 1 2 - 1 5 

tional values of indust r ia l plants, as can be seen f r o m Tab le 12. T h e results 
obta ined in a disc having a d i ame te r of one mete r are comparab l e with 
those reached in discs with a d i ame te r of six meters . Consequent ly , it is 
jus t i f ied to use a ball ing disc of smaller d i a m e t e r for the work p e r f o r m e d 
in the laboratory. 

T h e last co lumn of Table 12 gives the results ob ta ined with ano ther unit, 
the so-called "a i rp lane- t i re" . Th is s imple bal l ing uni t consists of an 
adequate ly suppor ted , rotat ing tire. Test ing mater ia l is in termit tent ly 
in t roduced into the interior of the tire and green balls are p roduced in 
batches. T h e t ire pr imar i ly serves for de te rmin ing the green ball qual i ty 
while it is not sui table for capaci ty de te rmina t ion . 

T h e green ball f o rma t ion in an exper imenta l disc serves for the deter-
mina t ion of: 
— op t imum mois ture content 
— condit ions for the fo rmat ion of green balls of d i f fe ren t d i amete r 
— possible capaci ty 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 tha t the exper imenta l disc can fu l f i l these funct ions , it mus t 
meet the fo l lowing requirements : 
- disc d iamete r : 6 0 - 8 0 cm 
- rim height: abou t 20 cm (to be var ied) 
- disc slope: ad jus tab le be tween 45—55° 
- rotat ing speed: ad jus tab le be tween 10—18 R. P. M. 
- ad jus tab le locat ion of ore and water supply. 

T h e mater ia l supply is to be achieved s teadi ly and evenly spread . 
Fig. 35 shows such an exper imenta l disc and a p remixe r a r ranged 

beside. 

4.4.2.1 Green Ball Formation and Testing Methods 

Green balls cannot be s tored du r ing their t r anspor ta t ion f r o m the bal l ing 
to the indura t ing unit due to their low mechanica l strength. 

T h e pellet izing plant constructors intend, there fore , to keep the trans-
por ta t ion route as shor t as possible with a m i n i m u m n u m b e r of t ransfer 
points and low d r o p heights. 

In m o d e r n travell ing grate plants, for example , the t ranspor ta t ion t imes 
are be tween two and m a x i m u m four minutes wi th abou t f o u r to five 
transfer points and d rop heights of 60 to a m a x i m u m of 100 cm. T h e 
testing m e t h o d s adop ted at present were es tabl ished according to these 
practical requi rements . 

4.4.2.1.1 Pellet Moisture Determination. A b o u t 100 g of green balls are 
dr ied in a dry ing oven at a t empera tu re of 105—110 °C. 
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4.4.2.1.2 Crushing Strength. A cer ta in m i n i m u m crushing strength is 
necessary in o rde r tha t the pellets can wi ths tand the compress ion load in 
the pellet bed on a bel t conveyor, drying grate, indura t ing grate, or in a 
shaf t furnace. 

T h e average crushing strength of green and dr ied pellets is controlled by 
compressing at least 10 pellets be tween parallel steel plates up to their 
breaking. T h e m e a n value of the tested pellets gives their crushing strength. 
In a s imple manne r , this test is carr ied out on a p l a t fo rm balance with 
weight indicat ion by means of a pointer . T h e pel let to be tested is placed 
on the lower steel p la te of the ba lance and is gradual ly compressed with a 
steel plate while the pointer posi t ion is observed. T h e pel let b reakage is 
indicated by the j u m p i n g back of the pointer . T h e m a x i m u m weight load 
observed corresponds to the crushing s t rength measured in N/pe l l e t . 
Often, mechanica l ly operat ing testing units are r ecommended . If the 
crushing strengths ascertained with a p l a t fo rm ba lance are co m p a red wi th 
the results of a mechanized test press, there are practically no di f ferences 
for pellets of the s ame diameter , as can be seen f rom the fol lowing data: 

Crushing strength: N/pellet 
Green Pellet Dr i ed Pellet 

H a n d press 11.1 40.6 

Automat ic press 11.6 46.9 

This me thod of de te rmining the crushing strength is scientifically incorrect since pressure is always refer red to a p lane surface which is not the 
case with a pellet. A point load, represented by a poin t crushing strength, 
is also not correct for the spherical surface of a pellet. However , the 
measurements result in practically comparab le values as reference values if 
the examina t ion is carr ied out with pellets of approx imate ly the same 
diameter . Consequent ly , small pellets mus t yield a lower strength than 
those of a grea ter d iameter 4 3 ) . Control measu remen t s with the s ame 
earthy hemat i t e as described above conf i rmed this assumption. Pellets 
having a d iamete r of 10 m m , 12 m m and 15 m m yielded the strength 
specified below bo th for green and dry pellets: 

Pellet diameter in m m 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 wi ths tand a fu r the r load dur ing the d rops in the course 
of their t ranspor ta t ion . T w o values a re ascer ta ined for these drops. 

4.4.2.1.3 Drop Number . T h e drop n u m b e r indicates how of ten green balls 
can be d r o p p e d f r o m a height of 46 cm = 18" be fo re they show per-
ceptible cracks or c rumble . T e n green balls are ind iv idua l ly d r o p p e d on to 
a steel plate. T h e n u m b e r of drops is de t e rmined for each ball. T h e 
ari thmetical average values of the c rumbl ing behav iou r of the ten balls 
yield the d r o p number . According to experience, the m i n i m u m value is 
four. As a result, a pellet is to wi ths tand, wi thou t any damage , four d rops 
f rom a he ight of 46 cm. Compara t i ve values a re given in Tab l e 13. If the 
necessary values are not achieved wi th the ore alone, b inders are added . 
The ball d i a m e t e r is also to be indicated for the de t e rmina t ion of the d r o p 
number because, in this case, also correlat ions exist. 

4.4.2.1.4 Drop Resistance. This testing m e t h o d is only occassionally 
adopted today. By using this me thod , the crushing s t rength of green balls 
is found out a f te r three d rops f rom d i f f e ren t heights. Th i s value is an in-
dication of the admiss ib le he ight d i f fe rence at var ious t ransfer points 
during green ball t ransporta t ion. A b o u t 7 N e w t o n are requi red as 
m i n i m u m strength for three drops f r o m a he ight of 46 cm. 

Desired values for the mechanical p roper t i es of green, dry and indura -
ted pellets have to be ascertained in labora tory tests, 4 .6 .1-4 .6 .1 .2 and 
shown in tab le 13, first column. F o r compar i son , m e a s u r e d values of pellets p roduced f r o m various ore types in industr ia l plants are also indica ted . 

4 . 4 . 3 Capac i ty D e t e r m i n a t i o n 

Although pellet p lant constructors have been gaining experience in in-
dustrial plants with d i f fe ren t ores for several years, it is r e c o m m e n d e d tha t 
capacity de te rmina t ions be carr ied out on an exper imenta l bal l ing disc. 
The m a x i m u m capaci ty can be recognized by the decreas ing qual i ty , 
particularly by an extension of the size range of the pellets p roduced . 

Optically too, the capaci ty l imit can be recognized by an increasing 
pellet sur face roughness. F r o m the cons iderable n u m b e r of publ ica t ions 
dealing wi th the ques t ion regarding the d imens ioning of pellet izing plants, 
the article issued by Bhrany 44) is to b e noted. H e has set for th a theory 
which pe rmi t s the design of industr ia l bal l ing discs on the basis of 
laboratory exper iments . 



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) Test specifications according to standard 
methods 

Desired values 

Magnetite Hematite Limonite 
Hematite 

Mixture of 
ores 

Additives Variable Bentonite Lime hydrate 0.5% Bentonite 2% CaCO3 

0.7% 1% (Ca/OH) 2 3.0% CaCO3 Lime stone 
Lime stone 

Grinding -0.045 mm in % Variable 72 98 67 58 
spec. surface area (cm2/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 96 
Abrasion index (%-0.5 mm) 5 2.2 2.8 4.2 3.5 
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4 . 4 . 4 B u l k D e n s i t y 

T h e de te rmina t ion of bulk densit ies of ores, concentra tes and addi t ives 
is impor t an t for the d imens ion ing of bins and hand l ing equ ipmen t . In 
addi t ion, this de te rmina t ion gives indicat ions of the capaci ty of ball 
forming units, which is decisively inf luenced by the bu lk densities. 

4.5 Green Ball Induration 

T h e indu ra t i on of green balls means the i r t he rma l t r ea tment in the 
following stages: 
- Drying of green balls 
- Hea t ing of dr ied pellets and ox ida t ion of magne t i t e pellets u p to in-

dura t ion t empe ra tu r e 
- Fi r ing at i ndura t ion t empe ra tu r e 
- Cooling of indura ted pellets. 

D e p e n d i n g on the in tended purpose , the var ious trials are carr ied ou t 
with testing mater ia ls in fu rnaces hav ing a d i f f e ren t t he rma l capaci ty and 
volume. Or ien t ing tests are run on quant i t ies of ind iv idua l pellets of u p to 
one k i logram. Tests p e r f o r m e d with quant i t ies of u p to 80 kg are 
p e r f o r m e d in pot grates, which serve to: 
- ascertain the qual i ty of the pellets p roduced as a depen den ce on the raw 

mater ia l proper t ies , 
- de te rmine the oxygen requ i red for the mos t comple te ox ida t ion of 

magnet i te to hemat i te , 
- de te rmine the t empera tu re prof i le for the ore types involved, 
- de te rmine the capaci ty of e.g. t ravell ing gra te plants expressed in tons of 

pellets p r o d u c e d per sq .m. gra te area and day, 
- ob ta in da ta for gas f low and hea t ing balances. 

4 . 5 . 1 F u r n a c e s for O r i e n t i n g T e s t s 

(a) In an orienting test the shock sensitivity du r ing green ball drying is 
de termined . F o r this purpose , shock tests a re carr ied out in a m u f f l e 
furnace which can be hea ted f rom 100 0 C to 1000 °C. T e n wet pellets are, 
for example , in t roduced into such p rehea ted muf f l e s to f ind out the 
n u m b e r of pellets which burs t at a p r ede t e rmined tempera tu re . T h e 
admissible shock t empe ra tu r e is tha t at which all pellets r ema in un-
damaged . M o r e precise measu remen t s are m a d e in a pellet layer t h rough 
which gas is f lowing. F o r this purpose , pellets a re charged in a basket to a 
tube fu rnace as shown in Fig. 36. 
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Fig. 36. Tube furnace for drying tests with green balls in a gas stream 

(b) Or ient ing pellet induration tests are run in conventional l abora tory 
furnaces, e.g. m u f f l e furnaces, which can be hea t ed u p to a t empe ra tu r e of 
abou t 1350 °C. In these tests, small pellet quant i t ies are used main ly to 
ascertain the o p t i m u m firing tempera ture . 

4 . 5 . 2 S t a t i o n a r y P o t Grate for Pr inc ipa l T e s t s 

T h e above two fu rnace types can be f o u n d in every metal lurgical 
labora tory whi le the pr incipal tests are p e r f o r m e d in special e q u i p m e n t 
developed for pellet firing, the so-called pot grate. In these pot grates, 
representat ive tests for firing according to the travell ing grate, grate-kiln 
and shaft furnace process can be carried out. Irrespective of special pelletiz-
ing processes this po t grate is o f t en used for general invest igat ions also 
those of a scientif ic nature. T h e drying, p rehea t ing , f i r ing and cooling are 
achieved in the same pot grate with the process gases being sucked or forc-
ed th rough the pellet layer. According to the f i r ing system appl ied , the 
bed height varies be tween 20 cm for the grate-ki ln process and abou t 
40 cm for the travell ing grate process. 
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T h e pot gra te was developed on the basis of dow n-d rau g h t s inter ing 
technology. It was then adap ted to the special t he rma l condi t ions of pellet 
firing. In par t icular , the so-called side wall effect initially caused t roubles 
in the course of the process. This effect b rough t a b o u t two p h e n o m e n a : 

(a) T h e gas f low is faster a long the wall t han in the pellet bed. As a 
result, the measu red waste gas vo lume is greater than in industr ia l plants. 

(b) T h e hea t ing gases in the zone near the wall give off a cons iderable 
part of the i r hea t energy to the wall. In this way, the pellets placed on the 
wall area are not hea ted to the necessary t empe ra tu r e and their qual i ty is 
thus correspondingly lower. Two possibil i t ies for avoid ing or d imin i sh ing 
this effect are used in practical opera t ion . 

4.5.2.1 Pot Grate with Side Walls and Hearth Layer 
Fi red pellets of a smal ler d i ame te r t han tha t of green balls or screened 

fired pellet f r agments are placed be tween the s ta t ionary side wall and the 
green ball feed. This in te rmedia te layer represents an insulat ing zone 
which d a m s hea t convect ion and holds off the hot gases f rom the 
s tat ionary smoo th side wall. This s ide wall ma te r i a l can be separa ted by 
simple screening f r o m the f i red pellets a f te r t e rmina t ion of the test. T h e 
main por t ion of the s ample can be used for qua l i ty de te rmina t ion . 

Since the pot grate bo t t om is composed of metallic gra te bars, it needs 
to be protected against overheat ing. This is achieved with a layer of 
indura ted pellets of 6 - 1 0 cm thickness. 

T h e green pellet bed is thus pro tec ted by a " re f rac to ry envelope" con-
sisting of the same mater ia l as the pellets. Smal le r pellet samples f r o m 
di f ferent ore types could also be e m b e d d e d in one or several baskets of 
stainless steel into the midd le of the green pellet layer. Af t e r t e rmina t ion of 
the test, these baskets can be separa te ly wi thdrawn. Fig. 37 shows the 
section of such a pot gra te with side wall pro tec t ing zone, hea r th layer and 
pellet filling. 

4.5.2.2 P o t Grate with Corrugated Side Walls 
At temp t s were also m a d e to avoid a i r - in- leakage by using a re f rac tory 

brick l ining of an inside corrugated shape . In this case it is r e c o m m e n d e d 
that any f in i shed pellets should be p re fe rab ly w i t h d r a w n f r o m the m i d d l e 
of the bed or for relevant tests baskets be employed . T h e section of such a 
pot grate is represented in Fig. 38 45). In bo th cases hea r th layer can be 
used. Instead of side layer or re f rac tory r a m m i n g mass a newly deve loped 
ref rac tory fiber m a t is nowadays used which is resistant to t empera tu res 
up to 1600 0 C . This mate r ia l has the fol lowing characterist ics: 
— high t e m p e r a t u r e resistance 
— low heat capaci ty 
— good insulat ing effect 
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Figs. 37/38. Alternative pot grate systems for heat treatment of pellets 

4.5.2.3 Control Scheme of P o t Grate Tests 

In the firing tests, d i f fe ren t test condi t ions can be var ied and checked, 
such as: 
— air flow direct ion, drying me thod 
— gas volume, suct ion and pressure in the wind box 
— prehea t ing ra te and t empera tu re prof i le 
— fuel type: oil or gas 
— heat ing gas a tmosphere by using addi t ional oxygen, if necessary. 

Above all, t empera tu re control is decisive for the qual i ty of f i red 
pellets and process deve lopment so that in all impor t an t locat ions the rmo-
couples are installed. T h e side view of such an equ ipped s ta t ionary pot 
grate as it is f requent ly employed for pellet f i r ing is shown in Fig. 39. 

4.5.2.4 Movable Pot Grate 

In the pot grate, the consecutive process stages develop in a s ta t ionary 
state in contrast to the travell ing grate in wh ich the ind iv idua l process 
steps proceed locally and separately f r o m each other . 

W h e n the necessary flow direct ion of the process gases is reversed, the 
test condi t ions are impa i red in the s ta t ionary pot grate by the fact tha t the 
ancillary e q u i p m e n t connected with the pot grate, such as wind box and 
firing hood, cannot be b rough t so quickly to the t empera tu res requ i red for 
the process. Th is has de t r imenta l consequences pr imar i ly at the end of the 
firing process. D u r i n g the change-over to cooling, the air is first p rehea ted 
on the hot walls of the wind box and then passes in preheated condit ion to 
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Fig. 39. Temperature control in pot grate tests 

the pellet charge. However , in an industrial plant , cool air can immedia te ly 
flow th rough the pellet bed. Also du r ing prehea t ing , delays which a re 
caused by the hea t consumpt ion of the bu rne r hood br ickwork mus t b e 
considered. Lea rn ing f r o m this experience one p roceeded to render the pot 
grate movable . It is, as in an industr ia l plant , b rough t in to ano the r pos i t ion 
during each of the var ious process stages. Fig . 40 shows the scheme for 
such a pot gra te which is m o v e d f r o m the r ight s ide to the lef t s ide du r ing 
the heat ing opera t ion . In posi t ion I, green balls are fed to the po t grate. In 
posit ion II, t he u p d r a u g h t drying is achieved whi le in pos i t ion III the f inal 
drying, preheat ing , magne t ide oxidat ion, f i r ing and a f te r - f i r ing are ac-
compl ished. In posi t ion IV, the hot charge is cooled wi th an u p d r a u g h t 
air flow. T h e po t grate is empt ied in posi t ion V. 

T h e a r r angemen t of the measur ing device, par t icular ly tha t for measur -
ing the t empe ra tu r e in the pellet layer cor responds to the scheme shown in 
Fig. 39. Fig. 41 is a pho tog raph of a l abora tory e q u i p m e n t with var ious 
pots, hea t ing device and ins t rument panel . F r o m the three pots shown in 
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Fig. 40. Movable pot grate system for heat treatment tests 

the plate, the po t in the centre serves for testing, the two others are 
s tand-by pots. T h e da ta logged dur ing the m e a s u r e m e n t is au tomat ica l ly 
recorded. T h e measur ing ins t ruments can be directly connected to a 
computer . 

All data is logged, s tored and is at any t ime avai lable for renewed 
evaluations. These data can also be directly uti l ized t h r o u g h the compu te r 
for the design of industr ia l plants. 

Fig. 41. Photograph of a movable pot grate system 
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4 . 5 . 3 P i l o t P l a n t s 

Reference is m a d e to Tab l e 13 which shows the m i n i m u m d e m a n d s on 
pellet proper t ies empir ical ly ascer ta ined and the values m e a s u r e d in in-
dustrial plants, which were originally es tabl i shed on the basis of test results 
obta ined in laborator ies . In this way, p roof has been fu rn i shed that it is 
possible to design and construct pel let izing plants on the basis of 
laboratory results. In some cases, it will, nevertheless, be advisable to 
operate a pi lot p lant having a capaci ty of 1 0 - 2 0 tpd pellets. 

T h e p u r p o s e of such a pi lot plant is: 
- to p rov ide m a j o r quant i t ies of pellets for speci f ic reduc t ion tests in 

pilot plants of d i f fe ren t direct r educ t ion systems, 
- to test new f i r ing systems, 
- to investigate new process var iants for t rying out d i f fe ren t fuels, e. g. 

coal a lone or mixed wi th gaseous or l iqu id fue l . 
However , results f r o m pilot plants are n o longer needed for the design of 

conventional plants. 

4.6 The Properties of Indurated Pellets 
and Their Testing Methods 

F r o m the indura t ed pellets such proper t i es are d e m a n d e d which a re 
necessary for their behav iou r dur ing t ranspor ta t ion (physical proper t ies) 
and pr imar i ly dur ing metal lurgical t r ea tment e i ther in the blast fu rnace or 
in direct r educ t ion plants (metal lurgical proper t ies) . T h e pellet qual i ty is 
evaluated by adop t ing appropr i a t e testing me thods , which were deve loped 
f rom experience gained main ly in industr ia l plants. A t t empt s a re succes-
sively being m a d e to develop and introduce international standards, called 
ISO Standards . These s tandards are e labora ted and p roposed by the Inter-
nat ional Organ iza t ion for Standardiza t ion . Coun t r i e s wi th a h igh pel let 
impor t rate, such as Japan , are using in paral lel , t he i r own testing me thods . 
Labora tor ies of pellet exporters should be e q u i p p e d for the use of all im-
portant testing methods . 

4 . 6 . 1 T h e P h y s i c a l P r o p e r t i e s 

Testing m e t h o d s were initially t aken over f r o m those used for o ther 
products , as for example f r o m the cement indus t ry for testing the crushing 
strength as well as f r o m coking plants for test ing the t umbl ing behav iour . 
At an early stage W. E. Marsha l 4 6 ) po in ted ou t the impor t ance of the 
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mechanica l s t rength of pellets in the blast furnace. H e found clear 
correlat ions be tween the quant i ty of f lue dust and the tumbl ing behav iou r 
of pellets charged. 

4.6.1.1 Crushing Strength, According to I S O TC 1 0 2 / S C 3 D P 4700 

It is a p p a r e n t f r o m practical opera t ion , tha t the pellet consumers 
demand a m i n i m u m strength of an average s ample of abou t 2000..N/pellet. 

In order to de te rmine the crushing strength, one indiv idual pellet is 
placed be tween two steel plates in a s imilar m a n n e r as for green balls and 
the compress ion load is increased according to a specif ied t ime schedule. 
Pellets of an o p t i m u m roundness and most u n i f o r m d iamete r are selected 
to ensure an even poin t load. A m i n i m u m of ten pellets is used for each 
test. In the case of travell ing grate plants, the examina t ion is carr ied out 
for the upper , m idd le and bo t tom layer of pellets. T h e average s t rength of 
ten individual pellets is then regarded as crushing strength. 

Nowadays , var ious testing me thods are appl ied: 
(a) H a n d press: It is opera ted by h a n d the p o w e r being hydraul ical ly 

t ransmit ted. 
(b) Hydrau l i c press wi th motor ized drive. 
(c) Electrically opera ted press with a weight p laced on a movab le lever 

arm. 

4.6.1.2 Tumbler Resistance 

Although the abras ion test according to ISO Standard 3271 1975 E has 
been s tandard ized internationally, a pelletizing labora tory should compr ise 
facilities which will al low d i f fe ren t examina t ions to be m a d e according to 
the customer 's wish. T h e r e exists in parallel to ISO, the A S T M (Amer ican 
Society for Test ing and Mater ials) as well as the JIS ( T u m b l e Test 
Japanese Industr ia l Standards) . T h e ISO Test, according to ISO S tandard 
3271 1975 E is, for example , carried out as follows: 

F r o m a representa t ive sample , 15 kg of pellets with a grain size of above 
8 m m are in t roduced into a d r u m having the fol lowing dimensions: 

d i amete r = 1 m 
length = 0.5 m 

Two lifters, each 5 cm high, are located inside the d r u m which is ro ta ted 
for eight minutes at a speed of 25 rpm, i.e. 200 revolutions. Subsequent ly , 
the pellets are screened and the f ract ions + 6.3 m m and - 0.5 m m are 
ascertained. T h e percentage of the separa ted fract ions in p ropor t ion to the 
feed weight is the value of the T u m b l e r Index (+ 6.3 m m ) and Abras ion 
Index ( - 0 . 5 mm) . All values should be checked by repet i t ion of the test. 
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Since for each m e a s u r e m e n t a relatively large pellet a m o u n t is consumed , 
ISO developed a m e t h o d for a 3 kg pellet charge. 

A compar i son of physical and mechanica l qua l i ty of green and indura t -
ed pellets be tween desired and measured values in industr ia l plants is 
given in Tab le 13. 

4.6.1.3 Microporosity 

Nowadays , no great impor tance is a t tached to the de t e rmina t ion of the 
microporosi ty, which was temporar i ly considered as impor t an t for t he 
evaluation of the reduct ion velocity in pellets. Accord ing to experience, 
this velocity is in pract ice always so h igh tha t even porosi ty var ia t ions 
between abou t 1 0 - 3 0 % hardly cause great d i f fe rences and the m a j o r pa r t 
of pellet qual i t ies is wi thin the uppe r pa r t of this range. Only pellets of a 
very glassy s t ruc ture can be more dense but such pellets a re exceptions. 

The porosi ty (P) is de te rmined by measu r ing the t rue specif ic densi ty 
(D) with benzene or kerosene in a pycnometer . 

T h e appa ren t specif ic density is measu red wi th mercury according to 
the rep lacement me thod . 

T h e porosi ty is  

4 . 6 . 2 B e h a v i o u r of Indurated P e l l e t s D u r i n g R e d u c t i o n 

T h e d e m a n d s h i the r to m a d e on the pellet qua l i ty exclusively refer red to 
the mechanica l behav iou r of pellets dur ing s torage and t ranspor ta t ion . 
With the beginning of reduct ion, addi t iona l proper t ies are requ i red such 
as: 
— good reducibi l i ty which corresponds to a h igh t h r o u g h p u t and an 

economic energy consumpt ion , 
— low tendency to swelling, correspondingly good gas permeabi l i ty of 

pellet charge, 
— good mechan ica l resistance in all reduc t ion stages a t low and h igh 

reduct ion t empera tu re , which means little degrada t ion , little abras ion , 
m i n i m u m strength and good gas permeabi l i ty , 

— low tendency to sticking under opera t ing condit ions, no cluster f o r m a -
tion and no uneven gas permeabi l i ty , 

— softening and mel t ing behav iour in accordance with o ther blast f u r n a c e 
bu rden components . 
T h e necessity of knowing these proper t ies be fo re the pellets are used in 

the reduct ion furnaces was recognized in good t ime. Consequent ly , 
methods for testing the blast fu rnace charge componen t s were deve loped 
accordingly. S o m e of t hem were taken over unchanged or, in some cases, 
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in a m o d i f i e d m a n n e r for direct reduct ion. F r o m early knowledge of the 
behav iour of na tura l l ump ores, sinter and pellets, it is essential to 
inf luence the charge in such a way tha t du r ing reduct ion no di f f icul ty 
occurs. In the case of natural l u m p ores, this is not possible. The i r 
proper t ies are de te rmined by nature . T h e s i tua t ion is d i f fe ren t for sinter 
and pellets. By the selection of adequa t e addi t ives and by a var iable f i r ing 
pattern, the behav iou r of pellets dur ing reduc t ion can be largely inf luenced 
in advance. As a result, the testing me thods a re of increasing impor tance . 

They shall be pract icable in a laboratory, mos t s imply appl icable and 
imitate the effect of impor tan t parameters . However , they cannot s imula te , 
in all details, the reduct ion p rocedure nei ther in the blast fu rnace nor in 
the direct reduc t ion plant , bu t a s imilar corre la t ion be tween the process in 
an industrial p lant and the labora tory invest igat ions shall be ensured. 

T h e great impor tance of such testing p rocedures can be recognized by 
their large n u m b e r nowadays be ing appl ied . A n adequa te ly e q u i p p e d 
pelletizing labora tory should, therefore , compr i se a m a x i m u m n u m b e r of 
the pr incipal testing facilities. In view of the wor ldwide interest the 
establishing of internat ional ly valid and recognised testing me thods is 
intensively pushed forward . T h e ISO Standards are right now receiving 
more and more attention, but the JIS, Japanese Industrial Standards, mus t 
be considered if pellets are suppl ied to Japan. L K A B in Sweden as an 
impor tan t pellet and ore supplier , are a t tempt ing , together with inter-
national organisat ions, such as the British and G e r m a n Steel Industry, to 
develop adequa t e s tandards. However , the endeavours of all organisat ions 
are increasingly concentrated on in ternat ional coopera t ion 4 7 ) . Special 
testing me thods still exist in plant complexes where pellets are p roduced 
for internal blast furnaces. 

T h e reduct ion condit ions in blast furnaces are, in the first phase , very 
similar to those of shaf t fu rnace reduct ion processes if the d i f ferences in 
the reducing gas a tmosphere are neglected. T h e t empera tu re prof i le is also 
similar at the beginning bu t changes at a b o u t 8 0 0 ° - 1 0 0 0 0 C . In this 
t empera tu re range, the oxygen removal du r ing direct reduct ion ends. 
Sponge iron is cooled and avai lable for mel t ing to steel in o ther furnaces . 
For this purpose , it is necessary that sponge i ron has a certain mechanica l 
strength and a good tumbl ing behaviour . 

The final reduct ion in the blast fu rnace proceeds different ly . T h e 
partially reduced mater ia l remains in the s a m e fu rnace and is hea ted to 
higher t empera tu res u p to the l iquid phase. In this phase, the gangue 
separates as slag f r o m the metal l ic i ron in the fo rm of liquid pig iron. In 
this case, the pellets mus t have a sof tening and mel t ing behav iou r which 
adapts to the proper t ies of the o ther bu rden components . 

In direct reduct ion, a sof tening of the cha rge is, in any case, to be 
avoided dur ing reduct ion. Consequent ly , great value is a t tached to the 
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knowledge of the sof tening behav iou r (sticking). Accord ing to the d i f fe ren t 
demands m a d e on the charge proper t ies , tests are carr ied out by adop t ing 
various methods . 

4.6.2.1 Testing Methods for Reduction 

These me thods serve to f ind out the b e h a v i o u r of pellets du r ing reduc-
tion compared with natura l l ump ores and classified sinter. 

4.6.2.1.1 Mechanical Strength. Suff ic ient mechan ica l s trength of f i red 
pellets is an impor t an t prerequis i te to the i r o p t i m u m behav iou r du r ing 
t ransporta t ion and reduct ion. T h e co r respond ing testing me thods a re 
described under i tem 4.6.1. 

4.6.2.1.2 Examination of Fired Pellets for Blast Furnace Operation. 
During reduct ion , highly oxidized pellets of good qual i ty pass th rough 
several process stages whi le a s tructural change occurs. It is impera t ive 
that in these phases the pellet qual i ty is ma in t a ined as fa r as possible. Such 
changes m a y a l ready occur at a relatively low t e m p e r a t u r e of 500 ° to 
600 ° C result ing in a certain degrada t ion and thus impa i r i ng the gas 
permeabi l i ty of the pellet charge. 

At rising t empera tu res of u p to 1000 °C, the pel let vo lume m a y increase 
beyond the init ial volume. This v o l u m e increase, known as "swell ing", 
decreases the voids in the charge accordingly and thus i m p e d e s the gas 
flow. 

With swelling, the s t rength may d imin i sh so tha t the pellets may even 
crumble whereby the gas permeabi l i ty is f u r t h e r impa i red . Accord ing to 
the chemical compos i t ion of the pellets, they start to d e f o r m plastically at 
a relatively early stage and can thus also i m p e d e the gas f low. Var ious 
methods are a d o p t e d for examina t ion of pellet qual i ty dur ing the 
reduction stages confo rming to existing s tandards . However , some pel le t 
consumers are still using other, s imi lar methods . 

Mr. R. L inde r 4 8 ) , as one of the first researchers deve loped a rotary ki ln 
method in which , du r ing the kiln ro ta t ion , the behav iou r of ores, sinter or 
pellets is s tud ied unde r a changing a t m o s p h e r e in the presence of coke of a 
size roughly the s ame as tha t of pellets and at a t e m p e r a t u r e ranging 
f rom ambien t t empe ra tu r e to 1000 °C. T h e accumula t ing f ines por t ion, 
reduct ion degree and crushing strength of the discharge were ascertained. 
This m e t h o d was appl ied for several years. In some cases the rotary ki ln 
proposed by L i n d e r is in a s imilar f o r m used for d y n a m i c testing methods . 

4.6.2.1.2.1 Low-Temperature Disintegration Test (Static Test). [ISO/TC 
102/SC 3 (Sect. 98) July 76 341 E Fourth Draft Proposal ISO/DP 4696]. 
The purpose of this test is the de te rmina t ion of deg rada t ion u n d e r condi-
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tions as they prevai l in the uppe r pa r t of the blast furnace . Pellets screened 
at 10—12.5 m m rema in for one h o u r at a t empe ra tu r e of 500 0 C unde r a 
weakly reducing a tmosphe re in a vertical t u b e furnace . Af t e r carefu l 
cooling under a ni t rogen a tmosphere , the ki ln d ischarge undergoes a 
special tumble test according to I S O / T C 2 4 - 7 5 and is then screened. As a 
result, the reduc t ion dis integrat ion degree is indica ted by the percentage of 
fract ions plus 6.3 m m , plus 3.15 m m 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]. U n d e r equal condit ions, the 
reduct ion is carr ied out in a rotary ki ln (s imilar to tha t used by Linder ) 
with the dis integrat ion behav iour dur ing ro ta t ion being tested. Af t e r cool-
ing under a n i t rogen a tmosphere to ambien t t empera tu re , the d ischarge is 
then screened as in the previous test. Fig. 42 shows the scheme of such a 
testing uni t con fo rming to the ISO Standards . 

Fig. 42. Externally heated rotary kiln for low-temperature breakdown test (LTBT) 
according to ISO TC102/SC3 286 E (1974) 

4.6.2.1.2.3 Swelling Test. [ISO/TC 102/SC 3 (Section 89) 288 E August 
1974]. T h e pu rpose of this test is l imi ted to the s tudy of the swelling 
behaviour of pellets. They are p laced in a tube fu rnace so tha t each pellet 
has, a f te r swelling, suff ic ient space wi thout coming in contact with o ther 
pellets. T h e t empe ra tu r e is 1000 0 C ± 10 °C. T h e a tmosphere consists of 
40% C O and 60% N 2 . T h e test is achieved by four single de te rmina t ions at: 
15, 40, 75 and 120 minutes with a reduct ion of 2 5 - 8 0 % being at ta ined. 

T h e vo lume of a certain n u m b e r of pellets is measu red before and a f te r 
the test. 

4.6.2.1.2.4 Reduction under Load Test (RuL). [ISO/TC 102/SC 3 430 E]. 
T h e pu rpose of this test is the control of the gas permeabi l i ty of a pellet 
bed of 1.2 kg ( 1 0 - 1 2 . 5 m m diameter ) at a t empe ra tu r e of 1050 0 C with 
40% CO, 60% N 2 and at a pressure of 0.5 bar (da N / c m 2 ) . 

T h e d i f ferent ia l pressure above and below the charge is cont inuously 
measured at a p rede te rmined gas vo lume per uni t of t ime. This pressure 
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Fig. 43. Equipment for reduction test under load (RUL) ISO TC102/SC3 430E 
(1978) 

changes when the gas permeabi l i ty varies. If the pellets are d e f o r m e d or 
disintegrate unde r test condit ions, the pe rmeab i l i ty of the bed decreases 
and the d i f ferent ia l pressure rises. A p a r t f r o m the d i f ferent ia l pressure, the 
pellet weight is pe rmanen t ly checked. In this way, the oxygen removal is 
measured. Fig. 43 d iagrammat ica l ly il lustrates e q u i p m e n t des igned as pe r 
the ISO S tandard . 

4.6.2.1.2.5 Other Testing Methods. As a l ready men t ioned at the beginning 
of this chapter , still o the r testing m e t h o d s are used by pellet consumers . 
This par t icular ly appl ies to the Japanese steel indus t ry because it impor t s 
great pellet quant i t ies f r om d i f fe ren t countr ies such as Aust ra l ia , Chile, 
India, Brazil and Peru. 
- S tandard J iS M 8713 - 1972. 

Me thod for Measur ing the Reduc ib i l i ty of Iron Ores serves for testing 
the reducibi l i ty , reduct ion velocity and s t rength of r educed pellets. 
This s t andard was deve loped f rom d i f fe ren t versions of the " G a k u s h i n " 

method which was adop t ed at the beginning of the sixties. 
- S tandard JiS M 8715 - 1968. 

Me thod for Measur ing the Swelling Index is used for testing the swelling 
behav iou r of pellets. 

- T h e ISO S t a n d a r d T C 102/SC 3 357 E of the d r a f t p roposa l I S O / D P 
4695 "I ron Ores De te rmina t i on of Rela t ive Reduc ib i l i ty" , is somet imes 
appl ied addi t ional ly . 

1 Compressed air to pressure cylinder 
causing a Ioad on pellet sample 

2 Reduction gas inlet 

3 Reduction gas outlet 

4 Temperature recorder 

5 Al2O3 balls 

6 Pellet sample 

7 Pressure drop 

8 Balance for weight loss 

9 Recorder for pressure drop and weight loss 
10 Indicator for volume chonge 
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4.6.2.1.3 Examination of Pellets for the Direct Reduction. In pr inciple , 
s imilar condit ions apply to direct reduct ion processes as prevail in the top 
par t of the blast furnace . However , the gas compos i t ion is d i f fe ren t and 
the reduct ion potent ial is greater. Moreover , t he pellets should not sof ten 
premature ly (sticking) and fo rm lumps bu t a re to be d ischarged as in-
dividual pellets. 

Af te r reduct ion a m i n i m u m strength is r equ i r ed for their t ranspor ta t ion . 
Al though several industr ial plants have a l ready been successfully opera t -

ing for some years, no generally valid s tandards , s imi lar to the ISO 
Standards have as yet been established. Nevertheless , it is a l ready known 
which pellet proper t ies are most impor tan t . 

4.6.2.1.3.1 Low-Temperature Disintegration Test (Dynamic). S tandard 
I S O / T C 102/SC 3 (Section 87) 286 E Apri l 1974 (i tem 4.7.1.2.2) is used 
for this test at a t empera tu re of 600 °C. 

4.6.2.1.3.2 Swelling Test. It is suggested to p e r f o r m swelling tests s imi lar to 
I S O / T C 102/SC 3 (Section 89) 288 E Augus t 1974 at o ther gas composi -
tions. In the case of the Ho ja l a t a y L a m i n a Process the sample is t rea ted 
for 30, 60 and 90 minutes at a tempera ture of 1000 0 C with a reduct ion gas 
containing 74% H 2 , 13% CO, 8% CO 2 and 5% N 2 . Af t e r cooling, the 
volume increase, reduct ion efficiency, crushing strength and meta l l iza t ion 
degree are measured , see i tem 4.6.2.1.2.3. 

4.6.2.1.3.3 Sticking Test. [ISO/TC 102/SC 3/429 E, RMC = "Reducibility Metallisation and Clustering Test"] In this test, the sticking is to be 
s tudied at d i f fe ren t t empera tu res f r o m 760 ° C to 870 0 C and at a gas 
composi t ion of 55% H 2 , 35% CO, 6% CO 2 and 4% C H 4 . Af t e r cooling the 
furnace discharge is screened at 25, 20, 16 m m and the percentage 
+ 16 m m is considered as sticking criterion. 

4.6.2.1.3.4 Direct Reduction Disintegration Stability Test (DRDS). [ISO/ 
TC 102/SC 3/428 E]. Dur ing direct reduct ion wi th gaseous reductants it is 
impor tan t to de te rmine the stability of i ron ores and pellets. This 
de terminat ion has to be carr ied out in a ro tary kiln unde r the fol lowing 
conditions: 
- tempera ture : 750 0 C or 800 0 C , 
- gas composi t ion: 55% H 2 , 35% CO, 6% CO 2 and 4% C H 4 , 
- t ime: 3 hours. 

Af te r careful cooling, the kiln discharge is screened at + 6.3 m m and 
- 0.5 mm. Subsequent ly the crushing strength of the particles + 6.3 m m is 
ascertained. A tumble test is p e r f o r m e d with the f rac t ion + 6.3 m m . Af t e r 



Table 14. Desired properties of reduced pellets, values obtainable in industrial plantsª 

Test specifications according to standard 
methods 

Values Minimum requirement Results obtainable Test specifications according to standard 
methods 

Values 

Blast furnace Gaseous (direct)b sobrescrito 
reduction 

Results obtainable 

Low-temperature disintegration (dyn.) 
ISO TC 102 SC 3 sect. 87 286 E 
500 ºC blast furnace 
600 0 C direct reduction 

in % +6.3 mm 
- 0 . 5 mm 
+ 6.3 mm 

in % - 0 . 5 mm 

+ 80 
-20% 

+ 80 
- 10 

- 1 0 
and 
- 5 

Free swelling 
ISO TC 102 SC3 sect. 89 288E 1000 0C 
Swelling index 
Compression strength 
Degree of reduction (depending on given time) 

% 
N/pellet 
% 

-20% 
ca. 450 
60% 

not required 
- 16% HyL 
not required 

10-15% 
450 
70-75% 

Rul test 
Reduction under load 
ISO TC 102/SC 3 430 E, R = Reducibility 
Pressure drop 80% red. deg. 
(differential pressure) 
Bed height at 80% 

(dR)/(dt) . 40 

mbar 

0.8% min 

2 mbar 

not required 

aprox. 

1 - 1.1%/min 

1 mbar 
reduction in % of the initial height 

a In Connection with table 13 
b Depending on special Reduction Process 
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tumbling, the tested mater ia l is screened at + 6.3 m m and — 0.5 m m . 
Finally, the meta l l iza t ion degree is def ined. 

In this connect ion reference is m a d e to an art icle issued by D. K a n e d o 
and his colleagues which was e leborated for sha f t fu rnace processes in the 
central research labora tory of K o b e Steel Ltd. , Kobe , J a p a n 4 9 ) . 

4.6.2.1.4 Present State of Testing Methods. A l though several testing 
me thods have been finally e labora ted , s o m e others are still under 
prepara t ion . In this connect ion it should be no ted tha t all these me thods 
might b e improved in fu ture . Tab le 14 shows the test s tandards which 
nowadays are p re fe rab ly utilized. 



5 Process-Influencing Factors 

D u e to the nature and often varying propert ies 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. magneti te, hemat i te 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, at tempts 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 format ion whereas others influence the 
thermal treatment. These factors mostly react in combinat ion 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 propert ies of the indurated pellets. Sufficient fineness and 
surface properties of the ores and the o p t i m u m quanti ty of water are the 
principal factors for green ball formation. For most ores, the addit ion 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 
— op t imum moisture content 
— efficiency of binders. 
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However , t he inf luence of one of the factors wi thou t the others is 
insufficient , bu t their s imul taneous co-action is advantageous . 

5 .1 .1 Granulometr ic Propert i e s of R a w M a t e r i a l s 

This te rm covers all proper t ies in connect ion wi th the ore grain shape , 
such as: grain size, size dis tr ibut ion, shape and fo rm of sur face of the 
various grains, for example crystalline fo rm, rugosi ty, porosi ty and, in this 
conjunction, wettabi l i ty and adsorpt ive capaci ty as well as po re vo lume in 
the conglomerates . A fu r the r impor tan t fac tor is the so-called specif ic 
surface area of grains. It gives some in fo rma t ion abou t the fines por t ion 
in the lower range of 5 microns — which is d i f f icu l t to ascertain by screen 
analysis — as well as abou t the porosi ty and rugosity of the part icle 
surface. T h e grain size is found out by screen analysis wi th the f rac t ion 
( - 0 , 0 4 5 m m ) ( - 3 2 5 mesh) playing a decisive role. T h e specif ic sur face 
(see i tem 4.1.1) is def ined as the rat io of sur face to weight or vo lume 
in cm2/g or cm 2 / cm 3 . 

5.1.1.1 Grain Size, Size Distribution and Specific Surface Area 

Out of the great n u m b e r of factors, the gra in size and size d is t r ibut ion 
play an impor t an t part. As early as 1912/133 / 4 the fine-grained 
Norweg ian and Swedish magnet i te concentrates gave the incentive for the 
first tests for the deve lopment of the pelletizing process. F o r the fo rma t ion 
of pellets the decisive value was found to be the por t ion - 0 . 0 4 5 m m which 
is generally used as a cri terion for the fineness of grains. 

In most cases, part icular ly for the magnet ic separa t ion of magnet i te , the 
l iberat ion fineness is suff icient for direct green ball format ion . F o r mag-
netites conta ining impuri t ies , fu r ther gr inding m a y be requi red , e.g. 
phosphorous compounds (Nor the rn Sweden) or su lphides (Marcona) for 
their separat ion. 

F o r some raw ores, it is possible to reach a l ready the in tended iron 
oxide concentra t ion at a coarser gr inding degree, e.g. in spiral concen-
trates. However , fu r the r gr inding is needed for their pelletization. To save 
grinding costs, the mater ia l is only ground unti l the size d is t r ibut ion re-
qui red for o p t i m u m green ball fo rma t ion and qual i ty of indura ted pellets 
has been reached. 

Nowadays , large quant i t ies of h igh-grade i ron ores are a l ready pro-
cessed into pellets wi thout previous benef ic ia t ion. In such cases, the 
grinding is only under taken for green ball fo rma t ion , and only up to the 
fineness requi red . As far as grain size is concerned, the raw mater ia ls to be 
pelletized can be classified into three categories: 
(a) D u r i n g benef ic ia t ion , the raw ore is a l ready so finely g round tha t the 

concentrate can be directly fo rmed into green balls. 
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Table 15. Chemical composition and screen analysis of pellet feed from various ore 
sources 

I 
Magnetite 
concentrate 
Vitafors (Sweden) 

II 
Spiral concentrate 
Wabush (Canada) 

III 
Hematite crude 
ore - CVRD 
Tubarao (Brazil) 

I 
Magnetite 
concentrate 
Vitafors (Sweden) 

II 
Spiral concentrate 
Wabush (Canada) 

III 
Hematite crude 
ore - CVRD 
Tubarao (Brazil) 

I 
Magnetite 
concentrate 
Vitafors (Sweden) 

II 
Spiral concentrate 
Wabush (Canada) 

III 
Hematite crude 
ore - CVRD 
Tubarao (Brazil) 

I 
Magnetite 
concentrate 
Vitafors (Sweden) 

II 
Spiral concentrate 
Wabush (Canada) 

III 
Hematite crude 
ore - CVRD 
Tubarao (Brazil) 

Chemical analysis 
Values in % (about) 
Chemical analysis 
Values in % (about) 

Fe tot. 68.9 66 .9 - 69.3 68.5 
Fe" 21.7 0 . 3 - 1.6 0.2 
SiO2 3.8 2 . 4 - 1.6 1.3 
Al2O3 0.47 n.d. 0.5 
CaO 0.15 n.d. 0.1 
MgO 0.27 n.d. 0.1 
L.OJ. — n.d. 0.3 

Screen analysis 

mm I II III 

Delivered as 
concentrate 

Coarse 
concentrate 

Pellet 
feed 

Crude 
fines 

Pellet 
feed 

Delivered as 
concentrate 

Coarse 
concentrate 

Pellet 
feed 

Crude 
fines 

Pellet 
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 32.6 6.0 
+0.045 8.3 - 5.2 12.4 6.7 
-0.045 77.8 - 83.0 26.7 86.6 

Spec. 
surface 
area cm2/g 

~1.765 ~1.920 1.820 Spec. 
surface 
area cm2/g 

~1.765 ~1.920 1.820 Spec. 
surface 
area cm2/g 

~1.765 ~1.920 1.820 

(b) Dur ing benef ic ia t ion, a coarser-grained concent ra te is obta ined. Further gr inding is requ i red for green ball fo rma t ion . 

(c) F ine ores or mixtures have natural ly such a h igh i ron content tha t 
their benef ic ia t ion is superf luous . 

T h e raw ore has then to be g round . T h e relevant costs are to the 
expense of pelletizing. 

Tab le 15 shows some da ta of d i f fe ren t raw mater ia ls which correspond 
to the above descr ipt ion and m a y serve as an example of the r aw 
mater ia ls t rea ted in a great n u m b e r of pellet izing plants. D u e to m a n y test 
results and da ta f rom industr ia l plants, it is known tha t a h igh por t ion of 
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Fig. 44. Influence of particle size and specific surface area on compressive strength 
of green and indurated hematite pellets 

Fig. 45. Influence of particle size on compressive strength and tumble resistance of 
indurated pellets 
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very fine part icles is a decisive fac tor to ach ieve the o p t i m u m effect of the 
capil lary adhes ion forces. 

Fig. 44 50) demons t ra tes the inf luence of the fine par t ic les on com-
pression strength for green and indura ted pellets. 

Curves I and II conf i rm the increase of s t rength with rising port ions 
of fines. A b o v e a cer ta in fineness the curves b e c o m e steeper . F r o m this 
results that besides the size d is t r ibut ion o ther factors such as specif ic 
surface are active. Curve III shows a l inear correla t ion be tween specif ic 
surface and pel let s trength. Curves I and III are based on the same ore 
mixture. T h e specif ic sur face provides more re l iable i n f o r m a t i o n abou t the 
pelletizabil i ty of fine-grained ores. As can b e seen f r o m curve IV, the 
strength of i ndu ra t ed pellets is also d e p e n d e n t on the fineness and specif ic 
surface of ore. 

T h e in te rdependence be tween curve II for green balls and curve IV for 
indura ted pellets p roduced f r o m the s ame ore mix ture is obvious. T h e 
decisive inf luence of the rising fines por t ion on the strength of fired pellets 
and their close re la t ion to the abras ion b e h a v i o u r are shown in Fig. 45. 
Afte r the corre la t ion be tween pellet qua l i ty and fines po r t ion had been 
de te rmined in laborator ies and pi lot plants , the ques t ion regard ing the 
results ob ta ined in industr ia l plants was of interest . F o r this purpose , and 
as far as it could be used, per t inent da ta f r o m 16 indust r ia l plants, which 
were commiss ioned dur ing a pe r iod f rom 1956 to 1978, was compi led . 

In those plants still opera t ing , pellets f r o m d i f fe ren t r aw mater ia l s a re 
p roduced . 

Five plants are based on magne t i t e - fou r on hemat i t e — in three plants 
a magne t i t e -hemat i t e mix tu re is t reated, in three plants a hemat i te -
l imoni te mix tu re is processed — and the ope ra t ion of one p lant is based on 
a mixture of ores — purchased on the wor ld marke t . T h e results are indicated in Fig. 46. In the lower pa r t A, the por t ions of fine part icles 
(curve 1) and the specif ic sur face area (curve 2) are plot ted. In par t B the 
green ball s t rength (curve 3) and in par t C (curve 4) the s t rength of f i red 
pellets are represented. T h e vertical co lumns correspond to var ious g roups 
of ores used: 

G r o u p I: magnet i tes 
G r o u p II: hemat i tes 
G r o u p III: magne t i t e -hema t i t e mixtures 
G r o u p IV: hemat i t e - l imoni t e mixtures 

and an ore m i x compr is ing var ious consti tuents , V. 
A compar i son of the two curves in pa r t A shows some interest ing di f -

ferences. At first, the relat ive un i fo rmi ty of t he specif ic su r face area of the 
ground ores be tween 1 5 0 0 - 2 0 0 0 cm 2 / g is str iking. O n the o ther hand , the 
f ract ion - 0 . 0 4 5 m m undergoes m u c h greater var ia t ions ( 7 0 - 9 5 % ) . T h e 
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reversion of the values for ores N o . 13 ( G o a ) and N o . 14 (Venezuela) 
containing relatively small f ine grain port ions at h igh specific sur face area 
is remarkable . 

T h e green ball strengths recorded in par t B are more in parallel with 
the values of the cor responding specif ic sur face area than with those of 
f ract ion —0.045 m m . This would be a conf i rma t ion of the correlat ions 
found in previous tests. T h e relatively wide var ia t ions of fired pel let 
strength (part C) are dependen t on the prevai l ing opera t ing condit ions, 
and part icular ly on the use of addi t ives and the m a r k e t s i tuat ion so tha t 
they do not have to tally absolutely with the values of par ts A and B. 

Fig. 46 also allows a s ta tement on the technology of the ore p repa ra -
tion. According to this technique, the ore can b e ground to such a degree 
that a largely u n i f o r m specific sur face area is ob ta ined despi te d i f fe ren t 
raw ore propert ies . However , the recorded details are ra ther of a qua l i ta -
tive na ture than of a quant i ta t ive one. Therefore , it will always be neces-
sary to carry out gr inding tests for each par t icu lar ore to be pelletized to 
avoid unnecessary gr inding expenses. F o r this reason, one should indicate 
the efforts o f ten m a d e to p roduce suitable pellets by a coarser grinding 51) and the a t tempts to adap t the proper gr inding process (see i tem 

Fig. 46. Properties of pellets from 16 pellet plants comparison between grain size, 
specific surface area and compressive strength 
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3.2.2) to the ore type involved should be po in ted out. Cons ide rab le 
expendi ture was m a d e to de f ine the inf luences of the pr incipal factors in 
mathemat ica l terms. Cor respond ing remarks are m a d e unde r i tem 13.1. 

5.2 Influence of Water Addition on 
Green Ball Formation 

Dur ing green ball fo rmat ion , the effect of water as a b inder is of 
decisive impor tance . P rov ided tha t suff ic ient g ranu lomet r i c proper t ies are 
ensured, it largely depends on the a m o u n t of water a d d e d whe ther green 
pellets can be fo rmed . T h e ore fines or concentrates to be pellet ized m a y 
al ready have a certain mois ture content accord ing to their previous 
prepara t ion . If the ore or iginates f r o m dry gr inding, it is avai lable as a dry 
conglomerate . In the case of wet separa t ion or wet gr inding, a fi l ter cake is 
ob ta ined which, according to the ore na ture , m a y be more or less moist . 
This results in d i f fe ren t s tar t ing condit ions for ball f o r m a t i o n re fer red to 
the o p t i m u m mois tu re content requi red , namely: 
(a) T h e gra in mix is dry. T h e full a m o u n t of water r equ i red is added . 
(b) T h e filter cake does not yet contain the o p t i m u m a m o u n t of water . 

T h e lacking quant i ty of water is added . 
(c) T h e filter cake has the o p t i m u m mois ture content . 
(d) T h e filter cake is too wet. It has ei ther to b e p redr i ed or a drying add i -

tive m a y be used. 

5 .2 .1 O p t i m u m M o i s t u r e C o n t e n t 

T h e inf luence of the granulometric properties on the green ball s t rength 
can only b e c o m e effect ive with an optimum water content. These are the 
two decisive factors for green ball formation. 

T h e green ball qual i ty can be inf luenced by f u r t h e r factors. The i r ef fec t 
o f ten overlaps so m u c h that it is hard ly possible to ident i fy the role of 
each indiv idual factor. 

Thus , t he ques t ion regarding the o p t i m u m mois tu re content cannot be 
clearly def ined . It is desi red to use a m i n i m u m wate r add i t ion d u e to the 
hea t requi red for evapora t ion and owing to the specif ic capaci ty of the 
firing equ ipmen t . 

Par t icular a t tent ion should be given to two impor t an t green ball p rope r -
ties: high compress ion strength and d rop resistance which are comple-
mentary. A h igh crushing strength is achieved at a slightly lower wa te r 
addi t ion, bu t be t te r d r o p number s with pellets of a h igher mois ture con-
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tent. T h e green pellet growth f r o m indiv idual grains or conglomerates 
proceeds, as shown in Fig. 12, t h rough d i f f e ren t phases unde r the 
inf luence of a rising water addi t ion and roll ing m o v e m e n t of mater ia l , 
i tem 2.1.2.3. 

5.2.1.1 Optimum Moisture Content and Specific Surface Area 

The correlat ion of o p t i m u m mois ture content and the g ranu lomet r ic 
proper t ies of a specif ic ore is shown by d a t a taken f r o m records 28) in 
Fig. 47 A and B. Green balls were p roduced f r o m a magne t i t e concentra te 
with an iron content of 68.0% which was g round to d i f fe ren t f ineness and 
corresponding specific sur face areas between 1100 and 3370 cm 2 /g . T h e 
water content was var ied u p to the o p t i m u m range. Crush ing strength and 
d rop resistance were ascertained in dependence on the specif ic sur face 
and water content. Fig. 47 shows m a x i m u m strength at d i f fe ren t mois tu re 
contents and varying specif ic sur face areas. T h e green ball s trength 
decreases at values below and above o p t i m u m mois ture content whereas 

Fig. 47. Combined effect of moisture content and specific surface area on green 
pellet properties 
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the d rop resis tance fu r the r increases at h ighe r values, see Fig. 47 B. 
Dur ing green ball t ranspor ta t ion , the d r o p resistance is of greater 
impor tance than the crushing strength. In pract ical opera t ion , it can there-
fore be observed that the green balls a re slightly overwet ted. T h e 
o p t i m u m mois ture content should be de t e rmined for each par t i cu la r ore. 

D r y ground mate r i a l should be p rewet ted to improve the bal l ing 
opera t ion as is shown in Fig. 48. Pellets of 12 m m d i a m e t e r are p r o d u c e d 
f r o m a magne t i t e concentra te with a d i f fe ren t ini t ial mois tu re content and 

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

the ball ing capac i ty is ascer tained at o p t i m u m mois tu re content. Th is 
capaci ty is the lowest for a dry ore and reaches its m a x i m u m va lue at opt i -
m u m mois ture content of incoming g round mater ia l or f i l ter cake. T h e 
Filtration technology a f te r wet gr inding is nowadays deve loped to such a 
degree that the filter cake can be suppl ied at o p t i m u m mois tu re content . 

5.2.1.2 Optimum Moisture Content and Surface Condition 
of Ore Particles 

Besides the gra in size and specif ic sur face a rea the shape and surface 
condit ions of t he ind iv idua l ore grains play an i m p o r t a n t role in g reen 
ball fo rmat ion . T h e green ball porosi ty is in f luenced by the quant i ty and 
type of connect ing br idges due to the sur face of the gra in structure. A 
substant ial con t r ibu t ion to green ball f o r m a t i o n is m a d e by the wettabi l i ty 
of the grains. Glossy crystal surfaces have a lower absorp t ion power t h a n 
rough surface and micro-pores . F r o m a good wettabi l i ty of the gra in 
surface, a h igher mois ture consumpt ion results. Tab le 16 shows data of 
some ores wi th d i f f e ren t wet tabi l i ty in conjunct ion with the i r specif ic 
sur face area, o p t i m u m mois ture content and c rush ing strength. 
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Table 16. Moisture content for optimum green pellet strength of different ore types 

No. Type 
of ore 

% Fe 

about 

Degree of grinding % 
H2O 

Crushing 
strength 
pellet 

Pellet 
0 

No. Type 
of ore 

% Fe 

about 

% 
H2O 

Crushing 
strength 
pellet 

Pellet 
0 

No. Type 
of ore 

% Fe 

about % 
-0.045 mm 

spec. 
surface 
area/cm2/g 

% 
H2O 

Crushing 
strength 
pellet 

Pellet 
0 

No. Type 
of ore 

% Fe 

about % 
-0.045 mm 

spec. 
surface 
area/cm2/g 

% 
H2O 

No. Type 
of ore 

% Fe 

about % 
-0.045 mm 

spec. 
surface 
area/cm2/g 

% 
H2O 

wet dry 

1 Magnetite 68.3 70 2000 7.1 11 7 1 2 - 15 

2 Hematite 66 90 1900 9.0 13 3 12 -15 

3 Earthy 
Hematite 

65 74 2050 10.5 14 30 12 -15 3 Earthy 
Hematite 

65 74 2050 10.5 14 30 12 -15 

4 Artificial 
Magnetite 
from 
Pyrite-
cinders 

69 90 1900 15.0 11 4 abt. 20 4 Artificial 
Magnetite 
from 
Pyrite-
cinders 

69 90 1900 15.0 11 4 abt. 20 4 Artificial 
Magnetite 
from 
Pyrite-
cinders 

69 90 1900 15.0 11 4 abt. 20 4 Artificial 
Magnetite 
from 
Pyrite-
cinders 

69 90 1900 15.0 11 4 abt. 20 4 Artificial 
Magnetite 
from 
Pyrite-
cinders 

69 90 1900 15.0 11 4 abt. 20 

5 Flotation 
Pyrite-
cinders 

61 60 2800 14.2 23 45 18 -20 5 Flotation 
Pyrite-
cinders 

61 60 2800 14.2 23 45 18 -20 5 Flotation 
Pyrite-
cinders 

61 60 2800 14.2 23 45 18 -20 

In the case of ore 1, the green balls consist of cubical magnet i te crystals 
with glossy f rac tu re surfaces, the water consumpt ion is relatively low. 
Similar remarks apply to ore 2, pellets f r om specular i te crystals. A n ear thy 
hemat i te , raw mater ia l No . 3, has a h igher water consumpt ion . T h e 
wettabil i ty of this ore is bet ter t h a n that of the magnet i tes . T h e two ores, 4 
and 5, art if icial magnet i te and f lotat ion pyri te cinders need a h igher water 
addi t ion for green ball fo rmat ion . Both raw mater ia ls or iginate f r o m 
roasting processes — in the case of one raw mater ia l , oxygen and in the 
other, su lphur was removed. Pa r t of the water is absorbed by the micro-
pores of the indiv idual ore grains. Th is water does not directly con t r ibu te 
to the fo rma t ion of capil lary forces which is demons t ra ted by the water 
consumpt ion of 15% for art if icial magnet i te a l though the green and dry 
pellet s trength is roughly identical with tha t of natura l magnet i te . T h e 
f lotat ion pyri te c inders show a slightly d i f fe ren t behaviour . T h e green and 
dry pellet s t rength is higher. A p a r t f r om the great specif ic sur face area , 
bonding by salt br idges may consti tute a f avourab le factor. 

T h e inf luence of the g ranu lomet r ic proper t ies of ores in combina t ion 
with water for green ball f o r m a t i o n is very o f t en insuff ic ient since only 
few ores can be fo rmed into sui table green balls wi thout addi t ional 
binders. Only ores a l ready conta in ing na tura l consti tuents which, for 
instance, tend to gel fo rma t ion can be fo rmed into green balls. In practical 
operat ion, addi t ives are normal ly used, see T a b l e 13. 
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5.3 Influence of Binders and Additives 

Andersson a l ready considered it very advan tageous to use water and 
addi t ional ly binders for ball fo rmat ion . Thus , he ment ioned in the third of 
his patent c la ims 3), molasses, sulphi te waste l iquor , sulphates , chlor ides 
and slaked l ime. Bracke lsberg 4 ) used soluble sod ium silicates as special 
hardening agent which b rough t abou t sol id i fying salt br idges du r ing 
drying and hea t ing of pellets. 

It has thus been proved that , dur ing the first deve lopmen t phase of the 
pelletizing process, b inders a l ready played an impor t an t pa r t bes ides 
water. D u r i n g the second deve lopment phase in which main ly concen-
trates were t reated, b inders were a l ready tested in the very first experi-
ments and in par t icular bentoni te p layed an impor t an t part . Dur ing the 
third deve lopment phase in which concentrates , na tura l ores and mixtures 
were pellet ized, there was a greater n u m b e r of possibil i t ies for improv ing 
the pellet propert ies . In case of mixtures a combina t i on of the proper t ies 
of various ores m a y be advan tageous for bond ing purposes . N o r m a l l y this 
bonding is achieved by using addi t ives which can be so selected that they 
change the chemical compos i t ion of the pellets co mp a re d to tha t of c rude 
ore to improve the metal lurgical behav iou r of the indura ted pellets. 

T h e purpose , eff iciency and na ture of addi t ives used m a y vary in the 
following manner : 

(a) They improve only the mechanica l -phys ica l proper t ies of green, dry 
and fired pellets. 

(b) In addi t ion , chemical composi t ion and metal lurgical proper t ies are 
inf luenced. 

(c) T h e addi t ives serve only for metal lurgical purposes . 
(d) T h e addi t ives may be l iquid, solid, soluble or insoluble. 
(e) They can react with water ei ther by hydra te , salt br idges or gel f o r m a -

t ion with a s imul taneous inf luencing of mois tu re content . 
(f) They can evaporate , b u r n or volatil ize du r ing hea t t rea tment . 
(g) They can also f o r m c o m p o u n d s wi th the ore consti tuents, both with 

gangue and i ron oxides. 
(h) They can prove advan tageous or de t r imenta l f r o m a metal lurgical 

v iewpoint according to their chemical composi t ion . 
T h e type and quant i ty of addi t ives depend on the pu rpose for which 

they are used. They are classified as follows: 
(a) Addi t ives are only used for improv ing green ball f o rma t ion as well 

as green, dry and indura ted pellet proper t ies . T h e a m o u n t of addi t ives is 
l imi ted to this purpose and is i ndependen t of the chemical s t ructure of t he 
pellet feed. These addi t ives are des ignated as binders. The i r p ro to type is 
bentonite . 
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(b) Addi t ives may react as binders, according to (a) bu t they m a y also 
be used for inf luencing the chemical compos i t ion of the pellet feed such as 
l ime hydrate . They can be designated as b inders or addit ives. 

(c) Addi t ives have no inf luence on the b o n d i n g mechanisms. They mus t 
be p repared like other consti tuents of the pellet feed. The i r ma in pu rpose 
is, in principle, the change of the chemical compos i t ion of the indura t ed 
pellets. A typical example is l imestone or do lomi te which are des ignated 
as addit ives only. 

The effect of a great n u m b e r of addi t ives is compi led in a wide-spread , 
extensive l i terature. T h e most f requent ly used and mos t eff ic ient addi t ives 
are discussed below. 

5 .3 .1 F a c t o r s for Improving the M e c h a n i c a l Propert i e s 

The life span of green balls and the t ranspor ta t ion route f r o m the 
pelletizing to the Firing uni t are relatively short . 

According to the a r rangement of the e q u i p m e n t involved, some t ransfer 
points are unavo idab le in this route where the pellets d rop f rom a h igher 
to a lower level. On account of the low d r o p resistance of green balls, 
design engineers endeavour in pelletizing plants to reduce the t ransfer 
points to a m i n i m u m and to provide small d r o p heights. In m o d e r n travel-
ling grate plants, for example , the t ranspor ta t ion t ime is 2 - 4 minu tes and 
the pellets m a y drop four or five t imes f rom a he ight of 60 to a m a x i m u m 
of 100 cm. 

On the basis of such experience, cor responding testing me thods for 
pellet qual i ty were developed and described in chap te r 4. If the desired 
values for green or dry pellets p roduced f r o m d i f fe ren t pellet izing raw 
materials are not reached, the use of a binder is impera t ive . 

5.3.1.1 Bentonite as Binder 

Bentonite, described as a minera l under i t em 3.2 has some r emarkab le 
properties. It combines with water and fo rms a gel at abou t five to six 
t imes its weight with its vo lume increasing to approx imate ly tenfold. 
Bentonite envelops the ore grains together wi th water and can thus only 
become active in connect ion with water. 

D u e to its high water bond ing power, it can also br ing abou t an 
apparen t drying of filter cake which is too wet wi thou t var ia t ion of the 
total mois ture content. 

5.3.1.1.1 Influence of Bentonite on Green Pellet Strength and Drop 
Resistance. T h e effect of bentoni te is s tud ied below on the basis of the 
inf luence of the granulometr ic propert ies and o p t i m u m water addi t ion. 
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Here too, only gu ide lines can be given for d i f f e ren t ore types. By way of 
example, for a hema t i t e wi th a specif ic sur face a rea of 1700 cm 2 / g and a 
magnet i te with a specif ic surface a rea of 2100 cm 2 /g , the inf luence of 
d i f ferent bentoni te addi t ions on the proper t ies of green and dry pellets at 
o p t i m u m mois tu re content was invest igated 52). T h e result is shown in 
Fig. 49. T h e green pellet strength changes only insignif icantly (Curves I), 
while the dry s t rength is highly inf luenced (Curves II). 

Fig. 49. Influence of bentonite on green and dry pellet compressive strength 

Since bentoni te is one of the most f r equen t ly used binders , values f r o m 
industr ial plants t reat ing very d i f fe ren t ores wi th and wi thou t abou t 0.7% 
bentoni te add i t i on a re shown in Fig. 50, A, B, C. F o r green balls p r o d u c e d 
f rom magnet i te (M), art if icial magnet i te (A. M.) , crystalline hemat i t e (H) , 
earthy hemat i t e (EA. H.) and an ore mix consisting of var ious compo-
nents, the fol lowing da ta are compared : 

green pellet strength A 
d rop n u m b e r s B and 
dry pel let s trength C. 

N o notable inf luence on the green pellet s t rength was observed. 
(a) T h e plasticity is considerably improved . All ores have higher d r o p 

number s w h e n bentoni te is added . 
(b) T h e d r o p indices thus obta ined are suff ic ient bo th for f u r t h e r t rans-

por ta t ion and for d i f fe ren t t ransfer 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 a l ready shown 
in Curves II of Fig. 49, the use of bentoni te has a great inf luence on dry 
pellet strength. T h e bentoni te , finely d i s t r ibu ted in the water , concentrates 
dur ing drying part icular ly in the res idual l iquid, especially at the contact 
points and on the contact surfaces of the ore grains. Dur ing f inal evapora-
t ion of water, the gels concentrated there dry u p and fo rm solid mortar 
br idges the inf luence of which can be recognized by the increased dry 
pellet strength. T h e inf luence of gels is also clearly shown in Fig. 50, B, 
and C with the pellets f r o m earthy hema t i t e and ore mix reacting most 
intensively. Those opera t ions proceeding dur ing drying also have an 
inf luence on the shock temperature. At a bentoni te addi t ion of 0.7% the 
a m o u n t of gelatinously combined water m a y be up to 2.5 — three times 
the bentoni te weight. This is abou t one th i rd of the total mois ture content 
which only escapes slowly in the thi rd drying phase , as shown in Fig. 15. 
In this way, the drying proceeds gradual ly and not abrupt ly - and at a 
h igher drying tempera tu re . In all pel let izing plants, the drying and 
heat ing cycle is ad jus ted to a g radua l hea t ing velocity to avoid the 
negative influence occurring at an excessive hea t ing velocity. 

5.3.1.1.3 Influence of Bentonite on Crushing Strength and Abrasion 
Resistance of Fired Pellets. T h e crushing strength of f ired pellets is chiefly 



5.3 Influence of Binders and Additives 113 

a t t r ibutable to crystall ization processes and react ions of gangue consti tu-
ents. Fo r h igh-grade concentrates, crystal l ization processes and for ores 
with a m a j o r gangue content, glassy slag fo rma t ions addi t ional ly p lay an 
impor tan t role. N e i t h e r in the one nor in the o ther case are the bentoni te 
addi t ions of decisive impor tance . In connect ion wi th invest igat ions on the 
o p t i m u m fines port ion, pellets wi th and w i thou t 0.62% benton i te add i t ion 
were indura ted 53). T h e result is shown in Fig . 51. T h e strength increase 

Fig. 51. Combined effect of 0.62% bentonite and grain size on compressive strength 
and abrasion resistance of indurated pellets from hematite at 1300 0 C 

at a rising fineness degree is obvious. However , the bentoni te add i t ion is 
of minor impor tance . T h e effect on the pel le t t ranspor ta t ion is m o r e 
favourab le since the tumbl ing b e h a v i o u r is par t icular ly improved at a 
coarser gra in size (Curves I a and II a). D u r i n g mic rog raph studies, a 
slightly stronger br idge format ion between the finest ore particles - 0 . 0 2 m m 
was observed w h e n bentoni te was added ; this improves the abras ion 
behaviour . 

5.3.1.1.4 Different Bentonite Types. T h e mos t i m p o r t a n t ben ton i te p rop-
erty is its swelling capacity, see i t em 3.1.4.3. T h e swelling capaci ty di f fers 
for var ious bentoni te types so that its sui tabi l i ty as a b inde r has to be 
examined be fo re the bentoni te type is selected. Fig. 52 shows the green 
and dry pellet s t rength as well as the d r o p resis tance of pellets p roduced 
f r o m a magne t i t e -hemat i t e mix wi th 65.3% i ron content , 6.0% SiO 2 and an 
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Fig. 52. Influence of various bentonite types on green and dry pellet properties 

addi t ion of 0.7% bentonite , according to K o r t m a n n and M a i 3 5 ) , with 7 
d i f fe ren t bentoni te quali t ies ( A - I ) having been used and ar ranged in con-
formi ty with their rising swelling proper ty (see also Tab le 8, i tem 3.1.4.3). 
Cer ta in variat ions occur in the pellet h u m i d i t y (I). T h e green pellet 
strength practically does not change (IV) while the d r o p indices (III) and 
dry pellet s t rength (II) rise wi th the add i t ion of bentoni te of a h igher 
swelling capacity. 

5.3.1.1.5 Influence of Bentonite on the Chemical Composition of Pellets. 
In m a n y ores and concentrates to b e pellet ized, the acid consti tuents SiO2 

(and Al2O3), are p reponderan t in the gangue. D u r i n g the subsequen t 
metal lurgical t rea tment , they have to be neut ra l ized by bas ic components 
which can also b e achieved dur ing pelletizing. Bentoni te consists of abou t 
6 0 - 7 0 % SiO2 and of 15 -20% Al 2 O 3 . Accord ing to the quant i ty of 
bentoni te added , the por t ion of acid const i tuents which are to be 
compensa ted rises proport ionate ly . In the case of ores or concentrates 
with a high i ron and low gangue content, the percentage of acid con-
sti tuents or iginat ing f r o m bentoni te is m u c h h igher than for ores or con-
centrates wi th a h igh gangue content as is shown by way of example in 
Fig. 53. 0.5, 1.0 and 2.0% bentoni te is added to three concentrates with 1.7, 
4.4 and 7.1% SiO2 and Al 2 O 3 . T h e acid gangue por t ion then rises by 
100% for the concentra te wi th the highest i ron content and by as low as 
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Fig. 53. Influence of bentonite on acid gangue components 

22% for concentra te with a h igh gangue content . F r o m a metal lurgical -
chemical view-point , bentoni te is, in any case, a de t r imenta l const i tuent 
the scorif icat ion of which is a cost increasing factor. There fo re , it is 
advisable to keep the bentoni te ra te as low as possible, which is also done 
in practice. In the m a j o r par t of the plants, the bentoni te ra te is be low 
0.7% and most ly below 0.5%, irrespective of the ore na ture . 

5.3.1.2 Influence of AIkaline Earth Compounds 

As a consequence of the foregoing those addi t ives are m o r e advan ta -
geous which bo th improve the mechanica l proper t ies of pellets and have a 
positive metal lurgical effect. Such addi t ives are, in any case, bas ic 
minerals, e.g. ca lc ium compounds which react with the acid gangue con-
stituents du r ing indura t ion . They can be used in d i f fe ren t forms, name ly 
as: 

(a) calcium oxide C a O 
(b) ca lc ium hydrox ide Ca (OH) 2 

(c) ca lc ium chlor ide Ca Cl2 

(d) ca lc ium carbona te Ca C O 3 

(e) calcium m a g n e s i u m carbona te (dolomite) (Ca, Mg) C O 3 
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According to their propert ies , these c o m p o u n d s may, as binders , inf lu-
ence the green and dry pellet s trength as well as the d r o p resistance of 
pellets. A t a suf f ic ient firing t empera tu re , they br ing about , in most cases, 
an improvement in final pellet strength. T h e first two c o m p o u n d s can be 
used as binders . T h e c o m p o u n d s Nos. 4 and 5 virtually serve as bas ic 
addit ives for neut ra l iza t ion of acid consti tuents in the ore and are adap t ed 
to it. They only have little inf luence on green ball fo rmat ion . Ca lc ium 
chloride is only employed in special cases if it is necessary to volatilize 
impuri t ies of non-fer rous metals, such as copper , lead, zinc. T h e use of 
l ime c o m p o u n d s (see i tem 3.2.2) has been known for pelletizing almost as 
long as that of bentoni te . 

5.3.1.2.1 The Influence of Calcium Oxide [CaO] and Calcium Hydroxide 
[Ca(OH)2]. If, dur ing moistening, C a O is added , it reacts with water and 
calcium hydrox ide thus fo rmed becomes effect ive as a b inder . According 
to the equa t ion C a O + H 2 O = C a ( O H ) 2 , a s to ichiometr ic water a m o u n t is 
combined. T h e react ion is highly exothermic . D u r i n g hydra t ion , the 
volume expands threefold . 

D u e to the considerable vo lume increase, the slaking process has to be 
completely t e rmina ted and the hydroxide be thorough ly mixed wi th ore 
before green balls are fo rmed . If this is not the case, the bu rn t l ime is only 
slaked dur ing green ball f o rma t ion which, at the beginning of the drying 
process at the latest, inevitably causes a local vo lume increase and d a m a g e 
to the pellet structure. To avoid such diff icul t ies , only hydrox ide is 
employed in practical opera t ion which is r eady for use wi thou t any pre-
t reatment . Pub l i shed values on the inf luence of C a O thus refer to the 
effect of Ca ( O H ) 2 . In the course of hydra t ion and s imul taneous vo lume 
increase, a very great specif ic surface area is ob ta ined which m a y be 
10.000 cm 2 / g and over according to the ad jus tab le condit ions. A h igher 
water a m o u n t adheres to this big surface t h a n corresponds to the 
s toichiometry of hydra te fo rmat ion . This excessive water in conjunct ion 
with the great sur face even impar t s the charac ter of a hydrogel to the 
hydroxide; the colloidal proper t ies of the hydrogel improve the plasticity 
of the ore m i x and, above all, s t rengthen the bond ing mechan i sms 
dur ing drying. If Ca (OH) 2 is chiefly added to i m p r o v e the mechanica l -
physical propert ies , the corresponding a m o u n t can be low and indepen-
dent of the acid gangue consti tuents of ore. 

5.3.1.2.1.1 Influence of Calcium Hydroxide [ C a ( O H ) 2 ] on Green Pellet 
Strength and Drop Resistance. Dur ing the firing of pellets to the t empera -
ture required , all the aforesa id l ime c o m p o u n d s are dissociated to C a O 
which, at firing tempera tures , reacts with the acid gangue or with F e 2 O 3 . 
The l ime add i t ion has, in any case, a neutra l iz ing effect dur ing slag 
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format ion . L i m e c o m p o u n d s are normal ly cheape r as addi t ives t h a n 
bentonite even if they are less effect ive. The re fo re , it is wor thwhi le to 
ascertain the inf luence of C a ( O H ) 2 on the physical proper t ies of pellets 
which is i l lustrated in the following example 5 4 / 2 8): 

An I tabi ra- type hemat i t e was used and mixed with slaked l ime bo th 
having the fol lowing characteristics: 

I tabira ore L i m e hydra te 

F e tot. = 64.5% C a ( O H ) 2 94.4% 
F " 0.3% C a C O 3 2.7% 
SiO2 4.4% C a O 1.0% 
Al 2O 3 = n. d. H 2 O 
C a O 0.3% (Al2O3 + Fe 2 O 3 ) 1.7% 
M g O 0.1% spec. sur face approx . 10000 cm 2 / g 

At first, the inf luence of the great specif ic sur face a rea of l ime hydra te 
on the mix to be pellet ized was ascer ta ined. F o r this purpose , ore of three 
d i f ferent sizes was used. T h e result is shown in Fig. 54. T h e specif ic 
surface area of the mix composed of ore and l ime hydra te does not greatly 

Fig. 54. Influence of Ca(OH)2 on specific surface area of ore 
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Fig. 55. Combined effect of specific surface area and Ca(OH)2 on compressive 
strength of green pellets 

vary according to the mixing rule. At grea ter f ineness degrees, a certain 
grain size increase depending on ore proper ty m a y occur, d u e to a cer ta in 
coagulat ion. 

By the add i t ion of very f ine-gra ined mater ia l , like hydra ted l ime, the 
improved specif ic surface area of the mix could allow the use of ores wi th 
coarser fineness. 

In all the subsequent tests, 0.5, 3.5 and 7% Ca (OH) 2 were used. A 
trial with 0.5 bentoni te addi t ion was p e r f o r m e d for compar ison . T h e pellet 
size was un i fo rmly kept be tween 10 and 12 m m diameter . T h e inf luence 
on the green pellet strength is shown in Fig. 55. As expected, the 
inf luence of bentoni te is insignificant. T h e strength of green pellets 
p roduced f r o m coarse-grained ores (740—1120 cm 2 / g — Curves I, II) 
remains at or below 10 N /pe l l e t even at h igher amoun t s of C a ( O H ) 2 

addit ions. Only when the ore has a higher Blaine index of 1720 cm 2 / g the 
hydrate add i t ion becomes effective. Ca (OH) 2 has a posit ive inf luence on 
the drop resistance, Fig. 56, s imilar ly to the m o r e eff ic ient bentoni te . 

5.3.1.2.1.2 Influence of [Ca(OH) 2 ] on Dry Pellet Strength. A good 
bonding power of hydra ted l ime in dry pellets is shown in Fig. 57. T h e 



Fig. 56. Influence of Ca(OH)2 on drop resistance of green pellets 

Fig. 57. Influence of Ca(OH)2 on compressive strength of dry pellets 



Fig. 58. Influence of Ca(OH)2 on compressive strength of indurated pellets 

Fig. 59. Influence of Ca(OH)2 on tumble resistance of indurated pellets 
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Fig. 60. Influence of Ca(OH)2 on porosity of indurated pellets 

bonding power of ben ton i te is h igher and c o m p a r a b l e to abou t 2% l ime 
addi t ion. Since, as appears f r o m the results, the inf luence of l ime hydra te 
should main ly be considered in connect ion wi th the specif ic sur face a rea 
of ore, the observat ions m a d e wi th hematite ore a re also val id for pellets 
f r om magnetite concentrates. 

5.3.1.2.1.3 Influence of [Ca (OH) 2] on Crushing Strength, Tumbling Resis-
tance and Porosity of Indurated Pellets. T h e in f luence of ca lc ium hydra te 
on the final s t rength of f i red pellets is r emarkab l e , Fig. 58. Even the 
more coarsely g round ore a l ready shows strengths of m o r e t h a n 
2000 N / p e l l e t with an addi t ion of 0.5% C a ( O H ) 2 . These s trengths 
rise u p to an add i t ion of 5%. A t a h igher add i t ion of 7%, the 
strength diminishes . It m a y be tha t a glassy s t ruc ture is f o r m e d which 
is indicated by the relatively low porosi ty of these pellets, as shown in 
Fig. 60. T h e abras ion values improve with rising hydra te add i t ion as can 
be seen in Fig. 59. T h e porosi ty of f i red pellets p roduced f r o m the coarse-grained ore, Fig. 60, Curves I and II only changes slightly with h igher 
hydra te addi t ions . However , the ore with the greater specif ic sur face area , 
Curve III, reacts m o r e intensively and the porosi ty decreases, but its 
reducibi l i ty is still suff icient . 

5.3.1.2.2 Influence of Calcium Carbonate (CaCO3) and Dolomite 
[(Ca, Mg)CO 3 ] on the Strength of Indurated Pellets. As descr ibed u n d e r 
i tem 3.2, carbonate is a natural mineral which is insoluble in water and is, 
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therefore , ineffect ive as a b inder du r ing green ball fo rmat ion . L imes tone is 
used ra ther for neutral iz ing the acid gangue. Consequent ly , no great inf lu-
ence on the green and dry pellet s trength is to be expected. L imes tone is 
l iable to the same condit ions for green ball f o rma t ion as the ore itself. It 
should have at least the same fineness to ensure tha t a f te r the ca rbona te 
has previously been dissociated calc ium oxide complete ly reacts with 
gangue and hemat i te . F r e e C a O should not be present in the indura ted 
pellets because, a f te r a certain t ime, it hydra tes and then causes a 
weakening of the pellet structure, see Fig. 62. Since l imestone is ineffect ive 
as a b inde r fo r improving the green ball proper t ies , only its inf luence on 
fired pellets will be desc r ibed 5 5 , 2 8 ) . An acid magnet i te concentra te 
was pellet ized with very pure l imestone. Tab l e 17 shows the chemical 
composi t ion and size dis tr ibut ion. 

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

tests 

Concentrate 
in % (about) 

Limestone 
in % (about) 

Fe total 63.5 
SiO2 8.4 1.0 
Al2O3 0.5 -

CaO 0.1 55.0 
CO2 - 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 

Dur ing the fo rma t ion of green balls having a d iamete r of abou t 15 m m , 
the l ime add i t ion was varied be tween 0 and 12% and the f i r ing 
t empera tu re be tween 1150 and 1300 0 C . T h e green ball s trength was 
practically not inf luenced. In the case of dry pellets, only small d i f ferences 
were found . F o r compar i son the o p t i m u m indura t ing t empera tu re was 
first ascer tained wi thout l imestone add i t ion as shown in Fig. 61. F o r this 
concentrate, a m a x i m u m strength was ob ta ined at 1250 ° C which results 
f rom its chemical composi t ion. Subsequent ly , the inf luence of a rising 
amoun t of l imestone addi t ion was ascer tained at 1150 0 C and 1200 0 C first 
of all directly af te r f i r ing and again af ter a s torage of 6 weeks in a 
protected room, Fig. 62. At the h igher f i r ing t empe ra tu r e (1200 0 C ) a 
substantial ly h igher strength was ob ta ined which reached its m a x i m u m at 
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Fig. 61. Influence of firing temperature on compressive strength of pellets from 
magnetite concentrate without binders 

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



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

a C a C O 3 add i t ion of abou t 8% while at 1150 ºC the m a x i m u m was at 6% 
C a C O 3 . Af te r a storage of 6 weeks, the s trengths of bo th samples con-
siderably d imin ished . Whi t e spots of l ime hydra te were observed in the 
pellets which d id or iginate f r o m not scori f ied f ree C a O . T h e screen 
analysis of l imestone showed some port ions of too coarse particles. T h e 
m a x i m u m strength which, for all samples was a round 2500 N /pe l l e t , is 
r emarkab le and indicates the great inf luence of slag bond . As can be seen 
f rom Fig. 63, the porosity of f ired pellets is highly d e p e n d e n t on the i r C a O 
content. U p to a certain C a O a m o u n t it decreases and the micro-
structure becomes more dense. At a higher C a O addi t ion , it rises again, a 
fact which can be explained by the fo rma t ion of a greater n u m b e r of 
macro-pores , as can be demons t ra ted by micrographs . In each case, the 
porosity was suff iciently h igh so that it would not adversely affect the 
behav iour du r ing reduct ion. Merkl in and D e Vaney observed s imilar 
results with ano ther magnet i te and increasing addi t ions of l imestone or 
dolomite . In view of the great economic impor tance of l imestone addi t ion , 
many researchers have deal t with this p rob lem 56), chief ly in conjunct ion 
with the produc t ion of self-f luxing pellets. T h e ma in reason for the 
addi t ion of l imestone or do lomi te is the p roduc t ion of pellets with a rising 
por t ion of basic consti tuents and thus with increasing basicity. 

124 5 Process-Influencing Factors 
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5.3.1.2.3 Influence of a Mixture of Different Additives on Pellet Properties. 
In tests for the p roduc t ion of self-f luxing pellets f r o m a magnet i te con-
centrate with 71.3% Fe , 0.7% SiO2 , 0.1% Al 2 O 3 , 0.38% C a O and 0.14% 
MgO, increasing and d i f fe ren t quant i t i es of f ine ly-ground l imestone, 
dolomite and for a t ime sand, for raising the total slag por t ion were 
added. Inter alia, the mechanica l pel let proper t ies were ascertained. D u e 
to the low bonding power of the a lkal ine ear th ca rbona tes in green and 
dry pellets, bentoni te was added . T h e results of s o m e of these tests are 
compi led in Tab l e 18. T h e concentra te had a speci f ic surface a rea of 
1810 cm 2 / g and the pellet d i ame te r was ad jus ted to 9—15 m m . As was to 
be expected, the green pellet s trength d id not d i f f e r marked ly . As concerns 
the dry pellet s trength and d rop resistance, only the ben ton i te inf luence 
was percept ible . T h e strengths of f i red pellets were qu i t e d i f ferent . Pellets 
without l ime and do lomi te add i t ion showed the lowest value (test 1). A 
higher l ime add i t ion resul ted in a h igher s t rength (tests 2 - 5 and 7). W h e n 
l imestone was replaced by do lomi te alone (tests 6 and 8), the crushing 
strengths were slightly lower. T h e m a i n 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 % 0.6 0.6 0.6 - 0.6 0.6 0.6 0.6 
Limestone % - 1.35 3.7 3.7 8.1 - 0.9 -

Dolomite % - 1.35 3.7 3.7 - 7.4 0.9 4.1 
Quarzite % - 1.0 2.7 2.7 2.7 2.7 - -

Basicity 
CaO/SiO2 

0.36 0.90 0.94 0.94 1.18 0.75 1.0 0.5 Basicity 
CaO/SiO2 

0.36 0.90 0.94 0.94 1.18 0.75 1.0 0.5 

Basicity 
CaO + MgO / 
SiO2+ Al2O3 

0.40 1.0 1.1 1.1 1.1 1.1 1.1 2.0 Basicity 
CaO + MgO / 
SiO2+ Al2O3 

0.40 1.0 1.1 1.1 1.1 1.1 1.1 2.0 Basicity 
CaO + MgO / 
SiO2+ Al2O3 

0.40 1.0 1.1 1.1 1.1 1.1 1.1 2.0 

Green pellet 
Compression 
strength 

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

N/pellet Green pellet 
Compression 
strength 

N/pellet 

Green pellet 
drop number 

Times 6.2 6.8 4.6 3.6 5.0 7.8 3.6 4.6 Green pellet 
drop number 

Times 

Dry pellet 
strength 

N/pellet 33 33 18 8.0 30 38 18 29 Dry pellet 
strength 

N/pellet 

Fired pellet 
strength 

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

N/pellet 

* Grain size -0.045 mm = 85.8%; Spec. surface = 1810 cm2/g; Pellet size = 
9 - 1 5 mm; Moisture = 8.4-8.9% H2O, optimum firing temperature. 
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indicate the inf luence of the mechanica l proper t ies of green, dry and f i red 
pellets by mix ing the pellet feed with various addit ives. 

Similarly as with magnet i te , the add i t ion of basic ca rbona tes and 
mixtures of o ther addi t ives also has an ef fec t on hematite ore. T h e 
pert inent results are shown in Tab l e 19. As always, bentoni te increases the 
dry pellet s t rength more intensively than does ca lc ium hydroxide . A com-
binat ion with l imestone results even at a lower t empe ra tu r e in a high 
strength of f i red pellets. Moreover , it is known tha t ores with a lower 
fines por t ion can also be processed into sui table pellets. This knowledge is 
utilized in m a n y industr ia l plants where mix tu res of bentoni te , l ime 
hydrate or carbonates are used. As regards the correlat ions be tween basic 
addit ives and o p t i m u m firing t empera tu re , r e fe rence should be m a d e to 
items 5.4.3.1.2 and 6.1.2.3.5 for the effect of addi t ives on the pellet 
behaviour dur ing reduct ion. 

Table 19. Influence of additives on properties of pellets from hematite orea 

Test No. 1 2 3 

Firing temp. in 0 C 1300 1300 1280 
Additives Ca(OH)2 0.5% Bentonite 0.5% Bentonite 0.5% 

Limestone 4.5% 
Ca(OH)2 0.5% Bentonite 0.5% Bentonite 0.5% 

Limestone 4.5% 

Compression strength in N/pellet (about) 

Green 11 14 14 
Dry 7 46 32 
Fired 4250 2300 5240 
Abrasion in % 
0.5 mm 

4.6 6.8 3.5 Abrasion in % 
0.5 mm 

4.6 6.8 3.5 

a Fe = 66.2%; SiO2 = 3.3%; CaO = 1.0% 

5.3.1.2.4 Influence of Calcium Chloride [CaCl2] on Pellet Properties. If 
addit ives are employed to improve the pellet proper t ies any inheren t 
unavoidable de t r imenta l inf luences should be reduced to a m i n i m u m . 
When calcium chlor ide is used, the basic const i tuent has, at cor responding 
temperatures , the same effect as o ther l ime compounds . However , chlor ine 
l iberated dur ing f i r ing may cause corrosion. Nevertheless , such an 
addi t ive can still be successfully employed if, by a chemical react ion 
between chlorine and impur i t ies in the ore such as non-fer rous metals , 
copper , lead and zinc are to be r emoved or possibly recovered as va luable 
substances. Nowadays , calcium chlor ide is used in several industr ial 
plants, above all for processing pyri te cinders conta ining non- fe r rous 
metals. Relevant details are descr ibed under i t em 7.2. 
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5 . 3 . 1 3 Influence of Alkali Compounds 

F o r a s imi lar reason alkali salts are also employed dur ing pelletizing, 
e.g. when vanad ium-con ta in ing ores are t reated. Alkal i f o rms a soluble 
vanad ium salt. Th is can be dissolved f r o m the pellet. T h e inf luence of 
alkali salts is thus discussed under i tem 7.3. T h e de t r imen ta l effect of 
alkali salts par t icular ly dur ing reduc t ion of pellets has been known for a 
long t ime and is the subject of m a n y studies, see i tem 6.1.2.3. This effect is 
so enormous tha t every endeavour is m a d e to e l imina te alkali salts to the 
m a x i m u m possible extent f r o m the mix to be pellet ized. 

Concent ra tes benef ic ia ted with sea water are somet imes rewashed with 
water conta in ing 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 

T h e gr inding expenses for ob ta in ing the f ineness r equ i red for pelletizing 
represent an impor t an t cost fac tor in pellet p roduc t ion . Th i s fineness 
largely depends on the proper t ies of the var ious ores. Crystal l ine ores 
d e m a n d a h igher f ineness degree than those of an ear thy character , as is 
shown in Tab l e 16. Consequent ly , one can conceivably improve the 
pelletizabil i ty of a crystalline ore by mix ing with ano the r ore having a 
greater bond ing power . Such combina t i on is possible, for instance in 
plants t reat ing d i f fe ren t ores. 

Fo r the design of a pellet izing p lant at a N o r t h Sea port , this possibil i ty 
was once s tud ied . In this case, I t ab i ra hema t i t e was used, see i t em 
5.3.1.2.1.1. A n ear thy Dogger ore wi th a rough, porous sur face and a f ines 
por t ion of 36% below 0.045 m m was used as addi t ive; its specif ic sur face 
area was 2400 cm 2 /g . Its chemical analysis showed the fol lowing approxi -
ma te values: 

F e tot. = 2 2 - 3 4 % 
SiO2 = 1 1 - 2 0 % 
C a O = 8 - 1 2 % 
Al 2O 3 = 6 - 8% 
M g O = 1 - 2% 
Loss on igni t ion = 2 0 - 2 2 % . 

For many years, the above ore h a d been processed in G e r m a n blast 
furnaces. T h e I tab i ra hemat i t e had been g round to d i f f e ren t f ineness 
degrees be tween 740 cm 2 / g and 1720 cm 2 / g specif ic sur face area. 5 and 
10% of ear thy ore was added to the coarser hema t i t e 28). T h e results thus 
ob ta ined are given in Tab le 20. F r o m the add i t ion of 5 or 10% of ear thy 
ore, sat isfactory pellet proper t ies (tests Nos . 3 and 4) were a l ready 
obta ined with a relatively coarse g r ind ing of crystall ine ore. T h e add i t ion 
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Table 20. Influence of earthy iron ore as additive on properties of hematite pellets 

Test conditions Mixture Test conditions 

1 2 3 4 

Rich hematite ore (Brasil) 100% 100% 95% 90% 
0.045 mm in % 67 30 30 30 
Specific surface area (cm2/g) 1720 740 740 740 
Earthy low-grade ore specific surface area 
(cmVg) 

830 910 Earthy low-grade ore specific surface area 
(cmVg) 

830 910 

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 
-0.5 mm in % 

6.8 28.3 10.5 7.7 Abrasion index of fired pellets 
-0.5 mm in % 

6.8 28.3 10.5 7.7 

of an ear thy ore f rom Cerro Bolivar (Venezuela) to the crystalline K i r u n a 
magnet i te concentrate exerts a s imilar inf luence. 

5.3.1.5 Behaviour of Ore Mixtures 

Afte r demons t ra t ing tha t the behav iour of ores dur ing pellet izing can be 
improved by the addi t ion of another ore — which need not be the rule — 
the quest ion soon presents itself regarding the behav iou r of several ore 
mixtures dur ing pelletizing and the proper t ies of such pellets. T h e t reat-
ment of ore mixtures became acute when the construct ion of pellet izing 
plants in the vicinity of blast furnaces s imi lar to sinter plants was con-
sidered. 

In such a case, it was necessary to treat ores of d i f fe ren t origin and mor -
phology in the fo rm of varying mixtures, and nevertheless to p roduce 
pellets of un i fo rm quali ty. Countr ies covering their raw ore d e m a n d 
mainly by imports , such as Grea t Britain, the E u r o p e a n cont inent and 
above all J a p a n are part icularly interested in the construct ion of such 
pelletizing plants. T h e opera t ion of these plants which m a y be installed in 
the vicinity of sinter plants a lready existing offers the advan tage tha t the 
ores can be processed, according to their composi t ion , e i ther in a sinter or 
pelletizing plant. T h e s imul taneous avai labi l i ty of bo th agglomera t ion 
systems allows the appl ica t ion of a more f lexible impor t strategy. Firs t 
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investigations were carr ied out at an early da te the pu rpose of which 
somet imes was the t rea tment of domes t i c ores 57). Sys temat ic investigations with ore mixtures f r o m sinter plants , which were pellet ized af ter fine 
grinding, were repor ted in 1962 14). At the suggest ion of a G e r m a n steel 
plant, s tudies regard ing the erect ion of a pellet izing p lant on the basis of 
impor ted ores in the E u r o p e a n cont inent were s tar ted a r o u n d 1962 21). 
F o r this purpose , seven ores and concentrates ava i lab le in the E u r o p e a n 
marke t were chosen. T h e pelletizing proper t ies of some of these r a w 
materials were a l ready known, those of others were not. Ores especially 
p repared for sinter plants (sinter feed) were par t ly involved. T h e ore 
types, h e m a t i t e and magnet i te , the chemical analysis and the size por t ion 
minus 0.045 m m as well as the por t ions of the var ious ore mix const i tuents 
are compi led in Table 21. T h e a m o u n t of b ivalent i ron indicates the 
endeavour to ma in t a in a u n i f o r m por t ion of magne t i t e in the mix. 
Similarly as for individual ores, the por t ion of fines minus 0.045 m m was 
at first var ied and the green balls of 9 - 1 5 m m were fired at 1300 °C, see 
Fig. 64. T h e behav iou r of mixtures is s imi lar to tha t of ind iv idua l ores, see 
Figs. 44, 45, 51, somet imes even bet ter , see T a b l e 20. T h e results of tests 
run on mix 2, Tab l e 21, were not shown in the above figures, since only an 
insuff ic ient n u m b e r of measured values was avai lable . However , these 
figures cor respond with the other values. 

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

Ores of various 
origin 

Type Size 
-0.045 mm 

% Fe % Portions in mixture Ores of various 
origin 

Type Size 
-0.045 mm 

% Fe 

I II III IV 

Ores of various 
origin 

Type Size 
-0.045 mm 

% Fe 

I II III IV 

Sydvaranger Ma 57.6 66.3 6 3 4 3 
Mano river Hb 1.7 54.7 18 9 13 12 
Brazil fines H 26.7 66.5 18 27 40 
Marcona (sinter feed) M 2.6 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 2.4 65.6 13 6 10 8 

100 100 100 100 

Chemical composition of mixtures 

Fe tot 64.5 67.5 65.4 67.0 
Fe" 12.4 14.1 9.4 15.4 
SiO2 5.6 4.1 4.9 3.6 
CaO 0.3 0.3 0.2 0.2 

a M = Magnetite 
b H = Hematite 

a M = Magnetite 
b H = Hematite 



130 5 Process-Influencing Factors 

Fig. 64. Influence of particle size on properties of indurated pellets from ore mixtures 

F o r compar ison , Curve V was addi t ional ly in t roduced f r o m Fig. 51 
(Curve I). T h e d i f fe rence in crushing strength be tween Curve V (hemat i t e ) 
and Curves I, IV, (mixtures) is not significant. In view of the relat ively low 
slag por t ion, the fo rma t ion of crystals is m o r e impor tan t . Basic addi t ives 
also have a favourab le inf luence on mixtures, as can be seen f r o m Curves 
III, I l Ia , IIIb. Finally, it can be stated, that ore mixtures with suff ic ient 
grain size d is t r ibut ion or with addi t ives can be f o r m e d into pellets of good 
quali ty, s imilar ly as for individual ore types wi thou t any diff icult ies. T h e 
mix is g round to abou t 67% minus 0.045 m m at a specif ic surface a rea of 
approx. 2600 cm 2 /g . Less than 0.5% bentoni te is used as binder . T h e pellets 
p roduced meet the requi rements of the blast fu rnace opera t ion. 

The knowledge thus acqui red in the l abora tory tests was realized in a 
commerc ia l p lant at the I j m u i d e n steel p lant in Hol land . There , a pellet 
plant with an annual capacity of 3.5 mil l ion tons based on impor ted 
ores 5 8 ) has been opera t ing since 1970 bes ide a sinter p lan t of equal 
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capacity for the p roduc t ion of a highly bas ic sinter. T h e combina t i on of 
the two agg lomera t ion plants can be cons idered as a typical example fo r 
an o p t i m u m prepa ra t ion of i m p o r t e d ores fo r blast f u r n a c e opera t ion . 
Bragard and Ma t th i eu 59) repor ted on the const ruct ion and opera t ion of 
a small pellet p lan t in Belgium with an annua l capaci ty of 0.5 mil l ion tons 
of basic pellets f r o m mixtures of calcareous minet te , Swedish concentra te 
and Venezuelan hemat i t e in d i f fe ren t p ropor t ions . D u e to the good 
bonding power of minet te , no ext raneous b inders were necessary. H e r e 
also the qual i ty of the pellets p roduced me t the r equ i remen t s of the blast 
fu rnace opera t ion . T h e considera t ions leading to the const ruct ion of pel let 
plants are very interest ing a l though at bo th works sinter plants were 
already in operat ion. In both cases, the extension of the agglomerat ion ca-
pacity was under discussion. T h e 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 i m p o r t and the equal ly h igh d e m a n d s m a d e 
by the blast f u r n a c e opera t ion on the qua l i ty of agglomerates . In Japan , 
the condit ions fo r the construct ion of pellet izing plants nea r blast furnaces 
are also favourab le , a fact which is conf i rmed by the erect ion of several 
plants with an annua l capaci ty of abou t 6 mi l l ion tons of pellets 60). 
Here , as well as in G r e a t Britain, f u r t h e r plants wi th an annua l capaci ty of 
3 million and 5 mil l ion tons are under const ruct ion or will shortly be 
started up. 

In this way, it has been demons t ra ted that based on ore mixtures pel-
letizing plants can be built advantageous ly near the blast furnaces . 

5.3.1.6 Influence of Oxidized and Prereduced Return Fines 

T h e quest ion arises whe ther an inf luencing factor bo th impor t an t and 
necessary for down-d raugh t sintering, name ly the use of re turn fines, 
might also be of interest for pelletizing. D u r i n g sintering, a h igh por t ion of 
40—100% by weight of the sinter mix is cont inuously c i rcula ted as re turn 
fines. These re turn fines virtually consist of f ine-gra ined sinter ob ta ined 
dur ing d i f fe ren t process and t ranspor t phases. T h e condi t ions for pellet 
product ion are qu i t e di f ferent . Pellets consist of indiv idual balls of p re -
scribed dimensions . T h e a m o u n t of f ine-gra ined abras ive mate r i a l ar is ing 
dur ing t ranspor t of indura ted pellets is correspondingly low and hardly 
exceeds 3% in commerc ia l plants. Th is low quan t i ty is r e tu rned , normal ly 
af te r separa te in t e rmed ia te gr inding, to the circulat ing pel let load wi thout 
p roduc ing a special effect. F r o m the process- technological viewpoint , 
there is thus in contrast to s inter ing no reason to a t tach great impor t ance 
to the return f ines p rob lem. Nevertheless , H. W. G u d e n a u and W. W e n -
zel 61 ou dois) invest igated the inf luence of greater r e tu rn f ines a m o u n t s on the 
proper t ies of indura ted pellets p roduced f r o m d i f fe ren t ores with the 
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re turn fines normal ly being present as oxidized fines. Tests with u p to 35% 
prereduced re turn fines were also carr ied out. T h e results of such tests run 
on hemat i te ore with 64% iron and with a rising re turn f ines quan t i ty 
having a f ineness degree of 40% - 0 . 0 4 5 m m at o p t i m u m f i r ing t em-
pera ture are shown in Fig. 65. Curve I only shows a slight inf luence of 
oxidized re turn fines add i t ion whi le Curve II indicates a substant ia l im-
provement of crushing strength when p re reduced return fines are used. 

Fig. 65. Influence of oxidized and reduced return fines on compressive strength of 
indurated pellets 

Dur ing careful firing and with a suff ic ient oxygen content of burn ing gas, 
reoxidat ion and recrystall ization of the crystalline s t ructure occurs. 

U n d e r equal oxidizing condit ions, p re reduced return fines could be 
replaced by sponge iron with the total i ron being f inally present as 
hemat i te in the pellet. However , it would also be imaginable to allow the 
metal l ic i ron of sponge iron to react directly with i ron oxides u n d e r a 
controlled, non-oxidiz ing a tmosphere . 

5.3.1.7 Influence of Sponge Iron on Pellet Properties 

This ques t ion was thoroughly s tudied by the a u t h o r 6 2 , 2 8 ) . H i g h -
grade specially p repa red concentrates f r o m hemat i t e and magnet i te 
with iron contents of 68.9% and 70%, and SiO 2 values of 0.68 and 0.1% 
were ground to 2040 and 2280 cm 2 / g specif ic surface area. Increasing 
quant i t ies of sponge iron with i ron contents of 96—98% at a specif ic 
surface area of 6 0 0 - 7 0 0 cmVg were added dur ing green ball fo rmat ion . 
Pellets of 10—12 m m d iamete r were p roduced . 
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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 i ron could react with the mois ten-
ing water dur ing green ball fo rmat ion . This would have resul ted in a loss 
of metal l ic i ron by corrosion. However , the sponge iron used, which was 
produced f r o m the concentra te involved at t empera tu re s of 1 1 5 0 - 1 2 0 0 °C , 
showed a low reactivi ty against water dur ing the shor t t ime of contact. In 
addi t ion, the sponge iron had a relatively coarse gra in size with a specif ic 
surface area as low as a b o u t 6 0 0 - 7 0 0 cm 2 / g so tha t a f te r pellet drying no 
change of the a m o u n t of metal l ic i ron previously a d d e d was observed. 
T h e strength of green balls f o r m e d f rom magne t i t e concentra te and 
sponge iron wi th and wi thou t bentoni te add i t ion was compared . T h e 
result is shown in Fig. 66. Wi thou t bentoni te , the green and dry pel let 

Fig. 66. Effect of sponge iron and bentonite on compressive strength of green and 
dry pellets 

strength is very low irrespective of whe ther sponge i ron is added or not . 
The rising ra te of sponge iron added even decreases the strength, p robab ly 
due to the coarser grain size result ing f rom sponge i ron addi t ion . Only 
bentoni te raises the strength. T h e measu remen t s m a d e with hema t i t e con-
centrate were similar , bu t lower values were ob ta ined . T h e tests did not 
show any reac t ion of sponge iron. Thus , there was no danger of metal l ic 
iron being lost in this phase of pellet product ion . 

53 .1 .7 .2 Influence of Sponge Iron on the Strength of Indurated Pellets. 
T h e purpose of these tests was to p roduce 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 add i t ion in o rder to avoid the dis integra-
tion which would otherwise be expected du r ing reduct ion. T h e metal l ic 
iron of sponge iron was to react with Fe 2 O 3 and Fe 3 O 4 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 a tmosphere and metallic iron, the basic tests were carried 
out with nitrogen at temperatures between 950 and 1150 0 C and an indura-
tion t ime of 15-40 minutes. The tempera ture of 1100 ° C was found to be sufficient and fur ther tests were per formed at this temperature . Fig. 67 rep-
resents the influence of a rising sponge iron port ion on the crushing strength, 
Curve I, in contrast to a decreasing pellet s trength dur ing reduct ion of 
f ired pellets wi thout sponge iron add i t ion by using reducing gas, Curve II. 
When add ing approx. 10 parts of sponge iron, the hemat i t e phase is 
converted to magnet i te , and a crushing strength of 2200 N / p e l l e t is 
a l ready achieved with no fu r ther change at h igher sponge iron rates. T h e 
react ion of metal l ic i ron with oxides is a l ready t e rmina ted at 1100 0 C af ter 
20 minutes. Metal l ic i ron similarly reacts with magne t i t e pellets having a 
strength of almost 3500 N/pe l le t , Fig. 68. 

T h e two Figs. 67 and 68 indicate an interest ing possibil i ty for subs tan-
tially improving the qual i ty of indura ted pellets which was par t icular ly 
observed dur ing their reduct ion, as descr ibed unde r i tem 6.2. 
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Fig. 68. Influence of sponge iron on compressive strength of pellets from magnetite 
concentrate 

5 3 . 1 . 8 Influence of Inplant Fines on Pellet Properties 

Since a growing n u m b e r of pellet izing plants are erected wi th in a steel 
plant complex, it is possible to incorpora te a pa r t of the inplant fines dai ly 
accumula t ing at the i ron and steel works in to the pellet feed. This refers , 
for example , to dust and slurries f r om gas c leaning instal lat ions of blast 
oxygen furnaces and blast furnaces , mill scale, ca lcareous B. O. F. slag as 
well as pellet f ines screened out be fo re enter ing the blast furnace . A b o v e 
all, p roducts wi th a high l ime content are interest ing as addi t ives. In a 
pelletizing plant in Mexico, the use of such inplant fines in the mix is 
envisaged 63). Magne t i t e concentrates, h e m a t i t e ore and inplant fines a re 
used as i ron-bear ing materials . L i m e c o m p o u n d s are added in order to 
produce basic pellets with a basici ty of more than one. T h e recycled 
mater ia ls consist of six d i f fe ren t const i tuents which have to be g round to 
the required f ineness be fo re they a re mixed . T h e chemical analysis of the 
recycled mater ia ls is shown in Tab l e 22. O u t of a large n u m b e r of tests 
carr ied out for design work, the behav iou r of three mix tures is descr ibed 
below with the basicity having been un i fo rmly ad jus ted to 1.3. T h e com-
posit ion of mixtures is given in Tab l e 23. 
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Fe tot. SiO2 Al2O3 CaO MgO MnO S Compo-
sition 
in % 

Blast furnace 34.8 10.2 2.7 1.1 1.2 1.2 0.4 3.7 
dust 
Blast furnace 0.3 34.6 14.8 41.8 4.3 0.9 1.5 40.4 
slag 
BOF dust 64.1 1.8 0.2 5.2 0.6 1.5 0.1 5.2 
BOF slag 12.0 20.5 6.4 42.5 3.5 4.2 0.6 21.1 
Mill scale 64.0 3.0 1.9 3.2 0.3 1.3 0.1 8.5 
PeUet 64.8 4.3 0.8 0.6 0.9 0.1 0.02 21.1 

Granulometric properties of mixture -0.045 mm = 55.6%; Spec. surf. area cmVg 
2200 

Table 23. Mixture of pellet feed: ores, inplant 
fines, limestone and hydrated lime 63) 

I II III 

Magnetite 95.5 82.4 65.9 
Hematite - - 16.5 
Inplant fines - 16.6 16.1 
Limestone 3.5 - -

Lime hydrate 1.0 1.0 1.5 

T h e mixtures were uni formly ground to 68—71% minus 0.045 m m and a 
specific sur face area of abou t 1 6 8 0 - 1 7 5 0 cmVg. T h e incorpora ted recycled mater ia ls have no notable negative inf luence on the s t rength of green 
nor on dry or indura ted pellets (Fig. 69). 

T h e abras ion resistance of all pellets has to b e regarded as very good. 
T o sum up, it can be stated that , af ter an a d e q u a t e p repara t ion , recycled 
materials can b e added to the pellet mix w i thou t impa i r i ng the pellet 
quali ty - p rovided that they d o not contain any de t r imenta l meta l lurgical 
constituents. 

This is an impor t an t con t r ibu t ion to the in tegra t ion of pellet izing plants 
into the blast f u r n a c e area. 

5.3.1.9 Influence of Organic Binders 

Inorganic or minera l ic b inders addi t ional ly change the chemical com-
posi t ion of the indura ted pellets and m a y inf luence the meta l lurgical 

Table 22. Mixture and chemical composition of inplant fines as components of pellet feed63) 
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Fig. 69. Influence of in-plant fines on pellet properties 

behav iour du r ing fu r the r t reatment . O n the o the r hand , organic b inders 
bu rn or volatil ize at the latest du r ing pellet f ir ing. Consequent ly , they d o 
not change the chemica l compos i t ion of the pellets. A t a very early s tage 
organic b inders were a l ready tested at least on a labora tory scale. In this 
connection, re fe rence should be m a d e to the a fo re -men t ioned pa ten t of 
Andersson 3 ) . 

D u e to the compara t ive ly high prices of such substances, there was and 
is, for the mos t par t , interest only in waste p roduc t s of o ther industr ies , 
such as b i t u m e n and spent sulphi te l iquor. In view of the cons iderable 
quant i t ies which can possibly be a d d e d dur ing pellet izing of i ron ores, t he 
mineral oil indus t ry is interested in render ing such products at t ract ive 64). 

Since the eff ic iency of organic b inders is l imi ted by the t empera tu re , 
any inf luence on the f inal s t rength of i ndura t ed pellets is ha rd ly to be 
expected. S o m e of such types of b inders are men t ioned below: 

Starch is a f requen t ly tested b inder , which was added in quant i t ies of 
0 . 4 5 - 2 . 3 kg / t concent ra te by Erie Min ing C o m p a n y dur ing pellet izing of 
magneti te . A p a r t f r o m an i m p r o v e m e n t of plasticity, s tarch pr imar i ly 
increased the dry pellet strength 65). 
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Spent sulphite liquor, obta ined as a by-produc t in the pu lp and p a p e r 
industry, is a p roduc t which is relatively c h e a p in some places. Spent 
sulphi te l iquor contr ibuted to an improvemen t of the green and dry pellet 
strength dur ing pelletizing of Sierra Leone concentrate. Af t e r firing, no 
fur ther inf luence was observed. 

Bitumen, a by-produc t accumula t ing dur ing minera l oil processing, is 
of ten used as emuls ion which also improves the green and dry pellet 
strength. 

5.3.1.10 Influence of Coal Addition 

In the past, the shaf t furnace, as burn ing unit , p layed an impor t an t 
role6 6) . However , it was diff icul t to ensure u n i f o r m heat ing of pellet feed 
over the whole fu rnace section. T o achieve this goal, 1.0—1.5% anthraci te 
was added to the concentrate or the green balls were coated with finely-
ground coal. Th is me thod was previously adop t ed in all sha f t fu rnace 
plants and also initially, even at lower coal rates, in some travell ing gra te 
plants. In the course of the years, the incorpora t ion of solid fuel into green 
balls was a b a n d o n e d because the diff icul t ies du r ing indura t ion and above 
all the varying qual i ty of indura ted pellets exper ienced at tha t t ime 
outweighed the expected advantages. 

Nowadays , the shortage and increasing prices of fuel oil suggest the use 
of coal again. T w o possibilit ies were investigated, the add i t ion of coal to 
fine part icles dur ing ball ing and the burn ing of coal in separa te burn ing 
chambers . Deta i led studies of coal add i t ion are descr ibed by B. Hü t t e r 6 7 ) . 

U p to 2% of coals of d i f ferent reactivity was added to five d i f fe ren t ores 
ground to the fineness required for green ball fo rmat ion . T h e pellet 
d iamete r was un i formly 1 0 - 1 2 m m . Ne i the r the green nor the dr ied pellet 
strength changed as compared with that of pellets wi thou t coal addi t ion . 
However , the crushing strength of indura ted pellets decreases wi th coal 
addi t ion of more than 0.5% for magnet i te pellets and the resistance to 
abrasion diminishes at a coal addi t ion of above 1%. O n the o ther hand , it 
was possible to raise considerably the capaci ty of the pellet izing travell ing 
grate for hemat i t e pellets. There fore , the negat ive and posit ive inf luences 
are to be outweighed for each par t icu lar case. 

Fig. 70 shows the inf luence of increasing coal addi t ions on hema t i t e and 
magnet i te pellets. In the case of hemat i te , the strength rises u p to abou t 
0.5% coal addi t ion. T h e strength then decreases b u t is still suff ic ient u p to 
1.5% coal addi t ion. This inf luence is explained by part ial reduct ion of 
hemat i te to magnet i te and subsequent incomple te reoxida t ion of magne-
tite to hemat i te . Higher coal addi t ions m a y even result in a fu r the r 
reduct ion towards the fo rmat ion of w u s t i t e which, wi th in the t ime 
available, does not reoxidize again and fo rms fayal i te 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 I j m u i d e n is being opera ted 
with low add i t ion of g round coke which allows a reduc t ion of natura l gas 
consumpt ion wi thou t impa i r ing the pellet qual i ty . 

Other travell ing grate plants are using meanwhi l e also coal add i t ion 
successfully. 

Deve lopmen t work was recently star ted to bu rn the coal in sui table 
combus t ion c h a m b e r s and to in t roduce hot combus t ion gases exclusively 
into the burner hood. A detai led descr ip t ion of this interesting appl ica t ion 
of firing technology to pellet izing plants is given in the Skillings Mining 
Review 6 8 ) . 

5.3.1.11 Summarizing Considerations 

Binders were a l ready used in the first pel let izing tests. Water -so luble 
salts were p re fe r red which fo rm salt br idges du r ing drying thus improv ing 
the mechanical s t rength of pellets. Nowadays , salts are used in few special 
cases only. 

Binders and addi t ives are at present selected according to the fol lowing 
aspects: 
(a) Improvemen t of green ball proper t ies , above all bet ter plasticity for 

increasing the d rop resistance dur ing t ranspor ta t ion . 
(b) Increase of dry pellet s t rength for the subsequen t hea t t r ea tment 

stages. 
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(c) Improvemen t of indura ted pellet propert ies , in pr inciple , their behav-
iour dur ing reduction. 

(d) Binders should be cheap and not adversely af fec t ing the chemical 
composi t ion of pellets and opera t ion. 

(e) Nowadays , alkaline ear th c o m p o u n d s of d i f fe ren t mixtures are pre-
ferred. O n e a t tempts to keep the bentoni te add i t ion at a m i n i m u m . 

In all plants at present in opera t ion , b inders and addi t ives are used. In 
the mean t ime , a separa te industry has deve loped for p rov id ing addi t ives 
and binders. 

5.4 Influence of Thermal Treatment 
on Pellet Properties 

The considerat ions relating to the f u n d a m e n t a l s of pellet p roduc t ion 
(i tem 2.2) a l ready demons t ra ted the great impor t ance of thermal treat-
ment for the final pellet quali ty. F u r t h e r m o r e most b inders and addi t ives 
only become fully effective in conjunct ion with hea t ing and firing. T h e 
t reatment can be divided into three ( thermal) phases: 
(a) Drying at 2 5 0 - 4 0 0 0 C 
(b) Preheat ing u p to 1100 -1200 0 C 
(c) Fir ing at 1 2 0 0 - 1 3 5 0 0 C . 

T h e t ime and velocity of the necessary t empera tu re rise depend on the 
propert ies of the individual ores and mixtures . T h e impor tance of the 
drying phase and its bases were a l ready expla ined under i tem 2.2.1. In 
this connection, the various factors were indica ted which become effect ive 
and inf luence the pellet quali ty. T h e principal factors are descr ibed below. 
In view of the complexi ty of this procedure , ma thema t i ca l considera t ions 
have addi t ional ly been m a d e for interested readers and set for th under 
i tem 13.3. 

5 . 4 . 1 F a c t o r s In f luenc ing Green Bal l D r y i n g 

For clar i f icat ion of the drying procedure , it appea red advisable - to 
consider fu r the r aspects 6 9) . T h e most impor t an t fac tor inf luencing the 
drying p rocedure is the drying m e d i u m : drying air or drying gas. Var iab le 
factors are t empera tu re , velocity of gas flow, and drying t ime. They not 
only de te rmine the pellet qual i ty but also inf luence the t ime of total 
thermal t r ea tmen t and thus, the burn ing uni t capaci ty , see Figs. 83 and 84. 
These three factors are in te rdependent . T h e ef fec t of one should only be 
considered in conjunct ion with others. F o r the relevant tests a tube 



furnace, shown in Fig. 36 28), i tem 4.5.1, was used. Pellets of 1 0 - 1 2 m m 
d iamete r p roduced f r o m a magne t i t e -hemat i t e concent ra te with 67.5% 
iron and o p t i m u m size d is t r ibut ion were tested. T h e bed he ight appl ied in 
the tests was 6 cm. T h e cri terion for the drying progress is the drying 
degree "letra grega tau" which can be represented by the fol lowing fo rmula : 

W h e n "letra grega tau" reaches the value one, the dry ing is t e rmina ted . T h e fol lowing 
paramete r s were varied. 

5.4.1.1 Temperature of Drying Gases 

5.4.1.1.1 Influence of Drying Gas Temperature on Drying Time. T h e 
greater the t empe ra tu r e d i f fe rence be tween dry ing m e d i u m and green ball 
feed, the shorter is the per iod requi red for drying. T h e t e m p e r a t u r e of the 
m e d i u m should the re fo re be as h igh as possible. T h e t empera tu re 
inf luence at a p r e d e t e r m i n e d velocity of flow of dry ing gas is shown in 
Fig. 71. F o r reasons set for th in Figs. 15 and 16, i tem 2.2.1 the drying 
velocity is not in paral le l with the t empera tu re . F r o m a t empera tu re of 
abou t 250 0 C , the drying slows down m o r e and more . T h e t ime for water 
evaporat ion and s team d i f fus ion in the pellets a re l imi t ing factors. T h e 
drying t empera tu re is f u r the r l imited by ano the r pellet proper ty , viz. the 
shock behav iour of green balls. 

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 indica ted under i tem 2.2.1.4, the shock t empera tu re is of 
decisive impor tance for the pellet quali ty. T h e shock behav iour of each 
individual ore is a l imit ing factor for the drying t empe ra tu r e and dry ing 
speed. It is virtually de te rmined by the type of ore, g ranu lomet r i c 
propert ies of ore, porosity of the green balls and binders . Owing to the 
effect of drying t empera tu re on the drying t ime, one a t tempts to i m p r o v e 
the shock t empera tu re possibly by the add i t ion of b inders as expla ined in 
the fol lowing test 2 8) . T h e shock t empera tu re of green balls of 10—12 m m 

Fig. 72. Influence of drying gas temperature on shock behaviour of pellets with and 
without additives 

d iameter p roduced f rom I tabira b lue dust with 69.3% iron was ascer ta ined 
with and wi thou t the addi t ion of bentoni te and l ime hydrate . T h e results 
obta ined are shown in Fig. 72. Depend ing on the green ball s t ructure the 
m a x i m u m permiss ible shock t empera tu re of 240 ° C without b inders can 
be raised up to 600 0 C with bentoni te and up to 440 0 C with l ime hydra te 
addi t ion be fo re the pellets start to be damaged . T h e result refers to this 
specific ore, bu t can be regarded as typical for the drying p rocedure and 
shock t empera tu re of green balls f r om other ores. 

5.4.1.2 Influence of Velocity of Drying Gas Flow on Drying Degree 

The velocity of f low is measured in meters per second at 0 0 C and 
1.0 bar refer red to the f ree sectional area of the fu rnace as W 0 = N m / s . 
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This velocity of gas f low is an impor t an t fac tor for the d imens ioning of 
fans in the drying zone and for the size of reac t ion surface of travell ing 
grates or the vo lume of shaf t furnaces or rotary kilns. O p t i m u m design 
da ta are ob ta ined by pot grate tests. 

Three d i f f e ren t air velocities of W o =0.045, 0.27 and 1.29 m / s were 
appl ied. T h e lat ter value is a l ready wi th in the range of velocities occurr ing 
in a t ravel l ing grate pelletizing plant . Fig. 73 very clearly shows the 
inf luence of air velocity. At a velocity of 1.29 m / s the dry ing is a l ready 
te rminated a f te r f ive minutes while the dry ing takes 14 minu tes at an air 
velocity of 0.27 m / s . Consequent ly , an o p t i m u m velocity of f low is to be 
a imed at. 

Fig. 73. Effect of drying gas velocity and time on dryng stage 

5.4.1.3 Change of Pellet Strength During Drying 

The basic condi t ions for the green and dry pellet s trength are very 
different . T h e crushing strength of green balls is chiefly de t e rmined by the 
capil lary forces of water. It reaches its m a x i m u m value when the l iquid 
filling degree in the capil laries is a b o u t 0 . 8 - 0 . 9 . D u r i n g drying, the l iquid 
bonds are r educed and gradual ly replaced by others. In the case of dry 
pellets, solid bonds are virtually effect ive be tween the ore particles. It is 
impor tan t tha t the pellets re tain suff ic ient s trength even in this inter-
media te stage to wi ths tand the mechanica l stress bo th in the sha f t fu rnace 
and on the travell ing grate. D. F. Bal l 6 9 ) s tud ied the strength of 
magnet i te and hemat i t e pellets with and wi thou t the add i t ion of bentoni te 
and iron su lpha te dur ing drying. A t the beginning of mois tu re removal , he 
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observed a slight strength increase and, short ly be fo re the final drying, a 
m i n i m u m strength. G u d e n a u , Wenzel und Izgiz 7 0 ) found an in te rme-
dia te strength increase dur ing drying for d i f fe ren t ores, and this s trength 
increase was f a r above the green and dry pellet strength. F r o m this it 
follows tha t the capil lary forces become more effect ive dur ing dry ing than 
dur ing mois tening and green ball format ion . 

If drying is achieved in a pellet layer, the strength indices vary 
according to the progress of the drying f ront , so tha t the s t rength is 
slightly d i f fe ren t in the various pellet layers. In a test 2 8) run on pellets of 
1 0 - 1 2 m m d i a m e t e r and with a mois ture content of 7.5%, the drying 
progress and the corresponding pellet s trength were invest igated in two 
layers each of 6 cm height. T o ensure tha t a measurab le dry pellet 
strength can be achieved, 0.7% bentoni te was added to the mix. T h e 
variat ion of the mois ture content of the bed as well as the strength of the 
uppe r and lower layer were ascertained. T h e measuremen t s were m a d e 
every minute . T h e results ob ta ined are shown in Fig. 74. A greater top 
layer strength as opposed to bo t tom layer s t rength can be clearly observed 
which means tha t the pellet strength varies with the mois ture content 
dur ing drying. Towards the end of the test, the strength curves app roach 
each other. 

T h e observa t ion m a d e with a 12 cm bed height can be analogously 
appl ied to grea ter bed heights. As can be seen f r o m Fig. 18, i tem 2.2.1, it 
may happen tha t the drying zone is a l ready over lapped by the prehea t ing 
zone which directly follows. As is appa ren t f r o m Tab le 4, i tem 2.2.1, the 

Fig. 74. Difference of compressive strength in two layers of a green pellet bed 
during drying 



drying strength of pellets wi thou t b inde r add i t ion is o f t en insuff ic ient to 
meet the mechan ica l requi rements . Since nowadays pract ical ly all pel-
letizing plants a re opera ted with b inders as is descr ibed unde r i tem 5.3, a 
suff icient dry pel let s trength is ensured in indus t r ia l plants. 

5 . 4 . 2 P r e h e a t i n g o f Dr ied P e l l e t s 

T h e p rehea t ing zone is the the rmal link be tween the drying and firing 
of pellets. It ranges f r o m 300/400 0 C u p to 1200 0 C . As a l ready ind ica ted 
under i tem 2.2.2, d i f fe ren t react ions m a y deve lop s imul taneous ly or 
consecutively du r ing preheat ing. These react ions such as decompos i t ion of 
hydrates, ca rbona tes or sulphates as well as roast ing of su lphid ic con-
stituents m a y be impor t an t bo th for the final pellet qua l i ty and for the 
capacity of pellet izing plants. Last bu t no t least all i ron oxides bes ides 
hemat i tes are conver ted into the highest ox ida t ion stage, namely hemat i t e . 
T h e prehea t ing velocity in this zone mus t be ha rmon ized with the c o m -
pounds to be d e c o m p o s e d and oxidized. 

The ox ida t ion of magnet i te is mos t i m p o r t a n t since it has a decisive 
influence on bo th the mechanica l s t rength and the behav iou r du r ing 
reduction. D u r i n g magnet i te oxidat ion, the bivalent i ron is converted to 
trivalent i ron (see i t em 5.4.3.1). T h e progress of ox ida t ion is normal ly 
analytically ascer ta ined th rough the r ema in ing par t of b ivalent iron. A f t e r 
comple te oxida t ion , bivalent i ron should no longer be present . However , it 
is also possible to analyse the progress of ox ida t ion th rough the change of 
weight dur ing magne t i t e p rehea t ing under oxidiz ing a t m o s p h e r e 71). 

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

Dur ing drying, the weight of green balls d imin i shes by the quant i ty of 
moistening water evapora ted until a constant weight is reached. 

Ores with decomposab l e c o m p o u n d s conta in ing hydra t ion or crystal-
lization water or carbonates vary their weight in accordance wi th the new 
compounds thus arising. F o r instance, in the case of magne t i t e pellets, the 
weight again rises w h e n the ox ida t ion starts. He re and also in the o the r 
compounds , a constant weight is only achieved when the i ron oxides have 
finally been conver ted into hemat i te . A t the s a m e t ime, a d i f fe ren t 
increase of pel let s trength m a y occur dur ing drying and, above all, du r ing 
heating. T h e d i f fe ren t behav iou r of magne t i t e and hema t i t e green balls 
was comparab ly invest igated 28) and the results ob ta ined are shown in 
Fig. 75. T h e pr incipal test da ta were as follows: Magne t i t e pellets wi th 
71.3% iron and 6.8% water , pellet d iamete r : 10—12 m m , specif ic su r face 
area of concentrate: 1810 cm 2 /g . 
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Fig. 75. Combined effect of drying gas temperature and time on green pellet weight 
and compressive strength 

Hemat i te pellets with 64.6% iron, 7.1% water, pellet d iameter 1 0 - 1 2 m m , 
specific sur face area: 1845 cmVg, pellet bed height: 6 cm, weight of wet 
pellets: 300 g, initial t empera tu re of hea t ing air: 300 °C, relat ive hea t ing 
air velocity: 0.09 m/sec . 

The measurements were m a d e in the tube furnace represented in Fig. 36, 
i tem 4.5.1. T h e low air velocity was intent ional ly chosen in order to avoid 
too rapid a heat ing and to extend the heating procedure. Both ore samples 
had practically no loss on ignition. In this way, the drying and hea t ing 
could be carr ied out speedily. 

Curve I of Fig. 75 shows the average t empera tu re gradient in the pellet 
layer. 

Af te r the dry ing of magnet i te pellets (Curve I I ) had been t e rmina ted -
after 20 minutes , the m i n i m u m weight had been reached - the ox ida t ion 
started at 400 0 C with weight increase. T h e oxidat ion is t e rmina ted at 
abou t 1000 0 C and constant weight. D u r i n g oxidat ion, the crushing 
strength cont inuously rose and reached a b o u t 1100 N / p e l l e t at 11000C 
(Curve IV). T h e arising hemat i t e crystals (see Fig. 20) f o rmed the first 

crystal compounds . 



5.4 Influence of Thermal Treatment on Pellet Properties 147 

Fig. 76. Effect of rising gas temperature on pellet strength, supplement to Fig. 75 

T h e cor responding curves for hema t i t e pellets develop qu i te di f ferent ly . 
Af te r drying, a constant weight is ob ta ined which is ma in t a ined dur ing 
indura t ion (Curve III). In the case of hemat i te , a b r idge fo rma t ion occurs 
only at h igher t empera tu re s so that u p to 1100 0 C a low crushing strength 
of abou t 200 N / p e l l e t is observed, (Curve V). T h e d i f fe ren t s t rength 
deve lopment in curves IV and V shows tha t t he hemat i t e p roduced f r o m 
oxidized magnet i te has a m u c h h igher reactivity and that crystal growth 
a l ready occurs at lower tempera tures , as is fu r the r a p p a r e n t f r o m the 
complemen ta ry curves IV and V in Fig . 76. 

5 . 4 . 3 Fir ing and C o o l i n g of P e l l e t s 

D u r i n g firing as well as cooling, those pellet p roper t ies should be 
ob ta ined which are requ i red for the i r f u r the r t rea tment . T h e firing directly 
follows the preheat ing . According to the ore type, quant i ty and com-
posi t ion of addi t ives , it is carr ied out at t empera tu res up to 1250 0 C 
and 1350 0 C under an oxidizing a tmosphere . A certain m i n i m u m t em-
pera ture has to be a t ta ined in order to enable the necessary crystal t rans-
format ions and the react ions of oxidic gangue consti tuents. T h e m a x i m u m 
tempera tu re is l imi ted by the beginning dissociat ion of hemat i t e and 
sticking of pellets because of sof tening of consti tuents. T h e o p t i m u m fir ing 
t empera tu re and cycle in con junc t ion with the cor responding f i r ing 
per iod is the decisive influencing factor fo r pellet indura t ion . 

Practically all the o ther inf luencing factors e i ther g ranu lomet r i c properties or the var ious addi t ives only b e c o m e ful ly effective at the o p t i m u m 
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thermal t rea tment . Besides the strength increasing reactions others occur 
in parallel which have part ly begun a l ready in the prehea t ing zone, such 
as decompos i t ion of carbonates ' or su lphates and the rest of hydrates . 
Exothermic reactions too, mainly the ox ida t ion of magnet i te , m a y play a 
certain role at the beginning of the f ir ing zone. It is necessary to control 
these partly opposed reactions by the speed of hea t supply so tha t a 
decrease of pellet qual i ty is avoided. T h e smal ler the n u m b e r of inf lu-
encing the rmal factors to be adap ted to each other , the s impler is the 
control of p rehea t ing and fir ing t empera tu re . F r o m this comes the a t t e m p t 
to use, if possible, one single outer heat ing source, such as oil or gas, bu t 
not s imul taneous ly coal. T h e hea t supply has to be so p ropor t ioned tha t 
the t empera tu re steadily rises. T o o slow a hea t ing has no negat ive 
inf luence on the pellet qual i ty but the f i r ing t i m e is extended which results 
in a capaci ty decrease of f ir ing units. T o o r ap id a heat ing can br ing abou t 
a heat accumula t ion in the pellet sur face which causes overheat ing and, 
thus, a qual i ty decrease. T h e greatest addi t ional inf luencing factor is the 
oxidat ion of magnet i te which has to be incorpora ted into the f i r ing 
pat tern dur ing prehea t ing and firing. 

5.4.3.1 Heat-Hardening of Magnetite Green Pellets 

Magnet i te is almost exclusively processed as concentrate. T h e con-
centrate can or iginate ei ther f r o m natura l magnet i te -conta in ing ores or 

Fig. 77. Oxidation of natural and artificial magnetite during thermal treatment 
under oxidizing athmosphere 



f rom other ores as a result of magnet iz ing roas t ing fol lowed by magne t i c 
separat ion. T h e art if icial magne t i t e has a m u c h h igher reactivity t h a n 
natural magnet i te . This is par t icular ly demons t r a t ed by the ox ida t ion to 
hemat i te , which in the case of art if icial magne t i t e a l ready starts at lower 
t empera tu res and proceeds more quickly than with na tura l magnet i te . 
Fig. 77 shows the considerable d i f fe rence . F o r example , the ox ida t ion 
degree of art i f icial magne t i t e is at 400 0 C near ly ident ical wi th that of 
natural magnet i te at 1000 °C. 

Dur ing this oxidat ion, magnet i te is conver ted to hemat i te . T h e mecha-
nism of this ox ida t ion was the subject of intensive invest igat ions 72) and 
does not yet a p p e a r to be fully clarif ied. T h e fol lowing factors are of 
impor tance du r ing oxidat ion: t empera tu re , gas flow, velocity and oxygen 
part ial pressure of hea t ing gases, grain shape and grain size of concen-
trates. T h e porosi ty of dry pellets plays a cer ta in role. Accord ing to the 
present state of knowledge, the ox ida t ion proceeds in two subsequen t 
part ia l phases to y (letra grega g a m a ) F e 2 O 3 . 

T h e first phase proceeds m u c h more quickly than the second. T h e 
oxidat ion is an exothermic react ion according to the fo rmula : 

2 F e 3 O 4 + 1/2 O 2 = 3 F e 2 O 3 - Q 

T h e Q value is approx imate ly 260 k J /Mole . This addi t iona l hea t source 
has to be considered and used accordingly du r ing prehea t ing and firing. 

D u e to ox ida t ion heat , the pellet core is hea t ed to a h igher t empe ra tu r e 
than the pellet surface. This involves the risk of a more intensive sintering 
or even mel t ing of pellet core and due to shr inkage its s epa ra t ion f rom the 
pellet shell which results in a cons iderable pellet qual i ty i m p a i r m e n t 73). 
T h e adap ta t i on of ox ida t ion velocity to firing velocity has a posi t ive effect 
dur ing f ir ing of magnet i te pellets. At a constant pellet qual i ty , the hea t 
consumpt ion, firing unit capaci ty and firing t empe ra tu r e are m o r e 
favourab le than dur ing firing of hemat i t e pellets. 

Dur ing the ox ida t ion of magne t i t e to hemat i t e , first h e m a t i t e crystals 
are already fo rmed at low tempera tu res on the edges and surfaces of ore 
grains and crystals. These crystals s imul taneous ly cause the fo rma t ion of 
the first br idges as shown in Fig. 20, i tem 2.2.2.1.1. At 1150 0 C magnet i te 
pellets a l ready reach a s trength of 1100 N / p e l l e t while the h e m a t i t e pellets 
only have a s t rength of abou t 200 N/pe l l e t . W h e n the f i r ing t empe ra tu r e 
is fur ther raised, the strength increases, as can be seen f r o m Fig. 76. This 
figure is to be considered as a supp lemen t to Fig. 75. Curve IV shows the 
fu r ther s trength deve lopment of magnet i te pellets and C u r v e V that of 
hemat i te pellets. T h e cor responding var ia t ion of crystall ine s tructure, 
shown in Figs. 21 and 24 of i tem 2.2.2.1.1/2 shou ld be noted. 

Cal lender 73) s tud ied the inf luence of the p rehea t ing and f i r ing t empera -
ture on pellets p roduced f r o m art if icial magne t i t e concentra te with and 
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wi thout addit ives. T h e crushing strength of pellets p roduced wi thou t 
addit ives rises u p to a t empera tu re of 1300 0 C . T h e inf luence of 1% l ime 
hydra te was clearly percept ib le by t empe ra tu r e decrease. 

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

According to the chemical composi t ion of ore or concentrates and the 
in tended use of pellets, the basic addi t ives a re varied. Quan t i ty and type 
of addi t ives de t e rmine the o p t i m u m fir ing t empera tu re . 

In te rdependence between these two factors and t ime can be observed 
f r o m Figs. 61 and 62 of i tem 5.3.1.2.2. W i t h o u t addit ives, a specif ic 
m a x i m u m strength is achieved, Fig. 61. This s t rength can be substant ial ly 
increased with the use of addit ives, Fig. 62. F o r an equal pellet s trength, it 
should be possible to lower the firing t empera tu re accordingly when bas ic 
addi t ives are used. T h e result of such test series 28) is represented in 
Fig. 78. Two magne t i t e concentrates with por t ions of 10% SiO2 and 1% 
SiO2 were fired with d i f ferent amoun t s of basic addi t ives at such tem-
peratures which are permissible for the highest pellet s trength without 
addit ives. T h e concentrate with a high gangue content (Curve I) h a d 
reached its o p t i m u m strength of 3500 N / p e l l e t at a t empe ra tu r e of 
1250 °C, whereas the concentrate low in gangue had achieved its maximum strength of 2500 N /pe l l e t at 1350 0 C . Wi th an increasing rate of 

Fig. 78. Effect of additives on induration temperature of pellets from magnetite at 
equal strength 
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addit ives bo th concentra tes can be indura ted at m u c h lower t empera tu res 
for obta in ing constant strength. C a ( O H ) 2 (Curve I I ) or C a C O 3 (Curve I) 
have a s imilar inf luence. Art if icial magne t i t e wi th 64.3% F e and 9% SiO 2 

reacts more sensitively to l ime hydra te add i t i on (Curve III). 

5.4.3.3 Firing of Hematite Green Pellets 

In the case of magne t i t e and na tura l hemat i t e , the pellet strength is 
virtually de t e rmined by crystal modif ica t ions . In contrast to pellets f r o m 
magnet i te concentrates the sol id i f icat ion of hema t i t e pellets has to be 

Fig. 79. Influence of firing temperature on grain growth in hematite pellets 

achieved by crystal growth in one step only. This requi res a higher 
indura t ion t empe ra tu r e and longer f i r ing t ime as a l ready expla ined unde r 
i tem 2.2.2. T h e impor tance of the t e m p e r a t u r e for the growth of crystals 
f r o m hemat i t e pellets with 99.5% Fe 2 O 3 is shown in Fig. 79 32). Only f r o m 
1300 0 C onward was a no tab le change of par t ic le size observed. In parallel 
to this growth and br idge fo rmat ion , the s t rength increases with rising 
tempera tures , as is appa ren t f r om Curve V of Fig. 76 refer r ing to pellets 
produced f r o m natura l hemat i t e ores. Only at t empera tu res above 1250 ° C 
is an apprec iab le increase of crushing s t rength obvious, which reaches its 
op t imum value at 1320 0 C . In this connect ion the visible crystal changes 
on micrographs Nos. 24 /25 of i tem 2.2.2.1.2 which occurred at rising 
t empera tu res are informat ive . T h e crystal growth is not only dependen t 
on the t empe ra tu r e bu t also on the t ime, as shown in Fig. 80 34). At a f ir ing 
t empera tu re of 1250 °C , 30 minutes are needed in o rder to ob ta in a 
specific crystal size, bu t only five minutes at a t e m p e r a t u r e of 1350 0 C . 
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5.4.3.4 Influence of Temperature and Basic Additives 
on Hematite Pellet Quality 

Basic const i tuents react ing with hemat i te should also have a temperature-decreasing effect as demons t ra ted by Fig . 81. F o r pellets f r o m 
magneti te , a s imilar inf luence is shown in Fig. 78. 

Fig. 80. Crystal growth as function of firing temperature and time 

Fig. 81. Influence of additives on firing temperature of hematite pellets of equal 
strength 
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5 .4 .4 R e a c t i o n s of Addit ives with Iron O x i d e s and 
G a n g u e C o n s t i t u e n t s 

Dur ing the t he rma l t rea tment of pellets conta in ing basic addit ives, the 
latter should fo rm c o m p o u n d s with the gangue minera ls or i ron oxides at 
appropr i a t e f i r ing tempera ture . D u r i n g indura t ion , p r imar i ly F e 2 O 3 , C a O 
and SiO2 react wi th each other with the i ron por t ion greatly domina t ing , 
Fig. 26, i tem 2.2.2.2. T h e iron oxides F e 2 O 3 , Fe 3 O 4 and F e O inf luence 
the type of the new arising compounds . In view of the short f i r ing per iod 
at o p t i m u m tempera tu res , balances according to the phase theory can 
hardly be expected. Nevertheless , t he s tudy of the correlat ions be tween 
the individual const i tuents shown in the equ i l i b r i um d i ag ram indicates 
the direction in which the mineralogical c o m p o u n d s to be expected m a y 
develop. T h e kinetics of the fo rma t ion of ind iv idua l phases due to 
reaction in a solid phase play an impor t an t role. T h e equ i l ib r ium relat ions 
of the three const i tuents Fe 2 O 3 - C a O - S i O 2 , which m a y also be influenced by o the r factors, have been repea ted ly invest igated 74). 

F o r a bet ter expl icat ion of these correlat ions, it is advisable to consider 
the system F e 2 O 3 - S iO 2 , C a O - SiO2 and Fe 2 O 3 - C a O . T h e low 
reactivity of SiO2 wi th Fe 2 O 3 is known 75). 

At a d e q u a t e f i r ing tempera tures , Fe 2 O 3 reacts, according to the C a O 
concentrations, by the fo rma t ion of l ime ferri tes 7 6 / 7 7) , such as: 

C a O • 2 Fe 2 O 3 ca lc ium d i fe r r i t e 
C a O • Fe 2 O 3 monoca l c ium ferr i te 
2 C a O • Fe 2 O 3 d ica lc ium ferr i te 

of which C a O • F e 2 O 3 is most interest ing for pellet p roduc t ion . C a O and 
SiO2 a l ready react at 1000 0 C in a solid s tate to f o rm orthosi l icate, 
C a O • SiO 2 . 

W h e n all the three const i tuents react unde r an oxidizing a tmosphere , a 
glassy slag phase is vir tually f o r m e d up to a basici ty ( C a O : SiO2) of 0.8 
f rom which it is d i f f icu l t to ident i fy clearly a de f ined minera logical phase , 
such as C a O . SiO 2

 31)- Apa r t f r o m the mat r ix of F e 2 O 3 , the glassy phase 
contains C a O - SiO2 and varying quant i t ies of Fe 2 O 3 . As soon as the 
system approaches reducing a tmosphere , i ron-conta in ing olivines with 
di f ferent mel t ing points are f o rmed 78), as set fo r th under i tem 6.1.2.3, and 
the fol lowing i tems, with the pellet p roper t ies be ing highly inf luenced 
dur ing reduct ion. At a basicity h igher than 0.8, l ime ferri tes may be 
addi t ional ly present which have a posi t ive effect on the reduc t ion 
behaviour . 
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5 . 4 . 5 T h e r m a l D i s s o c i a t i o n of H e m a t i t e in P e l l e t s 

After the usual firing, the i ron oxides should always be present as 
hemat i te in the indura ted pellets. T h e fol lowing considera t ions thus re fer 
to all pellet qual i t ies . T h e equ i l ib r ium of the reaction: 

2 F e 3 O 4 + 1 / 2 O 2 = 3 F e 2 O 3 

shifts to the right u p to a t empera tu re of a b o u t 1400 0 C . However , at a 
higher t empera tu re , a dissociation of hemat i t e (see i tem 2.2.2.1.2) begins. 
T h e equ i l ib r ium again shifts to the left causing once m o r e the f o r m a t i o n 
of Fe 3O 4 and , thus, an i m p a i r m e n t of the pel let quali ty. Th is hema t i t e 
dissociation starts at lower t empera tu res if the pellets contain bas ic 
addit ives. Accord ing to the quant i ty of these addi t ives , the dissociat ion 
t empera tu re lowers and the magnet i te por t ion in the pellet rises, as shown 
in Fig. 82 34). By magne tomet r i c measurements , the Fe 3 O 4 por t ion in the 
pellet was ascer tained at d i f fe ren t t empera tu re s and with d i f f e ren t 
additives. W i t h o u t additives, the hemat i t e pellet practically r emains 
wi thout magnet i te por t ion even at a t empe ra tu r e of 1400 0 C (Curve I). A n 
increasing C a O content in pellets favours the hemat i t e dissociat ion 
(Curves II, III and IV). This p h e n o m e n o n is expla ined by a t empe ra tu r e 
rise inside the pellets, due to the exothermic hea t of f o r m a t i o n of ca lc ium 
ferrites and the i r addi t ional mel t ing hea t which brings abou t an over-
heat ing in the pellet core to t empera tu res exceeding 1400 0 C and thus 
hemat i te dissociat ion. The exothermic heat caused by the fo rma t ion of 
ferri te may lead to an overheat ing and sof tening of the pellet core and to 

Fig. 82. Effect of additives on dissociation temperature of hematite in pellets 
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the f o r m a t i o n of a glassy s t ructure whe reby reox ida t ion du r ing cooling is 
h indered . T h e dissociat ion tendency of CaO-con ta in ing pellets can only 
be reduced by a dras t ic lowering of firing t empera tu re . 

As regards pellets p roduced in industr ia l plants , the ques t ion regard ing 
hemat i t e dissociat ion always arises so tha t grea t a t ten t ion is given to the 
uppe r l imit of f i r ing t empera tu re and the necessary firing t ime in each 
pelletizing plant . In re levant investigations, it has not yet been possible to 
clarify all quest ions since various au thors are still of d i f fe ren t op in ion 
concerning t empe ra tu r e and dissociat ion 79). 

5 . 4 . 6 S c h e m e o f T h e r m a l T r e a t m e n t 

All phases of the rmal t rea tment are consecut ive i rrespect ive of the f i r ing 
system appl ied . In this connect ion, var ious inf luenc ing factors should be 
adap ted to each other: 
(a) T h e temperature is d i f fe ren t for each react ion, 
(b) The time is needed for the deve lopmen t of the ind iv idua l reactions, 
(c) The heat supply, by means of hea t ing gases, p rov ides the var ious stages 

with the hea t energy requi red . It is control led by the hea t ing gas flow: 
T h e combina t ion of these three process pa r ame te r s represents the f i r ing 

pat tern according to which the o p t i m u m pel let qual i ty and the burn ing 
capaci ty can be p rede te rmined in the l abora to ry irrespect ive of the type of 
raw mater ia ls used. According to the character is t ics of ores, b inders and 
addit ives, f i r ing pat terns have been deve loped which proceed d i f fe ren t ly 
in the various process stages. Fo r the principal ore properties, typical firing 
pat terns are descr ibed below by way of example of the travell ing gra te 
pelletizing system 28) since in this system the t empora l and local the rmal 
t reatment phases can be clearly over looked. In pr inciple , the succession in 
thermal steps is s imi lar in other f i r ing systems. 

5.4.6.1 Heating Pattern for Pellets from Magnetite 

The tests for e labora t ion of the f i r ing pa t te rn can be carr ied out in the 
pot grate and measu r ing devices descr ibed unde r i tem 4.5. Accord ing to 
the process stage involved, the di rect ion of flow of the process gases is 
changed. U p - d r a u g h t and dow n-d raug h t is app l ied for drying, down-
draught for prehea t ing , f i r ing and a f te r - f i r ing and again u p - d r a u g h t for 
cooling. T h e t empera tu re s above the pellet bed a re measu red (T1) as well 
as those be tween pellet bed and hear th layer (T3), in the midd le of the 
bed (T2) and in the windbox (T6). Pressure, suct ion and gas volumes a re 
also recorded. A typical f i r ing pa t te rn for magne t i t e pellets of 1 0 - 1 5 m m 
diameter is shown in Fig. 83. 
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Side wall layer and hear th layer were used. T h e tests were p e r f o r m e d in 
the e q u i p m e n t shown in Figs. 39 and 40, i tem 4.5. T e m p e r a t u r e and pres-
sure are indicated on the ordinates , t ime on the abscissa. T h e dry ing is 
achieved below the shock t empera tu re e.g. of abou t 300 0 C. D u r i n g 
heat ing, the ox ida t ion of magnet i te with the s imul taneous beginning of 
the relatively shor t firing t ime at indura t ion t empera tu res of a b o u t 
1300 0 C is sufficient . As the hea t f ront proceeds in the pellet bed , the 
bo t tom layers are hea ted accordingly, as is seen f rom rising t empera tu res 
T 2 and T 3 . Af t e r a certain firing per iod control led by the individual t em-
pera ture measu remen t s the hea t supply is s topped. T h e sensible hea t f r o m 
the upper layer is now sucked into the layers undernea th . In the case of 
magnet i te pellets, it m a y serve to oxidize any still r emain ing magne t i t e 
and, generally, to t e rmina te the crystal change. T h e succeeding cooling is 
achieved at constant cooling air pressure. 

T h e f i r ing progress is also controlled by the t empera tu re change of 
waste gas inside the w indbox (T6). T h e pressures or suctions are ad jus ted 
to the per t inent process stage in order to control the gas and hea t f low. 
Thus , the pressure appl ied for up -d raugh t drying and cooling is relatively 
high since, here, no d a m a g e to the pellet s t ructure is to be feared whereas 

Fig. 83. Pattern of thermal treatment for pellets from magnetite concentrate 
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dur ing down-d raugh t drying and p rehea t ing low pressure d i f fe rences a re 
main ta ined . 

Even though this f i r ing pat tern is typical for magnet i te pellets — longer 
p rehea t ing t ime, shorter f ir ing per iod - the pr inc ip le is also appl icable to 
pellets with o ther chemical composi t ions. T h e var ious process stages and 
periods can be a d a p t e d to each other according to the ore types involved as 
well as the na tu re and quant i ty of the addi t ives used. 

5.4.6.2 Firing Pattern for Pellets from Other Ores 

For the fol lowing ore types, f i r ing pat terns have been deve loped by 
compute r calculat ion, (Fig. 84): 

Fig. 84. Pattern of thermal treatment of pellets from various ores, relationship be-
tween time and induration temperature 
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(A) magnet i te concentra te 
(B) magnet i te concentra te + 9% C a C O 3 (0.64 basici ty) 
(C) hemat i t e ore ( i tabiri te) 
(D) hemat i te - l imoni te mix. 

T h e d i f fe ren t per iods of thermal t rea tment were equal ized to 100% for 
all pellets. In this way, the various process stages can be direct ly c o m p a r e d 
with each other. T h e firing t empera tu res (ordinate) , the per iods in 
minutes requi red for the individual process stages and the percentages 
were plot ted on the d iagram. T h e various process stages are m a r k e d by 
1 - 6 . The drying per iods 1 and 2 resulted f r o m the per t inent mois tu re con-
tent of. green balls. 

Dur ing p rehea t ing 3, considerable d i f fe rences were found . T h e two 
magnet i te pellet types A and B need a relatively long p rehea t ing t ime 
because the ox ida t ion to hemat i t e takes place s imul taneously; the d i f fe r -
ence be tween A and B results addi t ional ly f r o m the ca rbona te dissocia-
tion, Curve B. T h e two hemat i t e curves, C and D , are s teeper since in this 
case only the prehea t ing of hemat i t e crystals is achieved and no react ion 
takes place. 

Nevertheless, there is a small d i f fe rence be tween C and D since add i -
tionally in the case of D, a small a m o u n t of comb ined water f r o m the 
l imonite por t ion is to be l iberated. 

M a r k e d d i f fe rences exist dur ing pellet firing. T h e magne t i t e pellets A 
necessitate shorter firing per iods since, dur ing oxida t ion , the sol id i f icat ion 
has a l ready s tar ted intensively in the p rehea t ing phase . In the case of B, 
the posit ive inf luence of the basic addit ives, d u e to t empe ra tu r e decrease, 
is still percept ible . F o r hemat i te pellets, the firing per iods a re considerably 
longer in o rder to ensure hemat i te crystal growth. F o r this purpose , h igher 
firing t empera tu res are also required. In the after-firing zone, no m a r k e d 
di f ferences occur. 

Dur ing cooling, there are hard ly any di f ferences . In this case, u n i f o r m 
cooling of hemat i t e pellets p roduced f r o m all ores dur ing firing is 
achieved. If the real firing per iods on the abscissa are c o m p a r e d wi th each 
other, very considerable di f ferences of 3 3 - 4 1 minutes are observed. These 
differences are decisive for de te rmin ing the t h r o u g h p u t of the var ious 
firing units dur ing indura t ion of d i f fe ren t ores. 



6 Behaviour of Indurated Pellets 
During Reduction 

Since it is possible to produce pellets of un i fo rm quality by — suitable 
preparat ion of raw materials — use of qual i ty- improving additives and 
opt imum firing technique, the goal which was aimed at to make a satisfac-
tory reduction charge f rom 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 f rom 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 4) who produced pellets f rom Sydvaranger 
magnetite concentrate with water glass as binder. He compared them with 
sinter and briquettes produced f rom the same raw material and found a 
better reducibili ty of pellets. To a greater extent, it was the mechanical 
strength during reduction which demanded special attention f rom the 
date when major pellet quantit ies were available for industrial processing. 
As was soon apparent , different demands resulted f rom the intended 
purpose: 
- In the blast furnace, the most important demand was the stability and 
sufficient gas permeabi l i ty of the whole charge dur ing 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 fur ther 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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Fig. 85. Effect of pellets in blast furnace operation • 

same concerns, as is reported by W. E. Marsha l l 4 6 ) . H e found tha t the 
mechanical s trength of indura ted pellets, especially their good abras ion 
behaviour , was the essential cr i ter ion for the increasing success and 
widespread use of pellets in the blast furnace , as is appa ren t f r o m Fig. 85. 
Pellets with a h igher resistance to abras ion (Curve I) allow a h igher 
port ion of pellets in the burden . F r o m this results a lower flue dus t 
accumulat ion (Curve II) and , owing to the be t te r gas permeabi l i ty of the 
charge, an increase in produc t ion (Curve III). These First f avou rab l e 
operat ional results ob ta ined in blast furnaces of the relevant concerns 
were conf i rmed in a large-scale test run on 150,000 t pellets f r om the p lant 
of Reserve Mining C o m p a n y in a blast fu rnace outs ide the U S A 20). A 
high mechanica l cold crushing strength of pellets was a f te rwards - and is 
up to the present day - the ma in cri terion for the behav iou r of pellets 
f rom the Mesab i Range in the blast fu rnaces of U S A . 

Almost s imul taneously with the USA, first opera t iona l experience was 
also m a d e wi th pellets in Sweden. However , f r o m the condit ions prevai l -
ing there resul ted two fundamenta l ly d i f f e ren t start ing posi t ions com-
pared with the USA: 
— In Sweden, the pellets serve, besides for export , a lmost exclusively as 
charge for direct reduction furnaces opera t ing according to the W i b e r g 
process, as r epor ted 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-
trates 

Fe total Fe" SiO2 Al2O3 CaO MgO Gangue 
content 
in % 

Basicity 
CaO+ MgO 
SiO2 +Al2O3 

Reserve 
mining 

63.3 1.8 8.0 0.5 0.4 0.6 9.5 about 0.12 Reserve 
mining 
Malm-
berget 

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

— In addi t ion — and this was the second grea t d i f fe rence — the Swedish 
Malmberge t pellets had ano ther chemical compos i t ion as can be seen 
f rom the fol lowing Tab le 24. Consequent ly , the two kinds of pellets d i f fe r 
considerably by their iron content , slag a m o u n t and basicity. Less 
favourab le exper ience was m a d e with the M a l m b e r g e t pellets, low in 
gangue, dur ing reduct ion. Despi te h igh mechanica l s trength of indura ted 
pellets, a cons iderable vo lume increase and crushing strength decrease 
were observed. 

Tigerschiöld a l ready repor ted on this p h e n o m e n o n of "swel l ing" du r ing 
reduct ion of such pellets with a h igh iron content . H e invest igated this 
p rob lem together with his colleagues. It was f o u n d that the vo lume of 
these pellets increased by up to 60%. At the s a m e t ime, it could also be 
demons t ra ted tha t addi t ives can decisively inf luence this behav iou r 
wi thout f ind ing exhaust ive explications for this. Even by the addi t ion of 
1% C a O , the vo lume increase could be lowered to 8% of the init ial 
volume. On the other hand , the addi t ion of 0.25% N a C l intensif ied 
swelling u p to 110%. 

A check test run on Ma lmberge t pellets with 68.5% iron in a blast 
fu rnace yielded, contrary to the s ta tement m a d e by Marshal l for Mesab i 
Range pellets, n o posit ive results 80). O p i n i o n was that the ho t crushing 
strength of M a l m b e r g e t pellets was insuff ic ient to wi ths tand reduct ion. 
T h e reason for this behav iou r was not yet known at tha t t ime. These two 
controversial results ob ta ined with M a l m b e r g e t and Reserve Min ing 
pellets were, for a long t ime, the subject of discussions pr imar i ly be tween 
experts and pellet consumers. The " fa i lure" encountered with the Malmberget pellets in the blast fu rnace at first had no impor tan t consequences 
as only small quant i t ies of such pellets low in gangue were avai lable at 
that t ime for processing in the blast furnace . In Sweden, however , the 
quest ion of pellet swelling, and especially the cause of it, was thoroughly 
investigated by J. O. Eds t röm 81). 

T h e discussion of the behav iou r of pellets low in gangue received a 
fresh impetus when , in 1963/64, m a j o r quant i t ies of the first M a r c o n a pel-
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lets with 68.9% iron were avai lable pr imar i ly for Japanese blast furnaces . 
T h e surprisingly negative initial behav iour of M a r c o n a pellets, despi te a 
high mechanical strength, was the subject of intensive invest igat ions 
part icular ly in Japan , which was reflected in n u m e r o u s publ ica t ions 82). 
Such investigations were cont inued especially in those places where pellet 
consumers had to cover their d e m a n d in the wor ld market . 

Owing to the supply s i tuat ion in the U S A with pellets of the well-
known compos i t ion with high acid gangue content , swelling was only of 
secondary impor tance . There was no di rect compuls ion to deal so 
thoroughly as in other places with the p r o b l e m of swelling which was 
conf i rmed by M. Chang 83) and his colleagues in 1967 by test results with 
a great n u m b e r of pellet types originat ing f r o m N o r t h Amer ica . 

6.1 Change of Pellet Structure During Reduction 

Two impor t an t basic theories were found at a very early stage which, in 
principle, are also valid today, viz.: 
(a) Insuff icient ly-f i red pellets with a low mechan ica l initial strength swell 
and disintegrate dur ing reduct ion irrespective of the ore type and addi t ives 
used. 
(b) Pellets bo th high and low in gangue have a d i f fe ren t behav iour du r ing 
reduction. Pellets with a h igh gangue conten t are more resistant to 
swelling and disintegrat ion, whereas pellets wi th a low gangue content 
swell and dis integrate intensively if no counterac t ion is taken. Desp i t e 
numerous investigations, the reasons for this pellet behav iour du r ing 
reduct ion have not yet been ful ly clarif ied. Nevertheless , pa rame te r s are 
nowadays known according to which pellets can be p roduced f rom 
di f ferent raw mater ia ls and have the qual i ty r equ i red for the blast fu rnace 
and direct reduct ion plant. This knowledge, at first empir ical ly acqu i red , 
was also the basis on which test methods adop t ed on an industr ia l scale 
could be developed. 

T h e impor tance of sat isfactory mechanica l pellet proper t ies be fo re 
reduct ion is demons t ra ted by a test in which pellets of h igh-grade 
hemat i te ore with 65.9% Fe, 2.9% SiO2 and 5% C a ( O H ) 2 add i t ion had 
been f i red at t empera tu res between 1000 0 C and 1300 0 C unde r o therwise 
equal condit ions. T h e individual samples were subjected to the re levant 
reduct ion test methods , and the results are shown in Fig. 86 28). A def in i te 
dependence of crushing strength on f ir ing t empe ra tu r e is apparen t . T h e 
crushing strength of reduced pellets shows the same tendency (Curves I 
and II). Despi te the high l ime addi t ion, the pellets dis integrate a lmost 
completely du r ing reduct ion (Curve III). T h e por t ion of f r agments and 
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Fig. 86. Influence of oxide pellet strength on pellet properties after reduction 

pellets plus 6 m m also decreases and the v o l u m e increase (swelling) rises 
continuously (Curve IV). 

This knowledge is general ly valid and con f i rmed by n u m e r o u s passages 
in l i terature. T h e fol lowing considera t ions are the re fore based only on 
indurated pellets having satisfactory mechanical properties. 

6 .1 .1 R e d u c t i o n M e c h a n i s m s 

An extensive survey of the kinetics of i ron ox ide reduct ion by reducing 
gases is given by L. v. Bogdandy and H . J. Engell 8 4). T h e reduc t ion proceeds according to the fo rmula : 

As regards kinetics, the reduct ion is a series of consecutively p roceed ing 
individual react ions which can be inf luenced by physical and chemical 
factors. Such factors may be connected wi th the raw mater ia l and with the 
proper t ies of reduc t ion gas. Factors d e p e n d e n t on the raw material are, fo r 
instance: 

Chemical and minera logical composi t ion , ox ida t ion degree of iron, 
mechanical s t rength before reduct ion, pellet porosi ty as well as gas 
permeabi l i ty of the charge. 

As concerns the reducing gas the fol lowing factors are impor tant : 
Reduc t ion potent ial , gas volume, gas pressure , gas velocity and t em-

perature . 
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Of these, the lat ter influences the react ion in bo th the gaseous and solid 
phases. F o r each individual step, there is a specif ic equ i l i b r ium posi t ion 
which can be var ied by changing the concent ra t ion of the reactants. 

In this connect ion, two mechan i sms play a decisive role, namely: 
(a) T h e phase bo rde r reaction on the phase bo r de r be tween solids and 

gas 
(b) T h e solids react ion on the border and wi th in the solid reactants by 

d i f fus ion of metal l ic iron into the zones wi th a h igher oxygen content . 
This react ion is only dependen t on the i ron concentra t ion 85). 

T h e reac t ion itself proceeds in three steps: 

(a) Oxygen removal on the oxide grain sur face u p to metal l ic i ron f r o m 
the wustite phase 

(b) D i f f u s i o n of metal l ic i ron towards the oxides to be reduced 
(c) Convers ion of the h igher oxides at their g ra in l imits into lower oxides. 

T h e fol lowing fo rmulae descr ibe these reactions: 

(a)  
Wustite is reduced by gas to metal l ic i ron 

(b)  
Wiisti te is resuppl ied by metal l ic i ron f r o m magne t i t e 

(c)  
According to the supply of metal l ic i ron, hema t i t e is conver ted to 

magneti te . 

Fig. 87. Influence of temperature and time on reaction between metallic iron and 
iron oxides 
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T h e conversion is shown by way of d i f fe ren t reac t ion examples , 
Fig. 87 86). Metal l ic i ron was mixed and hea t ed bo th wi th magnet i te and 
hemat i te unde r v a c u u m at d i f fe ren t t empe ra tu r e s and for var ious per iods . 
T h e react ion progress was checked by the rising por t ion of bivalent iron. 
T h e beginning of the react ion at a relatively low t e m p e r a t u r e should be 
noted. W h e n star t ing wi th magnet i te , the reac t ion proceeds more quickly 
than with hemat i te . Th is is due to the d i f f e ren t crystall ine s t ructure of 
bo th iron oxides. 

6 . 1 . 2 S tructura l C h a n g e D u r i n g R e d u c t i o n 

T h e componen t s to be reduced react d i f fe ren t ly according to the 
prevail ing condit ions. As a l ready ind ica ted u n d e r i t em 6.1.1, m a n y factors 
m a y inf luence the react ion. Thus , some apparen t ly s o m e w h a t contra-
dictory results were pub l i shed because the under ly ing condi t ions had not 
been suff icient ly known or considered. It m a y also h a p p e n tha t some 
results are inf luenced by factors which were not known. T o be able to 
in terpret results comparab ly , all given condi t ions m u s t be cons idered 
exactly. As and when new exper ience is ga ined , the test me thods b e c o m e 
more and m o r e sophis t icated and ta i lored to opera t ing condit ions. 

6.1.2.1 Volume Variation by Crystal Change 

In con junc t ion with dif f icul t ies encounte red du r ing the opera t ion of 
Wiberg fu rnaces with pellets low in gangue , Eds t röm 81) first a t t empted to 
f ind out whe the r and to wha t extent as well as at which degree of oxygen 
removal a v o l u m e change occurs. F o r this pu rpose , he reduced a cube of 
p u r e hemat i t e ore with a def ined edge length at a t empera tu re of 1000 0 C 
by using CO. T h e reduc t ion potent ia l was var ied by mix ing with CO 2 in 
order to ad jus t specif ic stages of oxygen removal . Eds t röm's measur ing 
data are compara t ive ly as well as d i ag rammat i ca l l y shown in Fig. 88. T h e 
reduct ion stages of i ron with d imin i sh ing ox ida t ion degree u p to meta l l ic 
i ron are shown on the abscissa. T h e v o l u m e var ia t ions measu red at each 
stage are represented on the o rd ina te wi th the vo lume being based on the 
hemat i t e cube as 100% and the var ia t ion in percent being indicated. 
D u r i n g reduc t ion of hemat i te , a vo lume increase, in any case, takes p lace 
(Curves 1 - 4 ) . A f t e r a close examina t ion , it was f o u n d tha t the mos t 
intensive swelling occurs du r ing the convers ion of hema t i t e to magne t i t e 
(Curves 1 and 2). However , it cont inues u p to the fo rma t ion of wüst i te 
(Curves 1 - 3 ) , and according to the prevai l ing reduc t ion condit ions, u p 
to metal l ic i ron (Curve 4). Except for t he condi t ions refer r ing to the lat ter 
curve, a vo lume shr inkage is observed at 1, 2 and 3 as soon as the first 
metal l ic i ron has been fo rmed f r o m the wüst i te phase . T h e vo lume 
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Fig. 88. Influence of reduction degree on volume change of a hematite cube 

var ia t ion proceeds qui te different ly dur ing reduct ion of a magne t i t e cube 
(Curve 5). In this case, a shr inkage immedia te ly occurs f r o m which it can 
be deduced tha t dur ing magnet i te reduct ion, no vo lume increase takes 
place. 

T h e vo lume increase is explained by Eds t röm as the result of a rising 
gas pressure in the pellet core. It occurs at a h igh reduct ion velocity w h e n 
the arising gases of CO 2 and H 2 O are more quickly fo rmed than they can 
outwardly d i f fuse th rough the pores. But the reduc t ion velocity is 
dependen t on var ious factors, such as d i f fe ren t pore s t ructure of d i f f e ren t 
shape of hema t i t e crystals. 

In other tests 87), a varying crushing strength decrease was found dur ing 
reduct ion of pellet types with i ron contents of 64 to 68%. T h e c rush ing 
strength decrease more or less reaches a m i n i m u m value for all samples in 
the wüsti te phase. W h e n those values are combined with the vo lume 
increase observed by Edström, the curves shown in Fig. 89 are ob ta ined . 
T h e iron oxides with decreasing oxygen content, down to metal l ic i ron, 
are represented on the abscissa. Curve 1 shows the vo lume var ia t ion and 



Fig. 89. Relationship between volume change and compressive strength during oxy-
gen removal 

curve 2 the cor responding crushing s t rength of the pellets in percent 
dur ing the individual reduct ion phases. Based on an init ial s trength of 
unreduced hemat i te , equal 100, the strength d rops a lmost as fa r as to zero 
nea r the wüsti te phase and then improves wi th a rising por t ion of metal l ic 
iron. In principle, swelling and decrease of crushing strength of reduced 
pellets occur in opposi te direction. This means a h igh swelling is 
connected wi th a low mechanica l s trength. 

Besides Eds t röm's theory on swelling dur ing reduct ion , there are still 
o ther theories, such as: 
- Incorporat ion of ca rbon at the phase l imit be tween iron and wüs t i te 8 8 ) , 
- Separa t ion of f ibrous i ron needles, so-called whiskers, or iron droplets 

at p refer red places of wüsti te interfaces and thus d i sp lacement of the 
sur rounding par t ic les 8 9 ) , 

- Intensif icat ion of i ron separa t ions when alkal ines a re p resen t 9 0 ) . 
This addit ional volume increase results in an intensified or "catas t rophic" 
swelling. 
A n impor t an t con t r ibu t ion to the explana t ion of the s t ructural change is 

m a d e by Ot tow 9 1 ) . At first, he conf i rms the vo lume increase dur ing 
reduct ion of hemat i t e to magnet i te as being abou t 11%. T h e magnet i te 
layer has b e c o m e thicker by this a m o u n t than the previous hemat i t e layer. 
However , according to Ottow's theory, a second, crysta l lographic factor 
plays an i m p o r t a n t role. Ot tow s tudied the anisotropic behav iou r of 
hemat i t e crystals dur ing reduct ion. Substances like hemat i t e crystallize in 
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the hexagonal system 92) and, with regard to vectorial proper t ies , o f t en 
show a directionali ty. This is called anisotropic behaviour . 

The reduct ion velocity in hemat i t e grains, which, in paral lel to the m a i n 
axis, proceeds more slowly than in vertical d i rec t ion to this axis, is also 
anisotropic. A p a r t f r om the vo lume increase, magne t i t e layers of d i f fe ren t 
thickness are f o r m e d which, at the individual interfaces, br ing abou t 
tensions and a tear ing of crystalline structure. In a pellet the hema t i t e 
phase is present as polycrystall ine agglomera te , a r ranged at r andom. 
Therefore the crystalline destruction is highly intensified by the anisotropic 
effect on many crystallites. T h e three phases of s t ructural des t ruc t ion in 
conjunct ion with the anisotropic behav iour are shown by Ot tow on the 
sketches of Fig. 90. 

(A) shows a hemat i t e cube being part ia l ly r educed un i fo rmly in all direc-
tions according to Edström. D u e to v o l u m e increase, the initial 
vo lume rose according to section s ' to the new section s. A t the 
calculated vo lume increase of 11%, an angle of δ = 6 ° arises by which 
the s t ructure is damaged . Eds t röm measu red an angle of 8 —10°. 

(B) shows the anisotropically d i f ferent thickness of magne t i t e layers 
fo rmed . 

(C) d iagrammat ica l ly shows the d i f fe ren t reduc t ion velocity prevai l ing in 
one ore gra in with two crystallites each of which has its c-axes in 
a d i f fe ren t posit ion. 

Fig. 90. Influence of volume increase and anisotropic behaviour on the structure of 
a hematite cube during reduction 
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Thus, the grea t d rop in s tructural s t rength of pellets low in gangue 
dur ing reduct ion can be a t t r ibu ted to the effect of the fol lowing mecha -
nisms: 
(a) Volume increase dur ing conversion f r o m hema t i t e to the lower ox ide 

stages, ma in ly magnet i te , 
(b) Aniso t rop i sm of reduc t ion velocity result ing in the fo rma t ion of 

magnet i te layers of d i f fe ren t thickness. 
Both mechan i sms proceed if cor responding react ion condi t ions al low 

this. In such a case, the s tructural d a m a g e cannot be avoided . N e w — even 
if in te rmediary - phases arise which d e m a n d a greater vo lume causing a 
growth pressure. To what extent this pressure m a y cause d a m a g e to or 
destruct ion of pel let s t ructure is dependen t on the prevai l ing condi t ions or 
those to be p rov ided in order to counterac t a s t ructural damage . Some of 
the factors p roh ib i t ing a growth pressure as re fer red to unde r i tem 6.1.1 
and having a specif ic effect are indica ted below: 
(a) Dur ing pellet indura t ion no hematite crystals are f o r m e d but o ther 

s tructures (e.g. magnet i te ) which, du r ing reduct ion , do not have a n 
anisotropic behav iour and are not notably weakened . 

(b) T h e bond ing forces of the gangue por t ions are strong enough to 
wi ths tand the growth pressure. 

(c) The gangue is changed bo th chemical ly and quant i ta t ive ly until suf-
ficiently s t rong react ing forces b e c o m e active by the react ion of 
gangue componen t s with each o ther or wi th i ron oxides. 

Since factors (b) and (c) in conjunct ion wi th gangue can be most s imply 
varied, their inf luence is first discussed. 

6.1.2.2 Structural Change by Reaction of Gangue Components 
with Iron Oxides and with Each Other 

F r o m the opera t iona l results ob ta ined in N o r t h A m e r i c a n blast furnaces 
it is wel l -known that only pellets with a great por t ion of highly acid 
gangue show a low tendency to swelling. T h e r e is also no longer any 
doub t about the posit ive inf luence of basic addi t ives. Since Tigerschiöld , it 
has been known that o ther addi t ives such as a lkal ine c o m p o u n d s have a 
det r imental ef fec t on the swelling behaviour . 

Since ever-increasing pellet quant i t ies with a low gangue por t ion are 
p roduced as well as processed in blast furnaces , the impor t ance of the 
chemical compos i t ion of gangue, l ike tha t of sinter, has become a 
significant fac tor in pellet p roduc t ion . In a large n u m b e r of pellet izing 
plants, basic addi t ives are nowadays used. In this connection, it had been 
observed that at a specif ic rat io of basic to acid gangue the swelling 
behav iour changes remarkably . At a basici ty of 0.1—0.7 par t icular ly h igh 
swelling indices were found 93). 
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T h e experience acquired in blast furnaces has meanwhi l e demons t r a t ed 
that a vo lume increase of up to 20% still does not adversely af fec t the blast 
furnace opera t ion . However , if a greater vo lume increase occurs, it is con-
sidered as a b n o r m a l or even as a "ca tas t roph ic" swelling which has, in any 
case, to be avoided. 

T h e impor tance of addi t ives and especially their compos i t ion is well-
known f rom publ icat ions of ten deal ing with qui te specif ic condi t ions 
which cannot be generalized. T h e results of such publ icat ions , which were 
of ten insuff icient ly described or based on d i f fe ren t test condit ions, some-
times b rough t abou t d i f fe ren t and even controversial in terpreta t ions . 
Therefore , it was unders tandable that in o ther places basic research with 
clearly def ined raw mater ia ls and addi t ives was also carr ied out . T h e 
purpose of such tests was to investigate the inf luence of quan t i ty and 
chemical compos i t ion of addi t ives in connect ion with the ore character-
istics on the pellet behav iour dur ing reduct ion unde r control led condi-
tions. Some of such investigations with general ly app l icab le results are 
discussed below. M a n y of them were jointly achieved by pellet consumers 
and pellet producers . 

6.1.2.3 Influence of Additives on Pellet Swelling 

U n d e r i tems 5 - 5 . 3 the inf luence of addi t ives and , u n d e r i tem 5.4, the 
influence of the rmal t rea tment on the mechan ica l proper t ies of f i red 
pellets was discussed in detail . It had been ant ic ipated tha t these 
inf luences would also be similar dur ing reduct ion. 

In an extensive study, H. K o r t m a n n 9 4 ) dea l t with the reactions of 
addit ives with gangue consti tuents and with i ron oxides du r ing reduct ion. 

A h igh-grade Brazil ian ore having the fol lowing chemical composi t ion 
was used in his tests: 

Fe 2 O 3 = 99.15%; SiO2 = 0.30%; Al 2 O 3 = 0.20% 

The total gangue content of this ore was as low as 0.50% and its basicity 
was zero. Accord ing to the quant i ty and compos i t ion of gangue, the opti-
m u m fir ing t empera tu res ranged f rom 1300 to 1360 °C. Silica, l imestone, 
dolomite , magnes ium oxide, sod ium and po tass ium carbona te and potas-
s ium fe ldspar served as addit ives. F r o m the reduc t ion tests carr ied out at 
t empera tures of 900, 1000 and 1100 0 C , those p e r f o r m e d at 1000 ° C were 
chosen for fu r the r considerat ion. T h e react ion t ime was suff ic ient in order 
to achieve full reduc t ion by using a reduct ion gas conta ining 40% C O and 
60% N 2 . Because the results ob ta ined are of practical value, they are 
discussed below, in par t icular the inf luence of silica and l imestone, a lone 

C a O 
and in mixtures. T h e ratio was selected as basis for the basicity. 

SiO 2 



6.1 Change of Pellet Structure During Reduction 171 

Fig. 91. Ternary phase diagram of C a O - S i O 2 - F e O n 

T h e pellets were i ndu ra t ed at o p t i m u m condi t ions for var ious levels of 
d i f ferent addit ives. T h e swelling b e h a v i o u r of 33 pellet types thus f o u n d 
was tested du r ing reduct ion. T h e d i f f e ren t swelling values ob ta ined under 
specific condi t ions were plot ted on a t r iangle d i a g r a m , Fig. 91. T h e 
corners of the t r iangle are fo rmed by the reactants: C a O , SiO2 and 
F e O n . Only the iron corner of the t r iangle is of interest . Swelling values 
of equal vo lume increase are connected with each other . Thus , isochores 
of pellets of equal vo lume increase bu t of varying chemica l composi t ion 
and of d i f fe ren t basicity were der ived. T h e isochore wi th 20% volume in-
crease is especially m a r k e d as this va lue is general ly regarded as the 
m a x i m u m permiss ib le swelling degree in practice. Consequent ly this 
range of acceptable swelling with v o l u m e increases of less than 20% is 
outs ide the crit ical b o u n d a r y whereas inside this b o u n d a r y are located the 
pellet swelling values which are considered to be unacceptab ly high. T h e 
zones of h igher swelling values b e c o m e considerably na r rower towards 
the iron corner. In this area , very small var ia t ions in the propor t ions of 
gangue, their chemical composi t ion or basicity are suff ic ient to br ing 
about great f luc tua t ions of vo lume change. T h e greater the gangue 
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propor t ion on the highly calcareous side, the b roade r the range of 
acceptable swelling becomes and, in a corresponding manner , the less 
sensitive the pellets react dur ing reduct ion. T h e extent and shape of 
isochores tend to a range varying a round an average value of abou t 0.33 
basicity. By lengthening the longi tudinal s ide of the critical swelling zone, 
the basicity l ine is cut at abou t 0.1 and 0.6. Thus , three ranges of d i f fe ren t 
basicity are fo rmed . At the same t ime, the swelling range runn ing in 
parallel is d iv ided into three corresponding sections which m a r k the di f -
ferent swelling indices. These three ranges represent the fol lowing zones: 
(a) acid gangue with a basicity o f - 0 . 1 ; 

acceptable swelling values o f - 2 0 % ; 
(b) gangue with a basicity of 0.1 - 0 . 6 ; 

critical swelling values o f + 2 0 % ; 
(c) basic gangue with basicity increasing to +0.6 

acceptable swelling values of—20%. 
T h e inf luence of basicity on the swelling behav iour decreases with 

rising gangue por t ion and loses its eff iciency at abou t 10% of gangue 
amount as marked by " L " in Fig. 91. The isochores established on the basis 
of l abora tory tests were compared with the swelling values of seven 
pellet types p roduced in industrial plants which were plot ted on the 

Fig. 92. Swelling rate of pellets during reduction with varying CaO and SiO2 content 
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d iagram. These show good conformi ty be tween the l abora to ry and in-
dustr ial pellets. 

F r o m this it can be deduced that by varying the basicity pellets can be 
produced f r o m d i f fe ren t raw mater ia ls , which fulfi l l the opera t iona l 
demands of blast fu rnaces and direct reduc t ion plants with regard to the 
swelling behav iour . T h e swelling values ascer ta ined in d ep en d en ce on the 
changed SiO2 and C a O content, as per Fig. 91 are separa tey shown in 
Fig. 92. T h e swelling values first rise with increasing l ime add i t i on at low 
SiO2 contents (Curves I—VI). They then exceed a m a x i m u m value and 
af ter this, d imin i sh with fu r the r l ime addi t ion . As SiO2 levels increase, the 
posi t ion of the swelling m a x i m u m moves and the m a x i m u m level de-
creases. At 8% SiO2 and abou t 1.2% C a O cor responding to a basicity of 
approx. 0.15, the swelling m a x i m u m remains below the critical swelling 
line. A t lower l ime contents with the basicity app roach ing zero, f avourab le 
swelling values can also be achieved when the gangue p ropor t ion exceeds 
5% as is shown in Fig. 93. Thus 5% gangue at a basicity of zero is 
suff icient to keep the swelling value be low the critical l imit of 20% 
(Curve IV). However , at basicit ies in the range of 0.1 to 0.6, increased 
gangue contents of u p to abou t 10% are requ i red (Curves I—III). As 
basicities increase above 0.6, the gangue propor t ions requ i red to r ema in 
below the critical swelling line gradual ly d imin i sh (Curves V - V I I I ) . 

Fig. 93. Influence of basicity and gangue content on swelling 
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In general , there are three d i f fe ren t ranges depend ing on the basicity: 
(a) Basicity range f rom 0 to abou t 0.1, gangue a m o u n t requi red: a b o u t 5% 

by weight; 
(b) Basicity range f rom 0.1 to about 0.6, gangue a m o u n t requi red: a b o u t 

5 - 1 0 % by weight; 
(c) Basicity range of more than 0.6, gangue a m o u n t requi red : less than 

5% approximate ly . 
T h e above values are gu ide lines in conjunct ion with the inf luence of 

basicity which are also conf i rmed by o ther au tho r s 9 5 ) , even if the 
in terpre ta t ions of the da ta still greatly di f fer . Var ia t ions d u e to o ther con-
ditions are also possible. Dur ing reduct ion, there is, in any case, a cor-
relation be tween the gangue and the varying oxygen content of i ron 
oxides at which mineralogical fo rmat ions existing be fo re reduc t ion m a y 
change or even new ones m a y 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 
predominant ly present as silica which partly reacts with hemat i te under a 
seam-l ike cristobali te fo rma t ion 3 1 ) . T h e f i red pellet strength is, to a cer ta in 
degree, d u e to hemat i te br idges of polycrystall ine structure. These pellets 
contain a large amoun t of open pores. T h e reduct ion gas can quickly 
penetrate t h rough these pores into the pellet core and s imul taneously 
attack the s t ructure in m a n y places. T h e structural change begins very 
early at low tempera tu res over the whole pellet volume. However , the 
structure can be held together pr imar i ly at high SiO2 contents by the 
seam-l ike c o m p o u n d s between Fe 2 O 3 and SiO 2 . As soon as the first 
wüstite arises, fayalite may be formed with silica of solid state, 2 F e O -SiO2 . 
Due to low reducibil i ty, at high SiO2 contents the pellet s t ructure only 
changes slightly. In this way, the total reduc t ion velocity is also decreased. 
Moreover , fayal i te with a melt ing point: 1217 ° C m a y act as a b inde r 
whereby a fu r the r swelling and degrada t ion is d imin ished . Consequent ly , 
fayali te is to be considered as a stabilizing componen t dur ing reduc t ion of 
highly acid pellets. However , the gangue por t ion should exceed 5% 
(Fig. 93) and i m p e d e the degrada t ion at lower reduct ion t empera tu re . 

6.1.2.3.2 Properties of Pellets with a Basicity of 0.1 to 0.6. D u r i n g the 
firing of pellets with low C a O propor t ions at a basicity of 0.1 to a b o u t 0.6, 
a glassy slag phase consisting of S iO 2 , C a O , Fe 2 O 3 of varying composition is f o rmed f rom which, under sui table condit ions, calcareous olivines 
may arise du r ing reduction. These, with fayal i te , f o rm mixed crystals 
whose m i n i m u m melt ing point is about 1117 0 C and corresponds to a 
basicity of approx imate ly 0.35. A t this t empe ra tu r e and consistency, the 
mechanical strength of the gangue reaches a m i n i m u m so tha t a 
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stabilizing effect cannot be expected f r o m the slag phase . In addi t ion , the 
slag s t ructure m a y vary if metal l ic i ron separa tes f r o m mixed crystals and 
the silicate s t ructure tends to fall apar t 94). In this basici ty range of 0.35, 
the highest swelling values are observed. In Fig. 94 F r a s e r 9 6 ) showed the 
correlat ions be tween the mel t ing behav iou r of mixed crystals and the 
swelling of such pellets in con junc t ion wi th basicity. T h e lowest mel t ing 
t empera tu re corresponds with the highest swelling degree. A rising and 
decreasing basicity raises the mel t ing poin t and the swelling behav iou r 
changes accordingly. If very h igh gangue por t ions are present , see Fig. 93, 
the s tructural d a m a g e is avo ided , and the swelling degree can be k e p t 
below 20%. 

If, in olivines, o ther consti tuents, such as M g O , replace pa r t of the C a O 
and the mel t ing t empe ra tu r e in the mixed crystals rises correspondingly , 
this results in a decrease of swel l ing 9 7 ) . However , it m a y also h a p p e n 
that alkaline c o m p o u n d s enter the olivine s t ruc ture which causes a 
lowering of the mel t ing t empera tu re and intensif ies the swell ing9 8) . It 
can be stated that , wi thin a basicity range of 0.1 to a b o u t 0.6 of the gangue 
constituents, low-mel t ing ol ivine crystals are f o r m e d which d o not i m p e d e 
pellet swelling dur ing reduct ion but, u n d e r cer ta in circumstances, can 
intensify such swelling. However , gangue por t ions of a b o u t 10% and over 
are capable of reducing the s t ructural des t ruc t ion because this gangue is 
still solid or plastic and holds the pellet s t ruc ture together like a 
suppor t ing f r ame . 

Fig. 94. Relationship between swelling degree, pellet basicity and phase diagram of 
Fe2SiO4 to Ca2Si4 
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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 C a O than corresponds to a basicity of a b o u t 
0.7, not only the glassy slag phase, consisting of C a O , SiO2 and F e 2 O 3 , 
bu t also ca lc ium ferrites, C a O F e 2 O 3 , are f o r m e d which m a y cause a 
d i f ferent s t ructure of part ial ly closed pores. D u r i n g pellet f ir ing, the 
availabil i ty of C a O considerably favours the crystal growth of hema t i t e as 
is shown in Fig. 27 34). Dur ing reduct ion of C a O . F e 2 O 3 , metal l ic i ron 
arises on the entire surface of calcium wüst i te as a skin wi thou t f o r m a t i o n 
of needles. Th i s i ron forms concentric seams a r o u n d the ferr i te grains and 
impedes fu r the r swelling. It should be noted tha t pellets with a high C a O 
content and a basicity exceeding abou t 0.6 have a high mechan ica l 
strength af te r pellet f ir ing and also af te r reduct ion. 

T h e adap ta t i on of the chemical compos i t ion of the acid gangue con-
stituents conta ined in the ore or concentrate by means of C a O add i t i on is 
thus an eff ic ient t echn ique for pellet product ion . 

A fu r the r increase in the l ime add i t ion leads to neutra l iza t ion of all the 
acid const i tuents and to the p roduc t ion of self-f luxing or over- f luxed 
pellets. I lmoni and other Swedish authors dea l t with this p rob lem and 
addit ional ly with the use of do lomi te 99). Ano the r purpose of these 
studies was to increase the total slag a m o u n t with a high basicity since 
some Swedish concentrates have a very low gangue content. D u r i n g these 
studies, the necessity to main ta in an o p t i m u m basicity was recognized. 
Cons idera t ion was given to the p roduc t ion of basic or over-basic pellets in 
a s imilar way to over-basic sinter. This possibil i ty was successfully in-
vestigated in tests run on an industr ia l scale 100). In this connect ion the 
overall economics of this p rocedure need to b e s tudied. 

T h e me thods for measur ing the swelling behav iou r have, for a long 
t ime, been the most impor t an t ones for testing the pellet qual i ty du r ing 
reduction. However , the impor tance of this m e t h o d decreases because it is 
too general and only in forms abou t the s tructural change at abou t 1000 0 C 
as can be seen f r o m the test m e t h o d for measu r ing the swelling index 
( i tem 4.6.1.2.3). At lower reduct ion t empera tu res of 4 0 0 - 6 0 0 0 C and 
under a gas a tmosphe re with a low reduct ion potent ial — as exists in the 
upper par t of the blast fu rnace — insuff ic ient i n fo rma t ion is given on the 
structural change. 

6.1.2.4 Influence of Gangue Bonds on Pellet Structure at Temperatures of 
4 0 0 - 6 0 0 0 C Under Reducing Atmosphere 

In this t empera tu re range, a lmost all gangue phases are still in a solid 
state. They act as a suppor t ing f r a m e against the destroying pressure 
forces dur ing the conversion f r o m hemat i t e to magnet i te , which is con-
nected with a m a j o r volume increase, see Fig. 88. A b o u t 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 
disintegration 
500° C 
- 0 . 5 mm% 
- 2 0 % 

Swelling 
degree in % 
(Required 
- 2 0 % ) 

Comments 

Fe t a CaO SiO2 Basicity Portion % 

Low-temperature 
disintegration 
500° C 
- 0 . 5 mm% 
- 2 0 % 

Swelling 
degree in % 
(Required 
- 2 0 % ) 

Magnetite 
concentrate 

63.1 0.3 8.4 - 0 . 1 8.7 16.3 13.4 Migh gangue content 

Magnetite 
concentrate 

68.9 0.2 1.3 - 0 . 2 1.5 17.8 40.0 Low gangue content 

Magnetite 
concentrate 

63.2 3.9 4.1 0.95 8.0 19.5 12.4 Basicity 0.7 

Magnetite 
concentrate 

62.9 4.0 4.0 1.0 8.0 17.7 11.3 Basicity 0.7 

Hematite 65.8 2.1 2.4 0.9 4.5 12.1 13.7 Basicity 0.7 
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volume increase a l ready takes place du r ing the conversion to the mag-
netite phase and only abou t 25% dur ing the wüst i te phase . Consequent ly , 
great impor tance mus t also be a t tached to the structural des t ruct ion a t low 
tempera tures . 

As was found by Edst röm, Ot tow and others, a t r ans fo rma t ion of 
crystalline structure, which automat ica l ly proceeds under given condit ions, 
occurs dur ing reduct ion of hemat i t e to magne t i t e and wüsti te. Th is 
t ransformat ion means a weakening and des t ruct ion of crystalline s t ructure 
which is indica ted by a shat ter ing of the ent i re pellets in to f ragments and 
by an increase of the fines p ropor t ion below 0.5 mm. 

U n d e r blast fu rnace condit ions, with low reduct ion t empera tu re and 
gases with low reduct ion potent ial , this zone wi th its inevi table change of 
crystalline s t ructure cannot be avoided. Tab le 25 shows test results 
ob ta ined wi th pellets p roduced in industr ial plants. 

6.1.2.5 Influence of Gangue Bonds at About 1000 0 C on 
Pellet Structure Under Reducing Atmosphere 

As set for th under i tem 6.1.2.3.2, sof tening p h e n o m e n a m a y pr imar i ly 
occur at a gangue composi t ion with a basici ty of 0 . 1 - 0 . 6 at which the 
pellets are d e f o r m e d under pressure and thus the gas f low is impeded . As 
at these tempera tures , the vo lume increase m a y s imul taneously reach a 
m a x i m u m , bo th factors may joint ly inf luence decisively the gas p e r m e a -
bility of a pellet bed. T h e pellet behav iour under these reduct ion condi-
tions is tested by adopt ing the pressure sof tening me thod descr ibed under 
i tem 4.7.1.2.4. 

6.2 Behaviour of Indurated Pellets Consisting of 
Magnetite and Wüstite During Reduction 

T h e structural destruct ion observed dur ing reduct ion of pellets low in 
gangue can be prevented by varying the chemical compos i t ion and the 
quant i ty of gangue constituents. However , the increasing a m o u n t of 
gangue is de t r imenta l when high-grade pellets are requ i red f r o m a meta l -
lurgical viewpoint . In part icular , dur ing steel p roduc t ion f r o m sponge iron 
in the electric furnace, a small slag quant i ty would be advan tageous as fa r 
as energy consumpt ion is concerned. 

There fore , considerat ions to prevent the structural des t ruct ion wi thou t 
gangue var ia t ion are jus t i f ied . Both Eds t röm and Ot tow observed that , 
under certain circumstances, magnet i te crystals are not destroyed dur ing 
reduction. T h e reduct ion of magnet i te to metal l ic iron, see Fig. 88, 
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curve 5, is even connected with a vo lume decrease. If it were possible to 
produce only magnet i te pellets instead of hemat i t e , the s t ructural destruc-
tion might be avoided. It is a l ready known tha t magne t i t e pellets can be 
produced f r o m magne t i t e ore under a neutra l a tmosphere . However , for 
hemat i te ores this is only possible by first conver t ing to magne t i t e and 
then indura t ing under a neutral a tmosphere . Pellets with a lower oxygen 
content than that cor responding to hema t i t e can also be p roduced by the 
mixing of finely ground sponge iron with ores or concentra tes as shown in 
Fig. 87 and as descr ibed under i tems 5 .3 .1 .8-5 .3 .1 .8 .2 as well as in 
Figs. 67 and 68. F o r compar ison , it should be noted tha t the strength of 
high-grade hema t i t e pellets drops sharp ly du r ing reduc t ion wi th gas d o w n 
to a m i n i m u m value in the wustite stage. 

On the o ther hand , small quant i t ies of sponge iron add i t ion a l ready 
result in a very h igh strength. In a s imi lar way, the strength of magnet i te 
pellets can be improved by sponge iron addi t ion . Also dur ing the reduc-
tion of such pellets with gas conta in ing 80% C O and 20% N 2 at a 
t empera tu re of 1000 0 C and dur ing a per iod of 60 minutes , r e m a r k a b l e 
differences c o m p a r e d to hemat i t e pellets can be observed, as is shown in 
Fig. 95. 

Fig. 95. Comparison of behaviour of various pellet types during reduction 



180 6 Behaviour of Indurated Pellets During Reduction 

Dur ing reduct ion of hemat i t e pellets, curve I, a swelling of 43% is found 
whereas pellets p roduced f rom sponge iron show a clear shr inkage at dif-
ferent oxygen contents, curves II and III. T h e d i f fe ren t s trength development represented on curves I a and I I Ia is par t icular ly striking. T h e 
abras ion values of less than 0.5% were correspondingly low. As can 
fur ther be seen f r o m the d iagram, the pellets p roduced with sponge iron 
addi t ion were practically reduced completely a f t e r 60 minutes while the 
reduced hemat i t e pellet still contains 12% oxygen. 

6.3 Conclusions 

T h e following summar iz ing comments can be given on this impor t an t 
section in which the behav iour of pellets du r ing reduct ion is deal t with: 
(a) Only pellets with o p t i m u m fir ing s trength, irrespective of their 
chemical compos i t ion or origin of the ores f r o m which they are p roduced , 
fulfill the condi t ions requi red for main ta in ing the necessary mechanica l 
strength. 
(b) By a var ia t ion of the chemical compos i t ion of gangue const i tuents 
adap ted to the ore composi t ion , a potential ly d a m a g i n g structural change 
can be compensa ted for. 
(c) Pellets with a low gangue content are also resistant to swelling and 
degradat ion wi thou t var ia t ion of chemical compos i t ion of gangue, if the 
hemat i te crystalline s t ructure is replaced by a s tructure of i ron oxide 
crystals with a lower oxygen propor t ion , e.g. magnet i te . 
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In this chapter, alternative pelletizing methods are described which 
deviate f rom the conventional ones. 
(a) Besides heat treatment of green pellets for indurat ion, the hardening is 
achieved by additives with high bonding properties. 
(b) Some iron ores containing detr imental or valuable ingredients can be 
cleaned during heat t reatment 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 pelletizing101). They differ f rom thermally indurated pellets by 
other bonding mechanisms which are based on hydraulic or hydrothermal 
reactions f rom normal temperatures up to about 250 0 C . The binders 
used should have such a chemical composi t ion 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 simplif ied flowsheets in Fig. 96. 

7.1 .1 Grangcold P r o c e s s 1 0 2 ) 

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 Grängesberg 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 t ime of about 28 days 
is necessary to achieve an op t imum strength within a just if iable hardening 
period. The strength as function of hardening t ime 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 f ine-gra ined concentrates. W h e n a m i n i m u m strength is r eached , 
these concentrates are separated f rom the pellets by smooth screening and 
recirculated. T h e final hardening is then accompl ished in a s tockyard or 
in an adequa te ly d imens ioned storage plant. T h e crushing strength of 
Grangcold pellets is lower than that of thermal ly t reated pellets. T h e 
hydraul ic bonds disintegrate at abou t 600 0 C , i.e. f r o m this t e m p e r a t u r e 
onward, the pellets lose the greatest par t of their mechanica l strength. F o r 
this reason, the pellets should quickly pass th rough this t empe ra tu r e range 
dur ing reduct ion. T h e swelling behav iour and o ther proper t ies of pellets 
are suff ic ient du r ing reduction. A plant in J a p a n 103) is p roduc ing a b o u t 
45 000 tons of cold bond pellets per month . 

7 . 1 . 2 C O B O and M T U P r o c e s s 104/101) 

The C O B O - " C O L D B O U N D " Process was developed in the Div is ion 
of Metal Processing of the Royal Insti tute of Technology in Stockholm. 
First publ ica t ions date f rom 1967. T h e raw mater ia ls mus t physical ly 
conform to the condi t ions for green ball fo rmat ion . L i m e hydra te and 
possibly other addi t ives are used as binders. T h e pellets are f o r m e d in 
well-known facil i t ies and, af ter predrying, are indura ted for abou t 1 - 5 
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Fig. 97. Influence of time on hardening of Grang-cold pellets 

hours at approx . 16 ba r pressure in a s t eam autoclave at t empera tu res of 
1 5 0 - 2 5 0 °C. T h e crushing strength of ha rdened pellets ranges f r o m 
7 5 0 - 1 3 0 0 N / p e l l e t and is less than the cor responding values of approx . 
2000 N / p e l l e t r equ i red for blast fu rnace opera t ion. T h e reduc t ion proper -
ties are good. T h e C O B O process is also su i tab le for the pellet izing of 
other meta l oxides, such as ch romi te ores, pyri te cinders and in-plant 
fines. 

T h e M T U 1 0 1 ) process is advert ised especially in the U S A for the 
recirculat ion of in-plant fines in steel plants. Th is process as well as the 
C O B O process correspond to the s impl i f ied f lowsheet of Fig. 96. 

7.2 Chloridizing Volatilization of Non-Ferrous Metal 
Oxides and Pellet Production 

Since pyri te - as the su lphur basis for su lphur ic acid p roduc t ion — has 
mostly been replaced by elemental su lphur f r o m o ther sources, the supply 
of pyrite cinders (calcines) as i ron-bear ing raw mater ia l for p ig- i ron 
product ion has drastically d imin ished . Nowadays , the min ing of pyri te is 
no longer of p r imary interest. However , pyr i te is o f t en ob ta ined as 
byproduc t du r ing f lotat ion of zinc, lead or copper -bea r ing sulphides . 
However , this pyri te separa ted by f lo ta t ion is normal ly not f r ee f r o m non-
ferrous meta l sulphides. Today , such pyri tes a re still of interest, especially 
in countries wi th great pyr i te deposits , e.g. Scandinavia , Spain , Por tugal , 
Greece, Soviet Union . These countr ies are interested in the separa t ion of 
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non-fer rous meta l oxides as chlorides f rom pyr i te cinders by chlor idiz ing 
at a t empera tu re of abou t 1200 -1250 °C. F o r this purpose , the pyr i te 
cinders are f o r m e d into green balls af ter a d e q u a t e grinding. As chlori-
nat ing agent CaCl 2 can be added to the pellet mix. It is also possible to 
pass chlorine gas at appropr i a t e t empera tu re t h rough the hot pellet bed . 
T h e thermal t rea tment and chlor inat ion can be achieved ei ther in a sha f t 
fu rnace or in a rotary kiln. Non- fe r rous metal chlor ides are volati l ized and 
can be recovered f rom the waste gas s t ream by scrubbing. However , it is 
also possible to chlor inate the f ine-grained calcines in a circulat ing f luid 
bed or in mul t ip le hear th roasters in which s o d i u m chlor ide is o f ten used 
as chlorinat ing agent. Subsequent ly , the soluble chlor ides are leached and 
thus separated f rom the calcines. These cleaned calcines, called purple ore, 
are mixed with o ther ores and agglomerated in sinter or pellet izing plants. 

Since, pyrites are mostly ob ta ined by f lota t ion, they are a l ready very 
fine-grained which is favourab le for pellet product ion . 

7 .2 .1 Chlor id iz ing Vo la t i l i za t ion and Pe l l e t i z ing 
in the S h a f t F u r n a c e 

A shaf t fu rnace plant of Vuoksenniska O Y in Imat ra , F in l and was 
operated for several years1 0 5) . T h e necessary quan t i ty of C a C l 2 , corresponding to the a m o u n t of the non-fer rous meta l oxides to be r emoved , 
had a l ready been added to the pellet feed. T o prevent p r e m a t u r e 
dissociat ion of CaCl 2 in the presence of s t eam dur ing pellet drying and 
heating, air d r ied by using silica gel was regenerat ively heated to abou t 
1200 0 C and passed into the pellet charge in the shaf t furnace . T h e 
cleaned pellets were cooled and processed into p ig- i ron in electric 
reduct ion furnaces . T h e chlorides conta ined in the waste gases were 
electrostatically precipi ta ted, which was connected with m a n y corrosion 
problems and high opera t ing costs. This process was only used on a pi lot 
plant scale of abou t 150 tons/day. 

The shaf t fu rnace process was fu r the r deve loped and CaCl 2 was 
replaced by chlorine gas. A corresponding pi lot p lan t with abou t 120 tpd 
capacity was opera ted for some years at the Du i sbu rge r K u p f e r h ü t t e , 
West G e r m a n y . T h e construct ion of an industr ia l p lant and a wider 
appl icat ion of this process fai led owing to the changed marke t s i tua t ion 
when the consumpt ion of pyrites abrupt ly decreased. This process 
repeatedly described in l i terature under the n a m e "LDK Process" (Lurg i 
Duisburger Kupfe rhü t t e ) 1 0 6 ) is shown in the f lowsheet , Fig. 98. In o rder 
to achieve a u n i f o r m size dis tr ibut ion, the calcines f r o m var ious origins 
are subjected to dry grinding, mixed with bentoni te and fo rmed into green 
balls. Before the green balls enter the shaf t fu rnace , they are largely dr ied 
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on a belt d ryer with drying gases low in s team. T h e shaf t fu rnace , 
especially des igned for this type of the rmal t r ea tment in the presence of 
chlor ine gas, was d iv ided into three zones, as shown in Fig. 99. 

T h e dr ied pellets are indura ted by hot combus t ion gases in the u p p e r 
par t of the shaf t . T h e waste gas f r o m this ope ra t ion is w i thd rawn at the 
shaf t fu rnace feed end. T h e hot charge is then t rea ted with a chlor ine 
g a s - a i r mix in the chlor inat ion zone, where the non- fe r rous meta l 
chlorides are fo rmed . T h e gas arising in this zone and conta in ing the 
volatile chlor ides is t rea ted separately. T h e hea t content of the indura t ed 
and chlor inated pellets is recovered by f resh air in the cooling zone and 
separately exhausted . 

T h e chemical analysis and mechan ica l qual i ty of the pellets p roduced 
by chlor inat ion met the pellet consumers ' requi rements . However , the 
addi t ional consumpt ion of chemicals and h igher opera t ing costs com-
pared with normal ly p r o d u c e d pellets can only be jus t i f i ed if the non-

Fig. 98. Chlorination and pellet hardening of pyrite cinders in shaft furnace (LKD 
process) 
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Fig. 99. Gas flow in LKD shaft furnace 

ferrous metals can be used economically. This gas f low pat tern, Fig. 99, 
can be analogously utilized for treating o ther ores. 

7 . 2 . 2 Chlor id iz ing Vola t i l i za t ion and Pe l l e t P r o d u c t i o n 
in a Rotary Kiln 

On the basis of the Vuoksenniska process, the Kowa-Se iko process was 
developed in J a p a n 107), according to which the volat i l izat ion and pellet 
indurat ion are achieved in a rotary kiln. CaCl 2 is added to the pellet feed. 
T h e process is represented in Fig. 100. T h e f inely-ground calcines are 
mixed with a CaCl 2 solut ion in a special device, the green balls are dr ied 
on a belt dryer and heated up to abou t 1250 ° C in a rotary kiln. T h e 
chlorides are washed out f r om the waste gas and can be recovered. T h e 
pellets are of an excellent mechanica l quali ty. Several plants with an 
overall capaci ty of abou t 1 mil l ion tons of pellets per year are in opera t ion 
in Japan. In the USA, a plant with the same annual capaci ty is also in 
operat ion; fu r the r plants are under construct ion or in the design stage. 
The today's m a r k e t s i tuat ion is not favour ing this process. 

Table 26 shows the chemical analyses of pyri te cinders and of the cor-
responding ox ide pellets p roduced with indica t ion of physical-metal-



Table 26. Chemical composition of pyrite cinders and indurated pellets after chlorination and properties of pellets 

in % Fe t o t FeO SiO2 Cu Pb Zn As S 

Chemical analysis of pyrite 53 1 - 5 1 - 8 0 . 1 - 0 . 8 0 . 2 - 0 . 7 0 . 2 - 1 . 1 0 .01-0 .05 1 - 2 
cinders 67 
Range: chemical composition 
of chlorinated pellets 

5 5 - 6 8 - 1 1 - 9 - 0 . 0 3 - 0 . 1 - 0 . 2 - 0 . 0 5 - 0 . 0 4 Range: chemical composition 
of chlorinated pellets 

Degree of volatilisation 
of non-ferrous impurities 

UP 

90 

TO 

90 

in % 

95 
Degree of volatilisation 
of non-ferrous impurities - - - 95 

UP 

90 

TO 

90 

in % 

95 

Pellet size 1 1 - 1 5 mm 
Compression strength N/pellet 2500 - 4000 
Abrasion - 0.5 mm in % 1 - 3 
Reduction behaviour like other good pellets 

7.2 C
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Fig. 100. Kowa Seiko chlorination and pelletizing process applied in a rotary kiln 

lurgical propert ies . As can be seen f r o m this table, pellets f r o m a 
chloridizing process can indeed compe te wi th marke tab le pellets. 

7.3 Recovery of Vanadium Pentoxide from 
Vanadium-Bearing Iron Ores 

V a n a d i u m is an impor tan t alloying e lement in steel p roduc t ion and as 
catalyst basis in the chemical industry. T h e largest reserves are avai lable 
in vanad ium-bea r ing magnet i tes or t i t anomagnet i tes f r om which the 
metal is pyrometal lurgical ly recovered as f e r ro -vanad ium or as pentoxide , 
V 2 O 5 , by a combina t ion of pyro- or hydrometa l lurg ica l steps. A slag, h igh 
in vanad ium, t raded as in te rmedia te p roduc t , is of ten used as raw 
material . This slag is roasted under oxidizing a tmosphere , toge ther with 
alkaline salts and the calcines ob ta ined are leached. However , it is also 
possible to f o r m a mixture of vanad ium-con ta in ing magnet i te concen-
trates and alkal ine salts into green balls, which are indura ted unde r an 
oxidizing atmosphere. T h e water-soluble vanadate is separated by leaching 



7.3 Recovery of Vanadium Pentoxide from Vanadium-Bearing Iron Ores 189 

f r o m the pellets. By using these process var iables , no t only v a n a d i u m salts 
processed into V2O5 result, but also indura t ed pellets for i ron p roduc t ion 
are obta ined. U p to now, two variants are industr ia l ly appl ied . 

7 .3 .1 T h e r m a l T r e a t m e n t of V a n a d i u m - B e a r i n g P e l l e t s 
in a S h a f t F u r n a c e 108) 

Since 1953, such a process has been app l ied by R a u t a r u u k i Oy, 
Finland. T h e ore used contains about : 

3 8 - 4 0 % magne t i t e 
2 8 - 3 1 % i lmeni te 

1 - 2% pyr i te 
with abou t 0.25% vanad ium. 

F r o m the raw ore, the fol lowing concentrates are p roduced by benef i -
ciation: 

abou t 64% vanad ium-con ta in ing magne t i t e concentrate , 
abou t 35% i lmeni te concentra te , 
as well as small amoun t s of pyr i te concent ra te 

The magnet i te concentra te for v a n a d i u m recovery has the fol lowing 
approx imate compos i t ion 

F e tot. = 68.5%, T iO 2 = 3.1%, SiO2 = 0.4%, 
C a O = 0.06%, M g O = 0.2%, Al 2 O 3 = 0.7%, 
V as V 2 O 5 = 1.14%. 

The concentrate is very finely ground to abou t 85% - 0 . 0 3 7 m m 
(400 mesh) and the specif ic sur face a rea is ind ica ted as 10 0 0 0 - 1 1 500 
cm 2 /cm 3 . Accord ing to the por t ion of V 2 O 5 , cor responding quant i t ies of 
sod ium ca rbona te are a d d e d to this concentrate . T h e fol lowing pa ramete r s 
are specified: 
pellet d i amete r 1 6 - 1 9 m m 
moisture content 8.5% H 2 O 
crushing strength of green pellets a b o u t 22 N / p e l l e t 
d r o p n u m b e r 4x46 cm 
crushing strength of dry pellet 50—70 N / p e l l e t 
hot gas t empe ra tu r e 1100 - 1 1 5 0 ° C 
pellet t empe ra tu r e approx. 1250 0 C 
crushing strength of indura ted pellet 1 0 0 0 - 1 3 0 0 N/pe l l e t . A f t e r cooling, 
the pellets are leached in water, wi th the v a n a d i u m recovery approxi -
mat ing 8 5 - 9 0 % , and are then used for the blast fu rnace burden . 
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7 . 3 . 2 T h e r m a l T r e a t m e n t o f V a n a d i u m - B e a r i n g P e l l e t s 
A c c o r d i n g to the Grate-Ki ln P r o c e s s 

Transvaal Alloys (Pty) Ltd. in the Sou th Afr ican Repub l i c also 
produces V2O5 f r o m a natural t i t anomagnet i te wi thout previous benef i -
ciation. T h e ore has the fol lowing composi t ion 109): 

F e tot. 55.6 
T iO 2 12.7 
SiO2 2.2 
V 0.9 

T h e ore was ground to abou t 50%—0.09 m m and a specific sur face area 
of abou t 2300 cmVg and mixed with N a 2 S O 4 as digesting agent. T h e 
fol lowing pellet crushing strength was ascer ta ined in the prehea t ing stage 
on the travell ing grate: 
green pellet strength abou t 30 N / p e l l e t 
dry pellet s trength abou t 50 N / p e l l e t 
pellet s trength at 900 0 C abou t 400 N / p e l l e t 

T h e p reha rdened pellets enter the rotary kiln in which they are hea ted 
u p to t empera tu res of approx. 1270 0 C for a b o u t 6 0 - 1 1 0 minutes . Af t e r 
cooling the pellets are leached in water. T h e l iquor still con tamina ted by 
o ther const i tuents is c leaned and then processed th rough a m m o n i u m 
vanada te into mol ten V 2 O 5 scales. T h e pellets can, as fa r as the i r T iO 2 

content allows, be fu r the r t reated. 

7.4 Dearseniflcation and Pelletizing of Iron Ores 

Some i ron ores, above all pyri te cinders, conta in arsenic as a detr i-
mental substance which has to be r emoved before i ron product ion . 
Dur ing pyri te oxidat ion, arsenic su lphide oxidizes to As 2 O 5 , which, in 
this oxidat ion stage, cannot be volatil ized and, under certain c i rcum-
stances, has a tendency to fo rm calc ium arsenate. However , it is possible 
to convert the arsenic compound to As2O3 which is volatile, and, in this 
state, can be e l iminated f rom iron oxides. Such react ions are carr ied out 
ei ther in a ro tary kiln, e.g. dur ing magnet iz ing roasting, or in a shaf t 
fu rnace as shown in Fig. 99 in which a neutra l to slightly reducing a tmos-
phere, r equ i red for the reaction, can be provided . 

A calcine with the fol lowing composi t ion: 
Fe tot. = 53.70% 
F e " = 6.60% 
S = 2.10% 
As = 0.22% 
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was finely g round , toge ther with 2% coal cor responding to 1% fixed ca rbon 
and pel let ized. At a t empera tu re of a b o u t 9 5 0 - 1 0 0 0 0 C and an oxygen 
content of less than 3% in heat ing gas, it was possible to lower the arsenic 
content down to a b o u t 0 .01 -0 .02% and the su lphur content to 0.02% 110). 
Such iron ore pellets, largely l iberated f r o m arsenic impur i t ies can be 
utilized for i ron p roduc t ion . 



8 Balling Equipment 

Raw material preparation, green ball format ion 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 uni form and op t imum quality, the design and function of the 
pertinent appara tus 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. Dur ing the design and layout of the 
whole pelletizing plant, these varieties of apparatus have to be so d imen-
sioned and combined with each other that an op t imum 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 150tph 111). Before the design of the pelletizing plant for ore 
mixtures at Ijmuiden 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 bindere 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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o p t i m u m h a r m o n y with each other. T h e fol lowing d e m a n d s are m a d e on 
the balling equ ipmen t : 

— G o o d mix ing effect to ensure — as far as possible — a u n i f o r m distribution of all const i tuents and addit ives, 

— cont inuous and smooth movements , 
— intensive re la t ive movement s of conglomera tes due to u n i f o r m mois-

tening of gra in surfaces, 
— intensive relat ive movements of individual solid part icles to each o ther 

to obta in a m a x i m u m n u m b e r of contact points and surfaces in o rder to 
form as m a n y capil laries as possible, 

— movements fo r p roducing a slight pressure in order to reduce the n u m -
ber of cavities be tween solid particles and to fo rm porous conglomer-
ates, 

— rolling m o v e m e n t in order to fo rm balls f r o m the agglomerates which 
are partly still i rregular. 

8 .2 .1 Ball F o r m a t i o n and O p e r a t i o n of the 
Pr inc ipal Pe l l e t i z ing U n i t s 

Pelletizing uni ts should have all construct ional features so as to allow a 
mechanical t r ans fo rmat ion of the process pa rame te r s for ball fo rmat ion . 
T h e grain mix to be pelletized with abou t 8 0 % - 0 . 0 4 5 m m , of d i f fe ren t 
grain shape and surface is moved in such a way that the most effect ive 
bonds requ i red for good ball fo rmat ion can arise. Th is m o v e m e n t is 
achieved by us ing sui table appa ra tus and special tools, e.g. in so-called 
positive mixers. However , the most natural and the simplest m o v e m e n t is 
the freely rolling movement for which favourab le condi t ions for ball f o r m a -
tion are given by nature. T h e rolling m o v e m e n t is also the basis for the 
most f requent ly employed pelletizing units. It arises when the angle of 
repose of an ore pile is so steep that the gravi ty of particles overcomes the 
frictional resistance of its environment . W h e n a loose ore mass is d u m p e d 
on a plain suppor t , a p y r a m i d e with a specif ic angle of repose is f o rmed 
which results f r o m the fr ict ional resistance of the pile. Dry grains f o rm a 
flat angle of repose while i rregularly shaped and wet grains with a m a j o r 
fr ic t ion fo rm a s teeper one. In the posit ion of rest, the pile forms the stat ic 
angle of repose. W h e n the fr ic t ion is overcome at a s teeper slope, the pile 
surface undergoes a rolling m o v e m e n t until the static angle of repose is 
again reached and the pile is once more in a posi t ion of rest. T h e rolling 
movemen t can be ma in ta ined 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 p laced on an adequate ly incl ined suppor t moving in 
opposi te d i rec t ion to gravity of the mass i.e. mov ing diagonal ly upwards . 
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In this way, the suppor t cont inuously moves mate r i a l upwards due to the 
fr ict ional resistance be tween suppor t and ore. W h e n the angle of the 
inclined suppor t becomes steeper, the grains are compel led to reverse and 
roll downwards over the ore surface. O n roll ing down, the wet grains tend 
to pick up o ther part icles and start to f o rm balls. If this downward move-
ment can cont inue in the presence of new, f resh particles, the d i a m e t e r of 
agglomerates increases and green pellets of desi red size are f inally fo rmed . 
Under these condit ions, a combina t i on of balls of d i f f e ren t d i a m e t e r down 
to the original fines part icle size develops. D u r i n g the downward rolling 
movemen t a certain sorting of the mix occurs according to the d i f fe ren t 
fr ict ional resistance. T h e largest balls ga ther on the surface of the ore 
charge and the fines wi th the highest f r ic t ional resistance accumula te on 
the support . T h e balls a l ready f o r m e d roll d o w n earl ier whereas the very 
fine part icles are compel led to reverse. If the suppor t is p la in like the 
bo t tom of a bal l ing disc a cor responding device is necessary to reverse the 
material flow. However , if the suppor t is curved like the inner wall of a 
d rum, the mater ia l au tomat ica l ly reverses at a certain wall slope. Accord-
ing to their weight and gravity, the d o w n w a r d rolling balls give rise to 
slight hits to the su r round ing pellets. As a result, the balls are consol idated 
or weak balls m a y break . T h e condi t ion of such a roll ing ore mass with a 
wide size range is d iagrammat ica l ly shown in Fig. 101. If the suppor t is 
moved in the oppos i te d i rect ion to gravity, it l ifts a mix tu re of grains of 
d i f ferent d i a m e t e r at a specif ic slope, d u e to its l i f t ing power and fr ic t ional 

Fig. 101. Factors influencing rolling movement of particles (gravity, frictional resistance, upward conveyance, angle of supporting plate) 
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resistance, until gravity overcomes the fr ict ional resistance. T h e rolling-
down m o v e m e n t then begins selectively according to the d i f fe ren t f r ic-
tional resistance which automat ica l ly brings a b o u t classification. O w i n g to 
the classifying effect , zones of agglomerates with d i f fe ren t d iamete r s a re 
clearly percept ible . According to the type and m o d e of opera t ion of the 
balling unit, the f inished balls automat ical ly separa te f r om the r ema in ing 
mix as in the case of the bal l ing disc. 

If there is no suff ic ient sorting effect — as with the d r u m — the discharged pellet mass has to be separa ted by smoo th screening beh ind the 
balling unit. T h e crushed oversize and unders ize are recycled to the f resh 
feed. Nowadays , mostly d rums and discs are used as ball ing e q u i p m e n t , 
the design and func t ion of which is the subject of the fol lowing considerations. 

8 .2 .2 B a l l i n g D r u m 

The ball ing d r u m was developed f r o m the mix ing d r u m used in sinter 
plants and adap t ed to its new funct ion. D u r i n g the first years of deve lop-
ment, the d r u m was the sole bal l ing unit. All pellet izing plants ope ra t ed 
on an industr ia l scale in the U S A and in Sweden were exclusively 
equ ipped wi th d r u m s up to abou t 1956. O w i n g to the fact that the i r 
component par ts have been known and proved for m a n y years, as well as 
to their easy opera t ional control unde r relevant opera t ing condit ions, they 
are nowadays also used f requent ly 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. T h e d r u m consists of a slightly in-
clined cyl inder open at both ends, occasionally with a low re tent ion ring 
or cone at the feed end in order to prevent any backward f low of pel le t 
feed. Fo r the improvemen t of the adhesive strength and roughness, the 
metall ic s m o o t h inner wall is coated with a layer of moist f ines and its 
thickness is control led and l imited by scrapers. These scrapers a re 
stat ionary or rotat ing and ar ranged in paral lel to the d r u m axis. In 
modern plants, so-called rotat ing spiral scrapers are used which not only 
limit the bed height bu t also impar t a h igher fr ic t ional resistance to the 
inner face. 

In order to ensure a successful opera t ion , the d imens ions and func t ions 
of the pr incipal d r u m componen t par ts must be variable , such as: 
- length and d i a m e t e r of d r u m 
- angle of incl inat ion of d r u m axis to the hor izontal 
- n u m b e r of revolutions. 
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Fig. 102 shows d iagrammat ica l ly the essential bal l ing d r u m componen t 
parts, their d imens ions and opera t ing characteris t ics as they are used for 
industrial plants with capacit ies of 9 0 - 1 3 0 t ph green pellets for var ious 
ore types. 

Fig. 102. Main dimensions and influencing features of a drum for green pellet production at a rate of 90-130 t/h 

8.2.2.1.2 Operation of the Balling Drum. T h e p r e p a r e d feed is charged to 
the uppe r end of the d rum. If necessary, water is sprayed on de te rmined 
areas for the ach ievement of o p t i m u m ball fo rma t ion . T h e mater ia l rolls 
in flat spirals towards the discharge end. Accord ing to the length, slope, 
rotat ing speed and filling degree of d r u m , pellets with a certain size 
distr ibut ion are p roduced at a capaci ty d e p e n d e n t on the ore type used. 
D u e to the m o d e of opera t ion the d r u m has pract ical ly no sorting effect . 
T h e d r u m discharge has to be screened and the pellets of desi red size are 
separated. Any p roduced oversize is, a f te r crushing, c o m b i n e d wi th under -
size and fresh feed mater ia l and jo int ly charged to the d r u m . Thus , there 
is an inevitable circulat ing load of recycled unders ize whose quant i ty m a y 
vary between 100 -400% of the f resh feed depend ing on the opera t ing 
conditions. T h e small pellets conta ined in the unders ize serve, dur ing their 
repeated passage th rough the d rum, as seeds for the f o r m a t i o n of p roper ly 
sized pellets. According to the circulat ing load involved, the raw mater ia l 
passes repeatedly th rough the d r u m befo re f in ished pellets are discharged. 
T h e separa t ion of the uti l izable f ract ions is normal ly achieved th rough a 
specially deve loped , smoothly v ibra t ing screen in order to preserve the 
green ball qua l i ty and to avoid water f r o m the capi l lar ies being pressed to 
the surface. T h e screen capaci ty mus t be suff ic ient to compensa te for 
m a j o r fluctuations. T h e normal ly used v ibra t ing screen is nowadays 
increasingly replaced by a roller screen especially deve loped for green ball 
handling. Fig. 103 d iagrammat ica l ly shows the green pellet and unders ize 
circuit. T h e separa t ion of pellets of p r ope r size is achieved according to 
al ternat ive I - wi th v ibra t ing screen - and a l ternat ive II - with roller 
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Fig. 103. Flow sheet of pelletizing drum operation 

screen. T h e opera t ion of the roller screen is smoother . T h e f luc tua t ions of 
the circulat ing load inf luence the filling degree and proper t ies of the d r u m 
and to some extent, the size range of the pellets. Th is is a d i sadvantage of 
the d r u m opera t ion and is still the subject of special endeavours to r educe 
or even to avoid it 112). However , it is such an impor t an t inf luencing fac tor 
that it has to be considered for the evaluat ion of all o the r factors. 

8.2.2.2 Influencing Factors for Green Ball Formation in a Drum 

8.2.2.2.1 Drum Rotating Speed. A specific ro ta t ing speed of d r u m is 
necessary for green ball fo rmat ion . A rota t ion which is e i ther too slow or 
too fast has to be avoided, as is d iagrammat ica l ly shown in Fig. 104. T h e 
behaviour of the charge is observed at three d i f f e ren t speeds: 

(a) T h e d r u m rotates too slowly. T h e charge does not roll bu t slides as 
a mass in swinging movements upwards and downwards on the wall. N o 
pellets are fo rmed . 

(b) T h e d r u m rotates at such a speed tha t due to the f r ic t ional 
resistance prevai l ing on the wall, the charge is l i f ted unti l the mate r ia l 
reaches and exceeds the dynamic angle. On the charge surface where the 
fr ic t ion reaches its m i n i m u m , the particles begin to roll downwards whi le 
the first agglomerates emerge. At the same t i m e the pellets are growing 
due to the layering of fines on the a l ready existing nuclei f r o m the 
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Fig. 104. Movement of pellet feed in a drum at various rotating speeds 

rotat ing mass. A t this o p t i m u m speed, the mate r i a l main ly carries out a 
rolling m o v e m e n t while it is be ing tu rned over. This m o v e m e n t is 
designated as cascade movement . 

(c) T h e d r u m rotates so fast tha t the cha rge is moved beyond the 
dynamic angle of repose and pressed against the wall. At the s teeper 
angle, the mass d u m p s onto the lower layer, w i thou t rolling. U n d e r these 
condit ions no agglomera tes can be fo rmed . T h e basic cr i ter ion for all 
fu r ther considerat ions is the o p t i m u m speed of rotat ion. However , this 
speed is d e p e n d e n t on the fr ict ional proper t ies of the particles. It has to be 
ascertained by tests for each par t icu la r pellet feed. F o r this reason, many 
industrial d r u m s can be opera ted at varying speed. 

8.2.2.2.2 Length and Tilt Angle of Drum. Before the f inished green ball is 
finally fo rmed , the charge needs a certain f o r m a t i o n per iod du r ing which 
the necessary rolling distance is covered for which a certain d r u m length is 
required. Empir ical ly , a mul t ip l ie r of 2 1/2-3 of d r u m d iame te r is 
established for the d r u m length. A p a r t f r o m the length, the tilt angle of 
the d r u m also plays an impor t an t role. It de t e rmines the passage t ime, 
Fig. 105, and the fil l ing load at a given th roughpu t . T h e l imits are deter-
mined by two d i f fe ren t d r u m speeds. T h e lower range corresponds to the 
passage t ime of the whole charge. 

T h e upper per iod only refers to the feed ra te which corresponds to the 
pellet p roduc t ion rates. 

T h e a m o u n t of mater ia l to be recycled is d e p e n d e n t on the d r u m slope, 
curve I in Fig. 106, d r u m length, curve II, and screen openings for sepa-
rating the green pellets of desired size, curve III. A great length decreases 
the quant i ty of recycled mater ia l and vice versa. T h e greater the screen 
openings, the h igher the a m o u n t of unders ize or circulat ing load. 
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Fig. 105. Influence of drum slope and rotating speed on retention time of green 
pellet feed and total load 

Fig. 106. Influencing factors of drum operation on circuit 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 1 1 3 ) , the rotating spiral scraper, the roughened wall and low filling degree. T h e sur face area of the bed , 
which is avai lable for the downward rolling movemen t s is impor t an t for 
the ball fo rmat ion . 

8.2.2.3 Balling Drum Capacity 

T h e capaci ty depends very much on the proper t ies of the mater ia l to be 
pelletized. Ma thema t i ca l calculations cannot yield exact data . Opera t iona l 
data f rom labora tory tests allow the def in i t ion of re l iable d imens ions and 

Table 27. Dimensions, operating conditionsa and production rate of pelletizing 
drums 

Drum diameter 
mm 

Length 
mm 

Green ball production 
tph 

Drum diameter 
mm 

Length 
mm 

Green ball production 
tph 

1800 6100 20 
2745 9150 80 
3050 9755 120 
3660 9753 170 

a Slope 6° - 1 0 ° 
Rotation speed 8 - 14/min depending on ore properties 
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t ime requi red for the produc t ion of green pellets of good quali ty. In o rder 
to ensure a f lexible th roughpu t of the d r u m in an industr ia l plant and to 
compensate for f luctuat ions, the tilt angle and rota t ing speed of d r u m s can 
be varied. In principle, the capaci ty is dependen t on s imilar cri teria as for 
the disc. According to the in fo rmat ion ob ta ined f r o m a d r u m suppl ie r 113), 
the fol lowing correlat ions shown in Tab le 27, exist. 

These values m a y vary according to the ore type, proper t ies and 
quanti ty of addi t ives as well as to the desired pellet size. W h e n o p t i m u m 
operat ional pa ramete r s are main ta ined , pellets of good qual i ty are 
produced. 

8 . 2 . 3 Ba l l ing D i s c 

T h e disc was already used for ball ing of cement raw meal and in the 
fertilizer industry before its appl ica t ion for i ron ore pellet izing was 
investigated abou t 1949/50 114). W h e n ball ing f ine ores on a disc, this is 
done under the s ame physical condi t ions as in a bal l ing d rum. T h e rolling 
movement is ini t ia ted by the inclination of the p la in disc bo t t om instead 
of the concave d r u m wall. D u e to the design and opera t ion of the disc a 
classification by the ball d i amete r a lready starts dur ing ball fo rmat ion . 
Today, even though at a m u c h later date than the d r u m , a cons iderable 
por t ion of world pellet p roduc t ion 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 s imi lar manne r to the d r u m , 
the disc consists of the component parts necessary for ball format ion. They 
are represented in Fig. 108. T h e 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, p la in bo t tom area. T o ensure suff ic ient f r ic t ional 
resistance and a good l i f t ing effect for the pellet feed, a moist ore bed of 
about 3—10cm thickness is layered on the bo t tom and is control led by 
scrapers. D i f f e ren t designs were deve loped such as s ta t ionary and oscil-
lating scrapers or ro ta t ing spirals. T h e capaci ty of the disc is given by the 
side wall posi t ioned at an angle of 9 0 0 to the bo t tom. T h e he ight of the 
rim is, to some extent, dependen t on the disc d iamete r . T h e speed can be 
varied within cer ta in l imits depend ing on the pellet izing proper t ies of raw 
material . 

8.2.3.1.2 Operation of the Balling Disc. A t t empt s should be m a d e to 
utilize a m a x i m u m part of the disc a rea for green ball fo rmat ion . At the 
beginning of the deve lopmen t work, the por t ion of bo t t om area was as 
low as some 50% and could be raised to approx . 90% in the course of 
fur ther deve lopment . Since dur ing ball f o r m a t i o n a classif icat ion occurs 
u p to the discharge of pellets of the desired size, the quant i ty of the 
necessary pellet feed corresponds to the a m o u n t of pellets d ischarged . 
This results in a s imple f lowsheet for the mater ia l f low shown in Fig. 109. 
If, nevertheless, small amoun t s of unders ize develop which mostly occurs 
dur ing t ransporta t ion, these can be separa ted by a roller screen and 
recycled. 

To initiate the downward rolling m o v e m e n t , the disc is inclined at such 
an angle that the mater ia l layer charged exceeds the d y n a m i c angle of 
repose. According to the l if t ing power of the rough disc bo t tom and the 

Fig. 109. Flow sheet of pelletizing disc operation 
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fr ict ional resistance of the mater ia l , the finest particles are l if ted u p to the 
cu lminat ion point f r o m where they are forced to roll down by deflectors. 
T h e pellets a l ready p roduced reverse earlier and roll downwards over the 
surface of the charge while their d i ame te r increases, Fig. 110. By an 
adequa te a r rangement of scrapers, the charge is so gu ided that du r ing its 
downward-rol l ing a classification is p romoted . T h e feed point of raw 
mater ia l should be there located where seeds are f o r m e d i.e. with a clock-

Fig. 110. Movement of pellet feed in the disc (formation of green pellets, size in-
crease and discharge of finished pellets) 

wise disc ro ta t ion approximate ly 3—4 hrs. This poin t can be var ied for 
inf luencing the pellet d i amete r and according to the ore proper t ies . If 
water is needed for ball fo rmat ion , this can be added at points where the 
pellets are still nascent. Fig. 110 shows the mater ia l movements of the 
downward roll ing charge, addi t ional ly guided by scrapers, as well as the 
raw material feed and discharge poin t of the f in ished pellets located at 
abou t 7 - 8 . 3 0 hrs. In a cross section the classif icat ion is percept ib le in 
many layers according to the d iamete r of the indiv idual agglomerates . 
T h e sector of a ball ing disc with the recognizable separa t ing effect is 
shown in Fig. 111. 

8.2.3.2 Influencing Factors of Green Ball Formation on a Disc 

In case of d r u m s the concave shape of the wall and the rotat ing speed 
are the two factors init iat ing and controll ing the downward rolling move-
ment. F o r a disc, the inclined pla in bot tom, the side wall, the def lec tor 
and scrapers have the func t ion of ini t iat ing and main ta in ing the roll ing 
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Fig. 111. Size classifying effect in a disc 

movement . In this connection, it is impor t an t to provide a m a x i m u m 
rol l ing-down dis tance for the mater ia l to be pellet ized by the incl inat ion 
of the disc, its l i f t ing power and the fr ic t ional resistance of the charge. 

8.2.3.2.1 Disc Slope and Rim Height. T h e disc slope is de t e rmined by the 
dynamic angle of repose of specif ic mater ia l . T o overcome this angle, the 

Fig. 112. Relation between disc slope, rim height and angle of repose of a fine-grained ore pile 
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disc slope mus t always be slightly s teeper which is shown by Bhrany on 
the sketch in Fig. 112. If a is the dynamic angle of repose and β the tilt 
angle of the disc bot tom, the latter mus t always be greater than α. If it were 
smaller or equal , the mater ia l would be b rough t to a posi t ion of rest. At 
too steep an angle, the charge would no longer be l i f ted by fr ict ion. As in 
all previous cases, the fr ict ional factor, d e p e n d e n t on the ore type used, 
plays a decisive role. T h e tilt angle to the hor izontal l ine of discs for high 
p roduc t ion rates with a m i n i m u m d iamete r of 6 m varies be tween 45 and 
4 8 ° according to the fr ict ional coeff icient of ore and the l if t ing coeff icient . 
The rim height is also de te rmined by the tilt angle. T h e filling vo lume is 
dependen t on bo th factors. 

8.2.3.2.2 Disc Rotating Speed. This is subject to the same condi t ions as for 
the d rum. Wi th insuff icient speed, the charge remains in a relat ive 
posi t ion of rest. N o rolling of mater ia l occurs. At an excessive speed, the 
mater ia l moves upwards wi thout rolling down. D u e to the centr i fugal 
force, it is slung against the disc r im and no longer comes off so that no 
relative rolling movemen t is possible. This p h e n o m e n o n occurs at the 
critical speed. According to experience the o p t i m u m speed must be below 
abou t 70% of this value. Pr imar i ly the f ine-gra ined part icles should be 
practically l i f ted up to the vertex and are then forced to roll downward . In 
this way, the length and the greatest par t of the surface are uti l ized as 
rolling path . T h e speed of discs in industr ial plants ranges f r o m 6 to 7 
rotat ions per minu te at d iameters of 6—7.5 m which means a circumferential speed of 1 4 0 - 1 6 0 m / m i n . In the case of large d rums of 3.6 m 
d iamete r and at a speed of 10—14 rpm, the c i rcumferent ia l speed is also 
abou t 110—160 m / m i n . 

8.2.3.2.3 Residence Time of Material in the Disc. T h e residence t ime 
required for ball fo rmat ion is abou t the s a m e in the d r u m for a given 
pellet size. T h e t ime varies l inearly with the pellet d i ame te r 25). 

Bhrany found the fol lowing relat ion be tween t ime and pellet size for 
the d i f fe ren t ores: 

Pellet size in m m 8 10 12 
Residence T i m e Ore A 120 150 200 
in sec. O r e B 70 90 100 

see also Fig. 105, i tem 8.2.2.2.2 for d r u m opera t ion. 
This results f r om the disc filling degree which is de te rmined by the 

d iameter , r im height , tilt angle and desired pellet size. 
Besides the bulk density which may vary between 2 and 2.2 t /m 3 , the 

mois ture content of the charge plays a decisive part. If a pel le t izable con-
centrate having the mois ture content requ i red for ball f o r m a t i o n is 
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involved, the residence t ime of the charge can a lmost exclusively be 
utilized for ball fo rmat ion . However , if wa te r has to be added to the 
charge, the residence t ime extends and results in a cor responding larger 
capacity, as shown in Fig. 48, i tem 5.2. 

8.2.3.2.4 Disc Diameter. In view of the s imple design and m o d e of 
opera t ion of the ball ing disc, it can easily be used for small pellet izing 
capacities. As indicated unde r i tem 4.4.3, a l abora tory type ball ing disc 
has, for example , a d i amete r of 0.8— 1 m and the commerc ia l disc m a y 
have any d i a m e t e r requi red . In big pellet izing plants buil t recently, discs 
of d iameters be tween 6.5 and 7.5 m are in opera t ion . T h e size of disc a rea 
has no inf luence on the pellet qual i ty apar t f r o m the fact tha t the porosi ty 
decreases slightly with increasing d iamete r . However , the d i ame te r and 
disc area are decisive for the quant i ty of pellets p roduced . All cri teria for 
the fo rma t ion of balls of good qual i ty mus t be given in an o p t i m u m 
manner for each disc size, i.e. there is a cer ta in correla t ion dependen t on 
the ore-type used which should be de t e rmined by tests be tween speed, tilt 
angle, r im height , filling degree and residence t ime. 

Consequent ly , there are direct relations be tween disc d iameter , disc 
surface and th roughpu t rate. 

8.2.3.3 Balling Disc Capacity 

Subject to o p t i m u m qual i ty of green pellets, the t h r o u g h p u t rate is 
de te rmined by the filling degree of the disc, bu lk densi ty and residence 
time. 

All factors for qual i ty control can be ascer ta ined previously in the 
laboratory where the capaci ty l imit can be easily de te rmined . It is 
exceeded when the pellet qual i ty decreases. T h e t h r o u g h p u t related to 
disc area in tph can then be converted to the d imens ions of an industr ia l 
plant. In such a plant, values which are somet imes be t te r t han those f o u n d 
in the laboratory are reached. Tab le 12, i tem 4 shows a compar i son of the 
values ob ta ined in industr ia l plants wi th those in the labora tory . Except 
for minor variat ions in favour of the indus t r ia l p lant , a good correla t ion is 
observed as is the case with green ball qual i t ies . Ma thema t i ca l models 
suggest that the capaci ty be de t e rmined th rough the bal l ing disc d iameter . 
However , it appears that the s implest way to convert the capaci ty is 
through the bal l ing disc area. 

Table 28 indicates the dependency of capaci ty on the d imens ions of dif-
ferent balling discs in opera t ion. 

The raw mater ia l characterist ics represent an impor t an t inf luencing 
factor for capaci ty variat ions. Accord ing to the ore type as well as com-
posit ion and quan t i ty of addi t ives (see i tems 5 .3 .1 .3-5 .3 .3 .3) the capaci ty 
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Table 28. Dimensions, operating conditions and production rate of pelletizing discs 

Disk 
dia-
meter 
mm 

Area 

m2 

Rim 
height 

mm 

Tilt 
angle 

Speed 
r.p.m. 

Green pellet 
production 

Disk 
dia-
meter 
mm 

Area 

m2 

Rim 
height 

mm 

Tilt 
angle 

Speed 
r.p.m. 

Green pellet 
production 

Disk 
dia-
meter 
mm 

Area 

m2 

Rim 
height 

mm 

Tilt 
angle 

Speed 
r.p.m. 

tph tph/m2 

Disk 
dia-
meter 
mm 

Area 

m2 

Rim 
height 

mm 

Tilt 
angle 

Speed 
r.p.m. 

tph tph/m2 

5000 20 550/600 4 5 - 4 8 ° 6.5/7.5 4 0 - 60 2 - 3 
5500 23.5 550/600 4 5 - 4 8 ° 6.5/7.5 5 0 - 70 2 . 1 - 3 
6000 28 550/600 4 5 - 4 8 ° 6/7 6 0 - 90 2 .1 -3 .2 
7000 38 600/700 4 5 - 4 8 ° 6/7 90 - 120 2 .4 -3 .1 
7500 44 600/800 4 5 - 4 8 ° 6/7 9 0 - 140 2 .1 -3 .2 

m a y fluctuate up to 30%. This calls for the p e r f o r m a n c e of ca re fu l tests 
with each indiv idual ore or mixture . M i n o r var ia t ions dur ing ope ra t ion 
can be compensa ted for by an adjus tab le disc slope, disc r im he igh t and 
speed. 

8 .2 .4 C o m p a r i s o n Be tween Ba l l ing D r u m and 
Ba l l ing D i s c 1 1 5 , 4 2 ) 

Balling d r u m s and ball ing discs are the two units wi th which pract ical ly 
all big pellet izing plants th roughou t the world are equ ipped . Both units 
opera te according to the s ame process pr inciple . T h e green balls f o r m e d 
are a lmost of the same quali ty. Wa te r consumpt ion , g ranu lomet r i c 
proper t ies and b inder consumpt ion do not inf luence ei ther of the systems. 
T h e great d i f fe rence is that in the case of t he d r u m opera t ion a relatively 
high circulat ing load of unders ize is ma in ta ined by screening. This of fers a 
certain mate r ia l bu f fe r to compensa te for m ino r irregulari t ies of feed rate. 
T h e d r u m is, to some extent, less sensitive to feed rate variat ions t h a n the 
disc. L K A B carr ied out a comple te compar i son be tween d r u m and disc at 
its travelling grate plant with a capacity of 2.5 mil l ion tpy pellets at M a l m -
berget 4 2 ) . T h e m o d e of opera t ion of a d r u m with a d i ame te r of 3.6 m and 
a length of 9.5 m was compared with tha t of a bal l ing disc of 7.5 m dia. 
T h e results of these tests can be summar ized as follows: 
— T h e flexibili ty of the d r u m to mater ia l fluctuations is to some extent 

bet ter t han that of the disc. 
— T h e p roduc t qual i ty is equal for both systems. 
— T h e pellets leaving the ball ing d r u m are screened and the unders ize is 

recirculated. 
— T h e pellets leaving the bal l ing disc are screened if it is desired to m a i n -

tain a very close size range for direct reduct ion. F o r blast fu rnaces 
screening is not necessary. 
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Fig. 113. Development of green pellet production in drums and discs 

Process technological and qual i ta t ive d i f fe rences apparen t ly d o not exist 
for either system. T h e quest ion regard ing d i f f e ren t costs arises. T h e com-
parison m a d e by L K A B yielded an economic advan tage in f avour of the 
disc opera t ion. F o r the p roduc t ion of blast fu rnace pellets where no 
screening is necessary, the costs are by 4—8% lower as c o m p a r e d with 
d r u m operat ion. In this connection, a pellet size range of 8 5 - 9 2 % between 
9 - 1 5 m m and less than 3% under 5 m m are expected when a disc is used. 

Fig. 113 shows the deve lopment of pel let p roduc t ion in d rums and 
discs. T h e use of discs increases c o m p a r e d wi th tha t of d rums . 

8 . 2 . 5 C o m p a r i s o n of Vibrat ing and Rol l er S c r e e n s 

Within the scope of the compara t ive tests p e r f o r m e d with d r u m s and 
discs L K A B also invest igated the g reen ball screening with vibrat ing and 
roller screens, see f lowsheet of Fig. 103. A v ibra t ing screen of 2.1 m width 
and 4.3 m length with d i f fe ren t screen decks was c om pa red with a roller 
screen of 2.5 m wid th having 49 rollers of 10.2 cm d i a m e t e r wi th d i f fe ren t 
gaps between the indiv idual rolls. T h e p u r p o s e of this compar i son was to 
f ind out how dist inct was the separa t ion of under - and oversize f r o m the 
desired product size be tween 10 and 12.5 m m . In this connection, it was 
ascer tained tha t the eff iciency of the roller screen under equal condi t ions 
was higher by abou t 25% than that of the v ibra t ing screen. Consequent ly , 
roller screens were installed in an existing plant . F u r t h e r m o r e , it was 
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assumed that pellets of a bet ter surface qual i ty could be ob ta ined by using 
roller screens. In addi t ion, the opera t ion of these roller screens p roved to 
be smoother with lower vibrat ions observed in the bu i ld ing structure. 

8 .2 .6 Other Ba l l ing S y s t e m s 

For both systems, discs and drums, a l ternat ive construct ions were 
developed e.g. the stepwise bal l ing disc called "f lying saucer" or a d r u m 
with inner re tent ion cones. In each case, the undis tu rbed , free, roll ing 
movemen t requ i red for good ball fo rmat ion was purposely in te r rup ted 
which finally proved to be a disadvantage. N o w a d a y s , such systems are no 
longer used. Only the f ree d r u m space and the f ree disc area ensure 
o p t i m u m rolling effect for the fo rmat ion of pe r fec t green balls. 

8.2.6.1 Balling Cone 116) 

In some pellet izing plants of Beth lehem Steel ball ing cones were used 
on an industrial scale. Fig. 114 d iagrammatical ly shows the most impor tan t 
componen t parts. T h e m o d e of opera t ion is ha l fway between that of d r u m 
and disc. T h e rolling principle of green ball f o r m a t i o n is identical. Separa -
tion of undersize is unnecessary because a classif icat ion takes place inside 
the ball ing cone and only pellets of the greatest d i ame te r are discharged. 
Cone angle, d i ame te r and slope referred to the horizontal are var iable . 
Nowadays bal l ing cones are no longer used. 

Fig. 114. Green pellet formation in a cone 

8.2.6.2 Mix Granulator 117) 

This appa ra tus operates intermittently. Mix ing devices installed in a 
concentrically rotat ing circular vessel carry out partly eccentric circular 
movements and thus force the particles to be mixed and granula ted into 
contact with each other by a sl iding effect u n d e r a slight pressure. In the 
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presence of water , capil lary forces m a y thus develop which br ing abou t 
the fo rma t ion of agglomerates . Th is a p p a r a t u s successfully used in m a n y 
industries has not p roved sui table for the i ron ore pellet izing technology 
due to its low capaci ty compa r e d with the h igh t h r o u g h p u t requ i red in big 
pelletizing plants. 

8.2.6.3 Vibrating Trough 114) 

Attempts have always been m a d e to app ly o ther m o v e m e n t pr inciples 
apart f rom rolling to ball formation. Most of these at tempts are more or less 
of theoretical value. Nevertheless , they are br ief ly descr ibed below. 
Curved t roughs are vibrated with the f r equency and v ibra t ion amp l i t ude 
as well as the curvature being variable. T h e mater ia l is fed at one po in t 
and passes in to the zone of the v ibra t ing bo t tom. On this occasion, the 
direct ion of the t ra jectory pa rabo la opposes gravi ta t ion so tha t a down-
ward movemen t is ob ta ined as resultant . A screening device ar ranged at 
the end of each pelletizing t rough discharges the unders ize into the next 
t rough and the f in ished pellets are del ivered laterally. A p a r t f r o m the 
vibrat ing rolling movements , slight impac t forces tend to improve the 
pellet strength. 

8.2.6.4 Eccentrically Moving Unit 28) 

Such an appa ra tus was considered for ball fo rmat ion . R a w mater ia l and 
water were charged into an eccentrically moving bowl and, d u e to 
horizontal rotat ion, ball f o rma t ion started. As a result of the centr i fugal 
force, the bulkier pellets leave the bowl and d r o p into the vertical 
downward tapering pipe which pe r fo rms the s a m e eccentric, c ircular move-
ments as the bowl. T h e pellets roll spirally d o w n w a r d s along the wall. 

In this way, it was possible to p roduce green balls of high strength with 
a low water content . T h e appa ra tus was too compl ica ted and was never 
used on an industr ial scale. 

8.3 Handling and Feeding Devices 

The t ransport of green balls f r om the bal l ing to the indura t ing units 
makes, f r o m a mechanical viewpoint , the highest d e m a n d s on the i r 
strength, d r o p resistance and tumbl ing behav iour . The re fo re , the pr incipal 
funct ion of the handl ing equ ipmen t is to t ranspor t the pellets to the sub-
sequent process stage wi thout causing any damage . It is wor thwhi le to 
look for adequa te ly designed handl ing and feeding devices which enable 
careful handl ing of the sof t green balls. It should be noted that the 
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methods for testing the green ball strength were especially deve loped for 
testing the pellet proper t ies at the t ransfer points (d rop test) and dur ing 
their sliding over chutes or dur ing their downward m o v e m e n t in the shaf t 
furnace (abrasion test). Normally, green balls are carried on conveyor belts 
to the indura t ing reactors. T h e design of the reversing stat ion of these 
conveyor belts de termines the height of pellet d r o p which may be up to 
one meter. Desp i t e the deficiency of these designs which was early 
recognized it took a long t ime until better devices were developed. 

8 .3 .1 Rol ler C o n v e y o r 

T h e roller conveyor was especially deve loped for green ball hand l ing 
problems in pelletizing plant No. 1 of the Internat ional Nickel Co. at 
Coppe r Cliff , C a n a d a and was proved on an industr ia l scale (1958). T h e 
technical innovat ion and adequa t e design resulted in patents being issued 
th roughout the world 1 1 8 ) . T h e funct ioning pr inciple is based on the 
rotat ion of individual ly dr iven rolls which, as a combined system, 
t ransport the green balls at a specific angle of incl inat ion f rom a h igher 
point downwards . Each of the individual green balls rolls downwards with 
its rotat ing direct ion being opposi te that of the rollers, as is d i ag ram-
matically shown in Fig. 115. T h e roller d i a m e t e r and the dis tance 
between the rolls are in a certain re la t ionship to the ball d iamete r . 
T h e pellet ro ta t ing 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 f r o m their s traight- l ine 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 d is t r ibuted over the full w id th of the conveyor feeding 
the indura t ing machine . Nowadays , the roller conveyor is used in travel-
ling grate plants and is also increasingly app l i ed to o ther f i r ing systems. 
Fig. 116 shows a p h o t o g r a p h of a roller conveyor on an industr ia l scale. 

8 .3 .2 Ro l l er S c r e e n 

The roller screen was der ived f r o m the roller conveyor wi th the gap 
widths between indiv idual rolls hav ing been adap t ed to the unders ize 
particles to be separa ted . Thus , pa r t of the roller conveyor opera tes as a 
screen, before the green balls are fed to the indura t ing mach ine , see 
Figs. 115 and 116. In this way, fines and ball f r agmen t s can be separa ted 
f rom the feed and recirculated. T h e roller conveyor has the addi t iona l 
advantage tha t the balls receive a very smooth , u n i f o r m sur face by their 
cont inuous roll ing movement . 

8 . 3 . 3 R o l l i n g B e l t C o n v e y o r 119) 

Another interesting alternative has already been tested in Inco's Copper 
Cliff Pelletizing plant , namely the roll ing belt conveyor. A belt conveyor 
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with a relatively steep angle of inclination re fer red to the horizontal 
moves upwards in opposi te direct ion to the d o w n w a r d m o v e m e n t of green 
balls. T h e accelerated speed of ball movemen t can be slowed d o w n by 
swinging r u b b e r aprons. F ines and pellet f ragments which do not roll are 
discharged upwards over the head pulley of belt conveyor and recycled. 
The rolling belt conveyor was also exper imental ly used as a ball ing unit . 
However , the per t inent deve lopment work was not cont inued. 



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 quali ty is sufficient, the various heating systems must be 
adapted to the new task. This means, modificat ions 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 indurat ing pellets f rom magneti te concentrates. 
As long as magneti te was the main raw material , the shaf t 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 f rom 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 combinat ion 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 "Gra te -
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, preheat ing and oxidation of magnetite. The green balls are in a 
relative position of rest. Hot waste gases f rom the rotary kiln or 
additionally f rom the cooler pass through the green ball layers in different 
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directions and zones while the green balls are dr ied and prehea ted . — In 
the rotary kiln, p rov ided with refractory l ining the p rehea ted pellets are 
indura ted main ly by rad ia t ion hea t to the requ i red tempera ture . D u r i n g 
the transfer f r o m the prehea t ing grate to the ro tary kiln, special care has 
to be taken in o rder to br ing the pellets in sound condi t ion into the rotary 
kiln to avoid breakage . Reac t ion of oxide dust with the hot l ining and 
format ion of accret ions or rings mus t be avoided. Af te r d r o p p i n g f r o m the 
travelling grate over a chute into the rotary kiln the pellets move in 
the fo rm of flat spirals towards the discharge end. - Subsequent ly , t he 
hot pellets pass into the third unit , the cooler, where they are cooled with 
air. The hea ted cooling air flows chiefly into the rotary kiln and par t ly 
over the travell ing grate. Wi th the possibili ty of having three d i f f e ren t 
process units, the heat supply can be p ropor t ioned according to the ore 
type to be t reated. T h e use of the travell ing grate with its var ious 
functions is impera t ive for a successful ope ra t ion of the rotary kiln. F o r 
thermal , opera t iona l and qual i ty reasons, the rotary kiln a lone would not 
be sufficient . 

(c) Travelling Grate. Since the turn of the century, the travell ing grate had 
been used for the sintering of f ine-grained iron ores and was a d a p t e d 
round abou t 1 9 4 8 - 5 0 to pellet f ir ing af ter a d e q u a t e modi f ica t ions had 
been made . T o d a y travelling grates are successfully in opera t ion for 
practically all ore types th roughou t the world. 

T h e indiv idual thermal zones of the travell ing grate can be ra ther 
easily separa ted into horizontal react ion areas and adap ted to the 
relevant r equ i rements by using process gas of controlled flow rates and 
temperatures . A f t e r the green balls have been charged to the grate, they 
remain in a relative posi t ion of rest until they are discharged. T h e last 
grate area serves to cool the hot pellets with f resh air. T h e recovered hea t 
is recirculated to the system. 

9.1 Shaft Furnace 

C o m p a r e d with other f i r ing systems, the shaf t fu rnace has some 
advantages, such as: 
- s imple construct ion, a small n u m b e r of moving parts, ref rac tory l ining 

of total fu rnace with bricks of o p t i m u m ce ramic qual i ty d i f fe r ing in 
various zones 

- intensive hea t exchange be tween gases and solids due to countercur ren t 
flow. 
A d isadvantage of the shaf t fu rnace is the little chance of inf luencing 

individual process stages and thus causing a lower flexibility. T o avoid 
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corrective ac t ion and to ensure t roub le - f ree opera t ion , some i m p o r t a n t 
condi t ions have to be fulf i l led: 
(a) Green balls of best qual i ty are requ i red . In par t icular , ben ton i te is 

one of the pr incipal b inders for shaf t f u r n a c e pellets. 
(b) U n i f o r m dis t r ibut ion of pellet cha rge over the cross sectional area. 
(c) Carefu l in t roduct ion of process gases wi thou t overhea t ing the f u r n a c e 

walls and marginal par ts of the pellet charge. 
(d) Uni fo rmly p ropor t ioned supply of b u r n i n g gases and cooling air as 

well as intensive mix ing in the thermal ly relevant f i r ing and p rehea t -
ing zone. 

Each i m p a i r m e n t of the un i fo rm pe rmeab i l i ty of the feed causes an 
irregular gas f low and thus an i r regular hea t supply which inevi tably 
results in a d i f fe r ing pellet quali ty. 

9 .1 .1 S h a f t F u r n a c e T y p e s 

In the course of deve lopment , var ious proved construct ions were em-
ployed. A qu i te early impor t an t mod i f i ca t i on to the fu rnace design was 
the change f r o m the ci rcular to the rec tangular shape of the fu rnace cross 
section which is general ly used nowadays . T h e green ball feed ing device 
was repeatedly modi f i ed . T h e shape, size and a r r a n g e m e n t of bu rne r gas 
inlet openings into the fu rnace space was also changed and especially the 
cooling m e t h o d so that sha f t furnaces with coolers of d i f fe ren t design are 
used. Two of the bes t -known types are d i ag rammat i ca l ly shown in Figs. 
117/118. 

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 fu rnace type, Fig. 117, the cooling is largely ac-
complished in the same space as the firing. T h e cooling zone is relatively 
long so that this fu rnace is designated as a long shaf t - type furnace. Such a 
cooling air f low rate is injected as is needed for o p t i m u m heat exchange. 
T h e chamber s for combus t ion of the fuel suppl ied are provided with f resh 
air. 

As far as the second furnace type, Fig. 118, is concerned, the m a j o r pa r t 
of cooling is carr ied out outside the shaf t in separa te cooling chambers . 
Two al ternatives are possible for recovering the sensible pellet heat . Ac-
cording to al ternat ive I, the hot cooling air is dedus ted and, depend ing on 
the per t inent requi rements , in t roduced directly into the combus t ion c h a m -
bers. As regards al ternat ive II, the heat exchange is achieved by using a 
recuperat ive system in which the cool, f resh air is indirectly heated and 
conveyed to the combus t ion chambers . 

At the present t ime, the long-type furnace , Fig. 117, is mainly given pre-
ference for compara t ive ly high throughputs . T h e fol lowing comments thus 
refer to this fu rnace type. 

9 .1 .2 P r o c e s s S t a g e s 

9.1.2.1 Charging of Green Balls to the Furnace 

One of the most impor t an t prerequisi tes to a regular furnace opera t ion 
is a good gas pe rmeab i l i ty of the charge. T o ensure this, the green balls 
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Fig. 119. Shaft furnace green pellet feeding device 

have to be loosely and evenly fed on to the charge surface. In the course of 
development , a special feed ing system was deve loped with which the 
pellet surface is evenly shaped by fo rma t ion of regular rills and valleys the 
di f ference be tween peak of rills and base of valleys be ing abou t 15 cm. 
This system is shown d iagrammat ica l ly in Fig. 119. T h e pellets are fed in 
thin layers by means of reversible belt conveyors with p r o g r a m m e d 
moving rhy thm with the rill shape be ing pe rpend icu l a r to the longi tudinal 
axis of the f u r n a c e port. T h e feed level is a b o u t 0.3 m below the f u r n a c e 
lip. F r o m here , the green balls sl ide at a speed of 3—4 cm pe r m i n u t e 
down into the fu rnace . T h e process gases leave the fu rnace in the oppos i te 
direction th rough the pellet bed at a t e m p e r a t u r e of abou t 1 2 0 - 1 5 0 °C. 
T o main ta in the d i f fe ren t t empera tu re ranges inside the furnace , it is im-
por tant that t he sur face of the pellet charge is kept always at the s a m e 
level. 

9.1.2.2 Drying, Preheating and Firing 

At a dep th of 1 2 0 - 1 5 0 m m below the bed surface and a f te r 4 - 6 
minutes residence t ime, the pellets are largely dry and p rehea ted before 
the oxidat ion of magnet i te begins. Once the charge has moved downwards 
by abou t 500 m m the o p t i m u m f i r ing t e m p e r a t u r e of approx ima te ly 
1350 0 C is reached. T h e a m o u n t of hea t ava i lab le inside the fu rnace con-
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sists of the fol lowing components if magne t i t e concentra te wi thout ad-
di t ional fuels is to be treated: 
(a) T h e sensible heat of hot pellet recovered f r o m the cooling zone is 

t ransfer red with cooling air into the u p p e r zones where it is mixed 
with bu rne r gases. 

(b) D u r i n g conversion of magnet i te to hemat i te , the oxida t ion heat , al-
most 50% of total requirements , is released and produces an addi -
tional t empe ra tu r e rise. 

(c) T h e remain ing hea t originates f r om hot combus t ion gases being 
p roduced by combus t ion of oil or gas with air in the outs ide combus -
tion chamber s and forced th rough corresponding inlet openings at a 
t empera tu re of a b o u t 1280 c C into the descending pellet charge 120). 

T o achieve a h igh thermal effect, the cooling air flow is to be so con-
trolled tha t an o p t i m u m firing t empera tu re of a b o u t 1300—1350 0 C is ob-
tained in conjunct ion with the oxidat ion hea t as mixing t e m p e r a t u r e 
prevail ing above the burner gas inlet level 121). Approx . 3 5 - 4 0 % of the 
total process air vo lume is suppl ied to the combus t ion chamber . T h e re-
main ing process air vo lume is in t roduced as cooling air. 

A un i fo rm t empe ra tu r e d is t r ibut ion over the ent i re fu rnace section is an 
impor tan t p re requis i te to good pellet qual i ty . T h e gas d is t r ibut ion is 
dependent on the per t inent feed porosity represent ing a specif ic resistance 
to f low and thus l imit ing the gas f low rate, see also i tems 13.2 and 13.4. 
According to opera t iona l values found the ra t io of process air to pellet 
charge is 1 :1 by weight. A higher gas velocity at an a d e q u a t e pressure 
may result in e rupt ions in the charge or in a f lu id iza t ion of the pellet 
surface. D u e to the resistance of the charge to the gas f low, the 
penet ra t ion dep th of burner gases f rom the fu rnace walls to the charge 
centre is l imited and therefore also the calories avai lable locally. F o r this 

Fig. 120. Temperature isotherms in the upper stove of the shaft furnace 
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reason, magneti te concentrate is exclusively treated. If hemat i te pellets had 
to be processed, the lack of heat would have to be compensa ted f rom out-
side and this would cause overheat ing at the f u r n a c e walls and in pellets 
near the wall. 

T h e lateral gas flow prob lems are an i m p o r t a n t reason for l imi t ing the 
width of fu rnace section to a m a x i m u m of a b o u t 2.5 m. T o enable suf-
ficient mixing of d i f fe ren t process gases ar r iv ing s imul taneous ly at ap-
proximately the burner level, the necessary height of the fu rnace shaf t 
f rom the bu rne r level up to the pellet charge su r face is abou t 2 . 5 - 3 m. 
As the d i f fe ren t gas flows uni te i so therms are f o r m e d over the uppe r stove 
section which are d iagrammat ica l ly shown in Fig. 120 122). 

9.1.2.3 CooIing of Pel le ts 

The m a j o r pa r t of the shaf t fu rnace v o l u m e serves for cooling the hot 
pellets. T h e cooling air is injected into the lower fu rnace par t where the 
section is in te r rupted by a series of swinging rolls ( chunk breakers) . T h e s e 
rolls, e q u i p p e d wi th b reak ing teeth suppor t the whole pellet charge and 
keep it loose. Any agglomerates which m a y have been f o r m e d by 
overheating, are b roken in order not to choke the discharge devices. T h e 
cooling air is b lown into the loosened bed app rox ima te ly at this level at 
such a pressure and f low rate that it flows evenly upwards th rough the 
entire charge and careful ly cools the pellets. T h e cooling air f low rate is 
adjustable , thus control l ing the pellet d ischarge t empera tu re . 

9.1.2.4 H e a t Consumpt ion 

Dur ing the first years that sha f t fu rnaces were used, insuff ic ient 
experience was avai lable to prof i t by the possibi l i t ies o f fe red by this 
heat exchange system. In 1958, the hea t consumpt ion was abou t 1.1 
mill ion kJ and is today approx imate ly 500,000 kJ / t pellets in industr ia l 
furnaces. Only pellets of magnet i te concent ra te are f i red successfully. 
N u m e r o u s a t tempts have been m a d e to increase the hemat i t e por t ion and 
to compensate for the lack of ox ida t ion hea t by the add i t ion of f inely 
ground coal 1 2 3) . But no considerable success has yet been ach ieved where 
the pellet qual i ty is pr imar i ly concerned. So far an a p p r o x i m a t e hema t i t e 
port ion of up to 15% in the magnet i te concent ra te is tolerable. 

9 .1 .3 F u r n a c e D i m e n s i o n s , C a p a c i t y and M a r k e t P o s i t i o n 

In recent years, the biggest sha f t fu rnaces with a design capaci ty of ap-
proximately 500,000 t pellets per year were bui l t on the basis of magne t i t e 
concentrates in d i f fe ren t countr ies t h r o u g h o u t the world. T h e cor respond-
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Fig. 121. Main dimensions, gas flow and temperature profile of shaft furnace 

ing furnaces had roughly the s ame d imens ions and e q u i p m e n t as shown 
in Fig. 121 124). T h e various zones, the residence t ime of pellets in these 
zones and the pr incipal t empera tures are also descr ibed. T h e furnace has 
a rectangular sectional area of abou t 2.5 x 6.5 m, i.e. abou t 16 m2. T h e 
furnace width is l imi ted due to the pene t ra t ion dep th of hea t ing gases into 
the pellet charge. T h e length is mainly d e p e n d e n t on the design of the 
lateral combus t ion chambers . T h e shaf t space is vertically d iv ided into 
two zones, called upper and lower stove. T h e u p p e r stove begins at the 
burner level and has a height of abou t 2 . 5 - 3 m. In this section, all hea t ing 
stages are carr ied out. At a descending speed of charge of 3—4 cm per 
minute , the pellets r ema in for abou t one h o u r in this zone. U n d e r n e a t h 
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 magne t i t e m a y also oxidize. 
T h e lower stove ends at abou t the level of the air admiss ion inlets and 
chunk breakers. It has a height of 7—9 m. Consequent ly , the process-
efficient total he ight of shaf t fu rnace is a p p r o x i m a t e l y 1 1 - 1 2 m . T h e 
residence t ime is abou t 4—6 hours and depends on the relevant gas per-
meabi l i ty of the charge. 

T h e annual capaci ty of such a shaf t fu rnace is approx . 500,000 t pellets. 
Some of these furnaces are opera t ing e.g. at the 

Erie Min ing Co. in Minnesota , U S A I fu rnace 
Gr i f f i t h Mine in Ontar io , C a n a d a 3 fu rnaces 
L K A B in N o r t h e r n Sweden 1 fu rnace 
Sierra G r a n d e in Argen t ina 4 fu rnaces 

In the course of years, the initial great impor t ance of the shaf t f u r n a c e 
has decreased more and more. A b o u t 25 mil l ion tons of the magne t i t e 
concentrates t rea ted in pelletizing plants in 1978 are still i ndura t ed in 
shaf t furnaces which corresponds to a b o u t 9 - 1 0 % of world p roduc t ion . 

Reasons for the decreasing impor t ance of the shaf t fu rnace use are: 
— l imited t h r o u g h p u t 
— almost exclusive use of magnet i te 
— comparat ively high fuel consumpt ion 
— somewha t infer ior qual i ty co mp a red to o ther systems. 

However , even if the qual i ty of s h a f t fu rnace pellets was slightly lower 
than that ob ta ined in o ther firing systems, it is suf f ic ien t to mee t the re-
qu i rements in blast fu rnace and direct reduc t ion plants. 

9.2 The Grate-Kiln Combination 125) 

T h e main deve lopmen t work for convers ion of the successful cemen t 
burning process to the thermal t r ea tmen t of green balls p r o d u c e d f r o m 
iron ore was first p e r f o r m e d by Allis C h a l m e r s in Mi lwaukee , Illinois, 
USA. 

Initial considera t ions to develop a new cement bu rn ing process with a 
low heat consumpt ion led at the t ime to a great success. E n d o t h e r m i c 
reactions on the travell ing grate and the burn ing of cemen t cl inker at high 
tempera tures in the rotary kiln were the best prerequis i tes to the appl ica-
tion of this technology to the f i r ing of i ron ore pellets. D u e to the ex-
perience gained in the course of const ruct ion of m a n y cement plants , the 
machinery and e q u i p m e n t were of such a sound func t iona l design tha t no 
substant ial modi f i ca t ions were requ i red for green ball hea t t rea tment . T h e 
three ma in process units, namely travell ing gra te - ro tary kiln - cooler, 
and their ind iv idual funct ions are discussed on the basis of Fig. 122 126). 



224 9 Heat Treatment Systems 

Fig. 122. Functioning of grate-kiln process 

9 .2 .1 T h e Travel l ing Grate and its F u n c t i o n s 

T h e travell ing grate consists of 3 ma in parts: the movab le grate, the 
s ta t ionary windboxes below, and s ta t ionary hood above. T h e gra te con-
sists of an endless chain of grate plates which are connected with the 
windboxes in a gas-t ight manner . T h e process gases are passed th rough 
adequa te ly d imens ioned fans. T h e windboxes, as well as the dry ing and 
prehea t ing hood are divided into individual process zones. 

On the grate, the fol lowing thermal stages successively proceed: down-
draught or up -d raugh t drying, preheat ing , dehydra t ion and ox ida t ion of 
magneti te . T h e green balls are charged directly onto the grate plates 
wi thout hear th layer at a bed height of abou t 20 cm. Nowadays , in m a n y 
plants this is achieved through a roller screen and roller conveyor. D u e to 
the relatively low bed height and careful feeding, a good gas pe rmeab i l i t y 
is ma in ta ined in the charge. T h e pellets travel into the first d ry ing zone in 
which both down- and up-d raugh t m a y be appl ied. T h e drying gas f lows 
th rough the bed at a t empera tu re of approx ima te ly 180—210 0 C and 
leaves it at abou t 1 0 0 ° C . In the second zone, the gas t empera tu re is 
a l ready so high that a dissociation of hydrates m a y start. T h e necessary 
energy is suppl ied at abou t 400 0 C f rom the prehea t ing zone which 
a l ready serves for preheat ing, dissociat ion of carbonates or magne t i t e 
oxidat ion. It is suppl ied by the waste gases f rom the rotary kiln. At the 
end of the grate, the pellet bed reaches abou t 1100 0 C . T h e first crystal 
compounds begin to fo rm pr imar i ly due to magne t i t e oxidat ion. In the 
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case of other ores, e.g. hemat i te or l imoni te , the necessary heat energy can 
be m a d e avai lable by addi t ional hea t ing which, however , then gives rise to 
an extended residence t ime. T h e pref i red pellets leave the gra te over a 
chute and tumble into the rotary kiln. 

This t ransfer point is a critical imper fec t ion of this system. The re is the 
risk that weak pellets are ab raded or broken at this point . Provis ion is 
m a d e for collection of the undes i rab le mater ia l and for its separa t ion f r o m 
the material f low before it enters the kiln. Th is serves to avoid react ions 
between the hemat i t e conta ining dust and the ref rac tory l ining of the kiln 
wall. If such dust nevertheless enters the kiln, this results in accretions and 
ring format ion which cause great d is turbances of the ent i re system. This 
diff iculty can be largely avoided by improv ing the pellet s t rength th rough 
a higher p rehea t ing t empera tu re on the travell ing grate. 

In this way, the travelling grate a l ready takes over par t of the funct ions 
of the rotary kiln. 

By adjus t ing the fan capaci ty and process gas t empera tu re , the 
travelling grate has a considerable flexibil i ty which m a y have a compen-
sating effect par t icular ly in the case of ores with d i f fe ren t propert ies . Also 
by changing the individual zone split and, above all, by extending the pre-
heat ing per iod, it is possible to provide o p t i m u m condi t ions for the rotary 
kiln operat ion. T h e kiln waste gases enter the prehea t ing hood at a b o u t 
1100 0 C and leave it at abou t 100 0 C af ter they have repeatedly passed 
through the pellet charge, indicat ing a good hea t exchange. T h e mos t 
impor tant funct ion of the travell ing gra te is to supply the rotary kiln with 
preheated pellets of a suff ic ient resistance to b reakage and abras ion. T h e 
rotary kiln alone, wi thout preceding travell ing grate, would more cor-
respond to a nodul iz ing kiln. 

Therefore , the entire system only works successfully as a grate-kiln com-
bination. 

9 .2 .2 T h e R o t a r y Kiln and its F u n c t i o n s 

In the rotary kiln, the pellets are b rough t f r o m their relat ive posi t ion of 
rest on the travell ing grate in to a rolling movemen t . They roll spirally in a 
very thin layer towards the discharge end. T h e pellets are un i fo rmly 
heated by rad ia t ion heat of the hot kiln wall and hot gases thus leaving 
the kiln as indura ted pellets. T o ensure that the pellets reach a t empera -
ture of approximate ly 1320—1340 °C , the f u r n a c e wall t empe ra tu r e is 
higher, which part icular ly intensif ies the risk of accretions. T h e kiln is 
heated by fuel and hot air f r om the cooler in a central burner . Fuel can be 
suppl ied as oil, gas or, to a certain extent, pulver ized coal insofar as 
quant i ty and mel t ing proper t ies of the coal ash pe rmi t this. T o obta in a 
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large heat ing surface at o p t i m u m residence t ime, the kiln d i ame te r is 
relatively great c o m p a r e d to the kiln length. 

9 .2 .3 T h e C o o l e r 

T h e cooler is designed as an annular cooler with lateral walls and grates 
which serve as the bot tom. T h e pellets leave the ro tary kiln at a b o u t 
1300 0 C and are charged as a layer of 7 5 - 8 0 cm depth onto the cooler. 
The cooling air is forced th rough the bed into two zones. W h e n hea t ing 
pellets f r om magne t i t e concentrates, it may be that the residence t ime and 
preheat ing t empera tu re on the travell ing gra te are insuff ic ient fo r a 
complete magnet i te oxidat ion. Since the rotary kiln is not very sui table for 
fur ther oxidat ion, the final oxidat ion mus t then be carr ied out in the 
cooler 71), which may somet imes lead to an initial slight t empera tu re rise 
in the first cooling zone. T h e hottest par t of cooling air goes directly into 
the kiln. T h e cooling air of lower t empe ra tu r e can be blown into the 
drying zone of travell ing grate. T h e eff icient recupera t ion of the sensible 
heat f rom the indura ted pellets is very impor t an t for a good hea t recovery. 
Many efforts are successfully m a d e for decreas ing the heat inpu t 127). 

T h e cooling air and waste gas fans control the ma in process gas s t ream. 
Fans which have been installed between the prehea t ing and drying zone 
regulate part ia l gas streams. A grizzly is a r ranged be tween rotary kiln 
outlet and cooler inlet in order to remove any m a j o r undes i rable l umps 
f rom the system. 

9 .2 .4 H e a t C o n s u m p t i o n 

It should be borne in mind that the grate-kiln process was at the t ime 
chiefly developed for saving heat energy for cement burn ing by using the 
o p t i m u m hea t t ransfer methods . In the rotary kiln, the heat t ransfer is 
achieved by rad ia t ion and on the grate by convection. This advantage also 
applies to i ron ore pelletizing. T h e fol lowing hea t consumpt ion f igures are 
available f rom industr ia l plants over a long opera t ing per iod: 
For pellets p roduced f rom magnet i te : 
about 3 0 0 - 2 5 0 , 0 0 0 kJ / t pellet . 
Fo r pellets p roduced f rom a mixture consisting of 30% magnet i te , 
70% hemat i te - l imoni te , 

8% dolomi te : 
approximate ly 1,200,000 kJ / t pellet. 
For pellets p roduced f rom hemat i te : 
about 850,000-1 ,000,000 kJ/pel let . 
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In this connect ion, it should be noted tha t the recupera t ion of sensible 
heat f r om the hot pellet bed has reached a h igh stage of perfect ion. H o w -
ever, in compe t ing f i r ing systems the hea t consumpt ion does not great ly 
differ. 

9 .2 .5 Current S t a t e and M a r k e t P o s i t i o n of the Al l i s C h a l m e r s 
Grate-Ki ln P r o c e s s 

T h e three process-specif ic units a re a d a p t e d to a speci f ic ore or ore mix 
in such a way tha t residence t ime and hea t supply p e r m i t o p t i m u m results 
to be achieved with regard to power consumpt ion , t he rma l eff ic iency and 
pellet quali ty. T h e possibil i ty of chang ing the d imens ions of the var ious 
appara tus dur ing the design stage results in great f lexibi l i ty where the use 
of d i f fe ren t ores is concerned. Thus , gra te kiln plants for ore types of the 
greatest variety, e.g. magnet i te and h e m a t i t e concentra tes as well as 
natural ore fines and mix tures 126) are nowadays ope ra t ed all over the 
world. It is also possible to p roduce pellets of d i f f e ren t basicity. T h e 
specific capaci ty of the three thermal units is d e t e r m i n e d by the proper t ies 
of d i f fe ren t ore types, see Fig. 123. T h e specif ic capaci t ies refer red to the 
travelling grate a rea (Curve I), the ro ta ry kiln t h r o u g h p u t with regard to 
kiln volume (Curve II) and the cool ing capaci ty (Curve III) were c o m -
pared. 

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 d i f fe rences in the travelling gra te section. T h e capaci ty 
achieved with magne t i t e pellets is h igher by 25% than with hema t i t e and 
h igher by 50% than with l imoni te-containing hemat i t e pellets or an ore 
mix. W h e n the p rehea ted pellets have reached a certain strength and 
t empera tu re and are oxidized upon leaving the grate, there are hardly any 
differences for their residence t ime in the rotary kiln. F o r cooling, only the 
pellet t empe ra tu r e and the specific calorif ic value are of impor tance unless 
the pellets show great f luctuat ions in their bu lk density. 

F r o m the t ime the first industr ial p lant with a capaci ty of abou t 350,000 
tpy pellets was bui l t at the H u m b o l d t Mine in 1960 with a grate a rea of 
about 62 m 2 and a kiln vo lume of abou t 350 m3 , a per iod of only two 
y e a n e lapsed be fo re plants with a capaci ty of 1 mil l ion tpy were erected. 
T h e d imens ions of the var ious units were increased according to the rising 
demands so tha t nowadays plants with a capaci ty of 4 mil l ion tpy in one 
single line are a l ready in operat ion. T h e gra te a rea is increased u p to 
400 m2 and the kiln volumes up to abou t 2,200 m3. 

T h e re la t ionship be tween grate area and ki ln vo lume is m o r e or less 
l inear but wi th mino r differences caused by various ore types, as is 
apparen t f r o m Fig. 124. T h e grate area for magnet i te pellets is smal ler 
than that for hema t i t e pellets at equal kiln vo lumes while that for ore mix-
tures depends on the constituents. T h e appl ica t ion range of this process 
can be demons t ra t ed by the quant i ty of pellets wor ldwide p roduced f r o m 
dif ferent raw mater ia ls up to 1978: 
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U p to 1978 abou t 97 mil l ion tons of pellets were p roduced in grate-ki ln 
plants. Th is cor responds to approx imate ly 33% of the total world p roduc-
tion, see Fig. 133. T h e real p roduc t ion rates a re o f t en h igher but cannot be 
easily de t e rmined since m a n y individual p lants are somet imes opera ted at 
overload. This lat ter s ta tement also appl ies to o the r ha rden ing systems. 

9 . 2 . 6 Other Grate -Ki ln P r o c e s s e s 

T h e des ignat ion "grate-ki ln process" for i ron ore pellet izing is con-
nected with the n a m e Allis Cha lmer s a l though the original burn ing 
system was first deve loped in G e r m a n y in the thir t ies unde r the n a m e 
"Lepo l Process" (LEllep-POLysius). As l icensor of the Lepol process, 
Polysius also dec ided in favour of ore pellet izing even though at a later 
date than Allis Cha lmers . T h e combina t i on of travell ing gra te- rotary kiln-
cooler is general ly the s ame as for the grate-ki ln process. U p to now, it 
was to a lesser extent, appl ied to i ron ores than to o ther raw mater ials , e.g. 
nickel, ch rome or v a n a d i u m ores, in-plant f ines and phospha tes 128). 

9.3 Travelling Grate Systems 

T h e travell ing gra te is one of the oldest and most f r equen t ly used units 
for the p roduc t ion of agglomerates f r o m f ine-gra ined ores. Its flexibili ty 
allows a wide appl ica t ion range in the var ious fields of agglomera t ion 
e.g.: 
- R a w materials: i ron ores, non-fer rous meta l su lphides or oxides, fly ash, 

cement raw meal , clay 
- Fuels: coke breeze, anthraci te , su lph ide su lphur , oil, gas and composi te 

fuels 
- Process variants: down-draugh t , u p - d r a u g h t gas f low or a combina t ion 

of both systems 

— magnet i te ores 
approx imate ly 60 mil l ion tpy =38% *) 
— magnet i te ores 
approx imate ly 60 mil l ion tpy =38% *) 
— hemat i te ores 
approx imate ly 19.5 mil l ion tpy =31% *) 
— hemat i te ores 
approx imate ly 19.5 mil l ion tpy =31% *) 
- magne t i t e -hemat i t e mix 
approx imate ly 11.3 mil l ion tpy =24% *) 
- magne t i t e -hemat i t e mix 
approx imate ly 11.3 mil l ion tpy =24% *) 
- hemat i t e - l imoni te mix 
approx imate ly 6.2 mil l ion tpy =22% *) 
- hemat i t e - l imoni te mix 
approx imate ly 6.2 mil l ion tpy =22% *) 

*) % of the corresponding world production from this ore type. 
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— Reactions: endo the rmic reactions in which heat energy is consumed or 
exothermic react ions in which heat energy is released. 
Its ma in app l ica t ion range is the agglomera t ion of f ine-gra ined i ron ores 

to be t reated in the blast furnace. A b o u t 70% of the raw mater ia ls used for 
the present pig iron p roduc t ion or iginate f r o m iron ore sinter and 30% 
f rom pellets and l u m p ore. 

It is not surpr is ing that the travelling grate was also tested and success-
fully employed for pellet indurat ion. T h e travell ing grate const ruct ion was 
taken over f r o m the sinter s trand and consists of three ma in parts: 
— the central pa r t is movab le and consists of pallets, composed of a f r a m e 

and a suppor t ing structure into which gra te bars are inserted. T h e pal-
lets are connected by means of sl iding seal bars with the windboxes in a 
gas-tight manner , 

— the bo t tom par t is composed of the s ta t ionary windboxes connected 
with the gas mains and the moving grate, 

— the uppe r pa r t comprises the heat energy and air supply systems in a 
s tat ionary hood above the grate. 
T h e system serves to convey the necessary drying, hea t ing or cooling 

gases t h rough the pellet bed. 
Impor tan t process facilities are the fans with which the process gases 

are moved th rough the charge. At one end the green balls are charged 
and the indura ted pellets leave the grate at the opposi te end. T h e ent i re 
thermal t r ea tment is achieved dur ing one passage of pallets. T h e res idence 
t ime of pellets on the grate is be tween 30 and 40 minutes d e p e n d i n g on 
the ore type t reated, see Fig. 84. 

9 .3 .1 Appl i ca t ion of Travel l ing G r a t e s to T h e r m a l 
Trea tment of P e l l e t s 

D u e to the great challenge of travelling gra te appl ica t ions deve lopmen t 
work was s tar ted s imul taneously and independent ly at var ious places in 
the world. Di f fe ren t ores and various hea t ing technologies were investi-
gated. Th ree prototypes were, in parallel , deve loped and installed on an 
industrial scale, which are out l ined below: 

(a) The travelling grate plant of Cleveland-Cliffs, Iron Co. Th is p lan t was 
started up at Ishpeming, Michigan in Oc tobe r 1956. F lo ta t ion concen-
trates f r o m specular hemat i te ores were t reated. T h e whole opera t ion , 
except for the ignit ion, was carr ied out in up -d ra f t gas flow. Solid fuel , 
mostly an thrac i te or coke breeze at a rate of abou t 4—5% was charged in 
layers on to the surface of green pellets. T h e final p roduc t ob ta ined 
consisted of pellets and a certain a m o u n t 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. T h e ore basis was magne t i t e con-
centrates. T h e fuel supply consists of an thrac i te (12—15%) and oil 
(85—90%). At the beginning the ent i re process was carr ied out in down-
draught except for up -d raugh t drying and, later on, u p - d r a u g h t cooling 
was appl ied. 

(c) The travelling grate plant of International Nickel Co. of C a n a d a Ltd. at 
Copper Cliff , Onta r io was started up in F e b r u a r y 1956. In this plant , arti-
ficial magnet i te was treated. T h e only ex t raneous fuel source was oil, and , 
later on, natura l gas. N o coal was added . In this p lant new equ ipmen t , 
especially deve loped and designed for pellet f o rma t ion and indura t ion 
and fu r ther new process var iants were appl ied . 

9 .3 .2 Genera l F e a t u r e s 

Some features of the travell ing grate are f avourab le for the the rmal 
t reatment of green balls. 
(a) T h e relatively low dep th of 20—40 cm of the green ball layer avoids 

excessive pressure and allows a un i fo rm gas permeabi l i ty . 
(b) Any irregulari t ies in the gas f low and pe rmeab i l i ty of the bed only 

inf luence a small par t of the layer. They are quickly e l imina ted by the 
horizontal m o v e m e n t of the grate. 

(c) The a r rangement of windboxes and the possibil i ty of seal ing t hem 
against the moving pallets allows an a d e q u a t e de l imi ta t ion of in-
dividual zones of d i f ferent t empera tu res , gas f low rate and gas f low 
direction. 

(d) Gases of d i f fe ren t t empera tu re and a tmosphe re can be in t roduced 
into the bu rne r hood above the charge. 

(e) The possibil i t ies of using d i f fe ren t fuel types and consequent ly bu rne r 
designs pe rmi t a great flexibili ty in the choice of fuel types. 

(f) D u e to the var ia t ion range of process parameters , o p t i m u m fir ing con-
ditions can be provided for a wide variety of ore types at a good 
pellet qual i ty . 

(g) Extensive recupera t ion of sensible heat of the f ired pellets results in a 
relatively low hea t consumpt ion . 

(h) The construct ion of big units allows the p roduc t ion of correspondingly 
large pellet quant i t ies in one single line. 

However, these features do not app ly equal ly to the var ious travell ing 
grate processes, which are separately descr ibed below. 
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9 .3 .3 Up-draught Indurat ion P r o c e s s for S p e c u l a r H e m a t i t e 

D u e to the fact that a f lotat ion concentra te is not sui table for normal 
down-draugh t sintering, pelletizing in an exper imenta l sha f t fu rnace was 
tested with a negat ive result. Subsequent ly , the up-draught pelletizing 
process was joint ly developed by the Cleveland Cliffs Iron C o m p a n y , 
Ishpeming, Mich igan and the Mines Exper iment Stat ion of the Universi ty 
of Minneso ta in Minneapol i s 129). T h e individual green balls which are 
fed onto a travell ing gra te of 1.8 m wid th and 50 m length are coated with 
the necessary solid fuel for the heat t rea tment . 

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 th in layer of ignit ion coal is 
placed. T h e coal is ignited with an ignit ion fu rnace so that the pellet layer 
is heated in down-d raugh t flow. T h e first green balls conta ining solid fuel 
are layered on the surface of the red hot pellets at a dep th of abou t 20 cm. 
By reversing the air f low direct ion to up -d raugh t this first pellet layer is 
dried, p rehea ted and the coal therein conta ined is ignited. By fu r the r air 
injection, the f l ame f ront is forced to travel upwards . W h e n it reaches the 
surface, a fu r the r layer of green balls is fed and the air cont inued to be 
forced th rough the bed. This p rocedure is r epea ted up to a pellet bed 
height of 80 cm. In the last grate section, the cooling takes place. F r o m 
this zone, par t of the sensitive heat of the pellets is recupera ted and blown 
under the gra te as hot air of approx. 450 °C. 

T h e d ischarged p roduc t is screened and the oversize is crushed. Af t e r 
fine gr inding the unders ize is recycled and combined with the concentra te 
for balling. T h e final p roduc t is a var iable mix tu re of pellets and pellet 
sinter. A n advan tage of this process is that the pallet parts and grate bars 
never come in contact with red-hot mater ia l or hot gases. 
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On the o ther hand , its d i sadvan tage is tha t the vo lume and pressure of 
the up-dra f t air flow is l imi ted in o rder to avoid any f lu id iza t ion of the 
charge. At that t ime the p roduc t qua l i ty d id not ful ly cor respond to the 
customer 's expectat ions. T h e design capaci ty was approx . 2000 t agglom-
era te /day. A f t e r a few years of opera t ion the p lant was shu t down. 

9 . 3 . 4 Trave l l ing Grate P r o c e s s A c c o r d i n g to 
Arthur G. M c Kee and C o m p a n y 

This indura t ion process was for the first t i m e app l ied on an industr ia l 
scale by the Reserve Min ing Co., Messrs. A r t h u r G. M c K e e and Allis 
Chalmers at Silver Bay, Minnesota, af ter it had been jointly developed and 
tested in the labora tory of the Mines E x p e r i m e n t Stat ion of the Univers i ty 
of Minnesota 130). A pilot p lant with a capaci ty of 1000 t / d a y was first 
built at Babbi t , Minnesota . 

This process was virtually based on the d o w n - d r a u g h t pr inciple of 
a normal s inter machine . T h e first six machines had a suct ion area of 
1.8 m x 51 m = 91 m2. A belt conveyor and a v ibra t ion screen a r ranged 
directly above the grate served as a green ball feed ing device. Initially, a 
certain a m o u n t of coal was po wde r e d onto the magne t i t e green pellet 
surface. In this case the fol lowing hea t sources had to be so ha rmon i sed , 
that an o p t i m u m thermal effect at a specif ic m o m e n t was ensured: 
— coal on the surface of pellets 
— oxidat ion of magnet i te inside the pellets 
— oil converted to hot gas 
— cooling of hea t recupera ted f rom hot pellets. 

This ha rmoni sa t ion could not be easily achieved and the heat inpu t 
requi red for ensuring a good pellet qual i ty was thus relatively high, viz. 
al together abou t 1.5 mill ion kJ per t pellets and was composed of: 

oil firing: 29% 
coal consumpt ion : 59% 
oxidat ion heat: 12% 

100% 

This process was also very s imi lar to the f i r ing technology appl ied 
dur ing down -d rau gh t s inter ing and only d i f f e r ed by a larger oi l-f i red hood 
instead of the normal igni t ion furnace . T h e side walls and grate bars of 
the pallets were not protected by hear th and sidewall layer against 
overheating. This overhea t ing of the meta l l ic parts initially caused the 
greatest d i f f icul t ies even if specif ic alloys were used. T o avoid any 
excessive thermal stress, magnet i te ores have h i ther to been used for this 
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travelling grate system only because the indura t ion of magne t i t e pellets 
can be carr ied out at lower t empera tu res than hemat i t e pellets. Fig. 126 is 
a typical process f lowsheet indicat ing the zones of d i f fe ren t the rmal 
t reatment . In order to opt imal ly control the indiv idual process stages, the 
area above the 28 windboxes is d iv ided into separa te react ion zones: 

(a) U p - d r a u g h t drying zone = 7 windboxes = 25% of the suction 
(b) D o w n - d r a u g h t drying 

and p rehea t ing zone = 4 w i n d b o x e s = 14% of the suction 
(c) Igni t ion zone = 2 windboxes = 7% of the suction 
(d) Fir ing and heat 

exchange zone = 9 windboxes = 32% of the suction 
(e) U p - d r a u g h t cooling 

zone I = 3 windboxes = 11% of the suction 
(f) D o w n - d r a u g h t cooling 

zone II = 3 windboxes = 11% of the suction 
28 windboxes = 100% of the suction 

N u m e r o u s a t tempts were m a d e to improve the opera t ing pa rame te r s for 
which purpose pellet producers and plant constructors had to coopera te 
closely 131). 
- T h e green ball feeding can be improved by roller conveyors and roller 

screens so that a h igher porosity of the pellet bed is to be expected. 
- T h e down-draugh t cooling was converted to u p - d r a u g h t cooling. 
- The fuel supply was l imited to oil or gas. Coal was no longer used. In 

this way, it was possible to achieve a better pellet qual i ty and to lower 
the fuel consumpt ion drastically, which is now approx ima te ly 700,000kJ 
tons per ton pellets. 

Fig. 126. Principle of the Mc Kee travelling grate induration system 
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— T h e suction a rea was enlarged f r o m 1.8 m x 51 m = 91 m2 to 2.4 m x 7 3 m 
= 175 m2 which al lowed a h igher p roduc t ion rate. T h e zone divis ion 
was also changed: 

up-draught drying 5 windboxes 
down-draugh t f i r ing 8 windboxes 
down-draught cooling 8 windboxes 
up-draught cooling 7 windboxes 

28 windboxes 

According to this system, A r t h u r G. Mc K e e and the licensees bui l t 
plants on the basis of magnet i te concentra te with a total annua l capaci ty 
of approx. 12.5 mil l ion t pellets. 

Plants opera ted according to a s imi lar system with a total annua l 
capacity of a b o u t 24 mill ion tons of pellets were erected in the Soviet 
Un ion which corresponds to a total annua l capac i ty of approx . 37 mill ion 
tpy pellets and abou t 13% of the world p roduc t ion , see Fig. 133. 

9 . 3 . 5 Lurg i -Dravo Trave l l ing G r a t e P r o c e s s 

The deve lopment of this process var iant is based on the considerat ions 
leading to the thi rd deve lopment phase , the pellet izing of a lmost all ore 
types, see i tem 1.2.3. This a l l - round pellet izing process was presented at 
the AIME mee t ing held in N e w Orleans in 1957 and is character ized as 
fol lows 1 8 / 1 3 2) : " A pelletizing plant in G e r m a n y , however , mus t be 
able to process ores of d i f ferent origin, having qui te d i f fe ren t charac-
teristics. This r equ i r emen t was of great impor t ance for the deve lopmen t of 
the Lurgi process. F o r the p roduc t ion of green pellets, a mach ine would , 
therefore, have to be capable of dea l ing with all k inds of raw mater ia ls , 
and hardening mus t be done in a furnace , the t empe ra tu r e of which is 
adjus table to the d i f ferent t empera tu res of the ores". 

T h e first pub l ica t ion appea red in 1956 105) a f te r several years of in-
tensive deve lopment work which h a d been s tar ted in 1948/49 and yielded 
promising results. Owing to the poli t ical s i tua t ion at tha t t ime, com-
municat ion wi th foreign experts was very d i f f icu l t in contrast to the close 
contacts of A m e r i c a n engineers and metal lurgis ts with their Swedish 
counterparts . As a result, all knowledge on the state of sinter technology 
in G e r m a n y and all e labora ted new process pa rame te r s were repeatedly 
compared with and weighed against each other . 

9.3.5.1 Impor tan t P rocess Fea tu res 

The most impor t an t funct ion of this process was to pelletize all ore 
types as eff iciently as in sinter plants. F u n d a m e n t a l considera t ions 
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referred bo th to process pa ramete r s and process specific appa ra tus e.g.: 
(a) Technology of green ball fo rmat ion f rom d i f fe ren t ores on the bal l ing 

disc, 
(b) Use of b inders , 
(c) Gent le handl ing of green balls, 
(d) Protect ion of metal l ic parts against overheat ing, 
(e) The rma l technology, type and quant i ty of fuels, 
(f) Extensive recupera t ion of sensible heat f r o m the hot pellet charge. 

According to this p rog ramme , the work was first carr ied out in 
laboratories and , later on, in a continuously opera t ing pilot plant. T h e 
following results were obta ined: 
(a) Af t e r extensive or ient ing tests in 1948/49, the disc was found to be a 
very sui table bal l ing unit and a l ready used in 1953 on an industr ia l scale 
for the pellet izing of f lotat ion pyrite c inders 1 0 5 ) . In this case, it was 
ascertained that a m a x i m u m f ree bo t tom area is impor tan t for green ball 
format ion in contrast to the construct ion of the flying saucers. 
(b) T h e deve lopmen t of gentle handl ing facili t ies for green balls with low 
drop heights in o rde r to be able to forego bentoni te addi t ion. 
(c) T h e side wall layer and hear th layer were in t roduced for the 
protection of metal l ic parts of pallet side walls and grate ba r suppor t ing 
structure against overheat ing. 
(d) F r o m the beginning, one single addi t ional hea t source was principal ly 
a imed at in order to control more exactly the hea t supply. 
(e) To achieve an extensive recupera t ion of sensible heat f r om hot pellets, 
cooling air was b lown in p ropor t ioned quant i t ies through the hot pellet 
bed w h e r e u p o n pallets and hear th layer were first cooled. T h e initial 
cooling air, slightly p rehea ted , passes th rough the hot pellet bed whereby 
the pellet qual i ty is preserved. 
(f) Dry ing was initially accompl ished in down-d raugh t only but, later on, 
was carr ied out in up-d raugh t too. 

The burners and fan constructions are special fabr icat ions of the 
relevant suppliers. 

9.3.5.2 Application of the Process on an Industrial Scale 

Since, at the t ime when the process had reached a certain deve lopment 
level (1953), there was no real d e m a n d for a pellet izing plant in G e r m a n y , 
negotiat ions were conducted with potential fore ign customers. At that 
time, the Internat ional Nickel Co. at Copper Cliff , Ontar io , C a n a d a had 
the intent ion to recover the nickel componen t s f r om nickel bear ing 
pyrrhoti te whereby highly reactive, f ine-gra ined artificial magnet i te was 
obta ined as by-product . Inco accepted the proposals submi t t ed by Lurgi. 
In 1954, the first plant was ordered which was started up in 1956. T h e 
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designed dai ly capaci ty of this p lant was app rox ima te ly 1200 t pellets 18/132). T h e travelling grate h a d a suct ion a rea of 120 m2 , a 
width of 2.5 m and length of 48 m. T h e plant was initially hea ted 
exclusively with oil and , later on, with natura l gas only. In this first plant , 
new constructions and process- technological deve lopment s were used. 
After solving some initial diff icult ies, Inco s tar ted u p a second p lant of the 
same system with an annual capaci ty of 600,000 t pellets in 1963. 

Once it had been possible to pel let ize one of the raw mater ia ls most 
diff icult to treat , ar t i f icial magnet i te , n u m e r o u s fu r the r plants were erected 
on the basis of ores of d i f fe ren t chemical compos i t ion and morphology 1 3 3 ) . 

9.3.5.2.1 Charging of Green Balls to Indurating Grate and the Mode of 
Operation. T h e green balls pass via an oscil lat ing belt conveyor over a 
roller screen and conveyor onto the indura t ing mach ine . F i n e part icles 
and pellet f r agmen t s are separa ted by screening and recycled. Before the 
green balls are fed onto the grate bars, the lat ter are covered with a 10 cm 
thick hear th layer consisting of f i red pellets for pro tec t ion against over-
heating. T h e s ame mater ia l is also in t roduced be tween the side walls and 
green ball charge th rough chutes and gu ide plates. Fig. 127 shows the 
scheme of the feeding s ta t ion of the travell ing grate. A cross section of the 
green pellet bed within the quasi re f rac tory capsule , composed of mate r ia l 
already fired in the f o r m of side wall and hear th layer is represented in 
Fig. 128. Th is also shows the thermal insulat ing effect of the hea r th layer 
and contains in fo rma t ion on the t e m p e r a t u r e d i s t r ibu t ion over the entire 
pellet bed height , hear th layer, gra te bars and in the w indbox on the 
boundary between the end of the f i r ing and beginning of the cooling 
zones. (The t empera tu re s are measu red accord ing to the scheme repre-
sented in Fig. 39, i t em 4.) In the ent i re pellet bed (measur ing points 
T 1 - T 3 ) , the t empe ra tu r e is, at this stage, 1 3 0 0 - 1 3 4 0 0 C accord ing to the 

Fig. 127. Green pellet, side and hearth layer feeding device of Lurgi-Dravo travel-
ling grate system 
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ore type and addi t ives used. On the hear th layer surface, the t e m p e r a t u r e 
requi red for f i r ing prevails whereas it is lower by abou t 200 0 C on the 
unders ide of the hear th layer (measur ing point T4) and above the gra te 
bars. Thus , it can be clearly seen that the hea r th layer has an insulat ing 
effect and also that t empera tu res of 1340 0 C can still be appl ied which, for 
instance, is essential for indura t ion of hemat i t e pellets. A s imilar insulat-
ing effect appl ies to the side wall layer. T h e grate bar t empera tu res are 
about 5 2 0 - 6 5 0 ° C (measur ing poin t T5) , while the waste gas t empe ra tu r e 
in the w indbox m a y rise to a t empera tu re of 650—750 0 C (measur ing point 
T6). W h e n the cooling air is in t roduced, the metal l ic parts and hea r th 
layer first cool down before the cooling air reaches the pellet bed. 

9.3.5.2.2 Firing Pattern and Heat Consumption. T h e ore type, na tu re and 
quant i ty of addit ives, loss on ignit ion and mois ture content de t e rmine the 
firing pat tern requi red , as is shown in Fig. 84, i tem 5. F r o m this pa t t e rn 
and the per iods needed for the various the rmal stages, there results the 
division of the individual zones in the firing h o o d and windboxes . Fig. 129 
represents the heat ing cycle and the reference t empera tu res for the 
various zones. T h e per iods and percentages given for the entire the rmal 
t rea tment in Tab l e 29 correspond with the cycles for various ore types in 
Fig. 84. 

T h e per iods requ i red for the individual the rmal stages vary accord ing 
to the feed characterist ics and thus the total i ndura t ion time. F luc tua t ions 
between 33 minutes for magnet i te and 41 minutes for l imoni te -hemat i t e -
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Table 29. Thermal treatment zones according to the pelletizing process 

Thermal treatment Time in minutesa % 

Up-draught drying 4 - 7 1 2 - 1 7 
Down-draught drying 2 - 5 6 - 1 2 
Preheating 7 - 9 17 -22 
Dehydration 
Calcination 
Oxidation 
Firing 7 - 1 1 1 7 - 2 8 
After-firing 3 - 5 8 - 1 2 
Cooling 1 2 - 1 4 3 0 - 3 5 

Total period 33.5-41.0 

a According to the ore characteristics 

containing raw mater ia ls may occur. Th is is also an indica tor of the 
indurat ing mach ine capaci ty to be expected. A par t icu la r fea tu re of this 
system is shown in Fig. 129, namely the direct r ecupe ra t ion of hot air f r o m 
the cooling zone wi thout hot gas fans. T h e a r r angemen t of the process gas 
mains and the me thod of recycling the sensit ive heat give rise to very low 
heat consumpt ion . T h e designed and real hea t consumpt ion of m a n y big 
pelletizing plants p lanned and opera t ing on typical ores are shown in 
Table 30. 

93 .5 .2 .3 Capacity, Flexibility and Market Situation. T h e capacities given in 
tons of product per m2 grate area and day are also indicated in Table 30. 
In conjunct ion with the d iagrams of Fig. 84 and 129 it shows the 

Fig. 129. Principle of Lurgi-Dravo travelling grate induration system 



240 9 Heat Treatment Systems 

great flexibili ty of the process. As a result m a n y plants are constructed 
wor ldwide on the basis of qui te d i f fe ren t raw mater ials . Both acid and 
basic pellets of d i f fe ren t basicity have been p roduced . As is a p p a r e n t f r o m 
the fol lowing T a b l e 31, referr ing to 1978, the Lurg i -Dravo travell ing gra te 
process reaches abou t 44% and other grate processes at ta in abou t 13% of 
the world produc t ion , see Fig. 133. These capaci t ies only relate to design 
values. T h e effect ive p roduc t ion rates are p robab ly higher . T h e process 
equ ipmen t also shows a great flexibility. D u e to the d e m a n d for h igher 

Table 30. Productivity and fuel consumption of pelletizing plants according to the 
Lurgi-Dravo method for various ore types 

Types of 
ores 

Pellet 
production 
t /m2 • day 

Fuel 
consumption 
KJ/pellets 

Comments 

design operation design operation 

100% 
Magnetite 

2 6 - 3 0 32 460/550000 325000 Sweden 

100% 
Hematite 

2 2 - 2 4 23 ca. 1 • 106 850000 Brazil 

50: 50 
Magnetite 
Hematite 

2 4 - 2 6 27.5 700/800000 700000 Netherland 

Limonite 
Hematite 

1 6 - 1 8 18.5 1.2-1.5 • 106 1.25 • 106 Australia 

Table 31. World production of pellets in travelling grate systems in 1979 

Ore types Portion of world production Ore types 

106 t/year %a 

Magnetite 
Hematite 
Magnetite-Hematite 
Hematite-Limonite 

34 
42 
33 
21 

22 
68 
70 
75 

-

Lurgi-Dravo 
Other travelling grates 

130 
37 -

44 
13 

Total 167 - 57 

World production 293 

a % of the world production from this ore type on LURGI-DRAVO grates 
b % 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 d i f f icu l t to increase the pallet 
d imensions and travelling grate length. T h e change of pal let d imens ions 
and suction area since 1960 as well as the pellet quant i t i es p roduced on 
various mach ine types a re descr ibed in Fig. 130. 

According to the d e m a n d s m a d e over the years (abscissa), the p roduc-
tion rates are shown in the d i f fe ren t curves in con junc t ion with pal le t 
widths and suct ion areas. Comple t e construct ional d rawings are ava i lab le 
for a 5 m wide mach ine , cor responding to a suct ion a rea of 1000 m 2 or a 
product ion capaci ty of abou t 9 mi l l ion tpy pellets pe r uni t at a specif ic 
capacity of 27 t / m 2 / d a y . However , the ques t ion arises whe the r it is 
worthwhile or advisable to bui ld and ope ra t e such units. 

9.4 Other Heat Treatment Systems 

The challenge to engineers and metal lurgis ts in connect ion with the 
development of the pelletizing process was so great tha t n u m e r o u s 
at tempts were m a d e to develop and design a pel le t -specif ic process 
without re ference to systems a l ready existing. H igh expenses were in-
curred and m u c h work was done for this purpose . However , in the course 
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of years, the three wel l-known processes were deve loped to such a degree 
of perfect ion tha t pellets of high qual i ty can be p roduced . 

Nevertheless , the endeavours to develop new ideas should not be 
neglected. 

9 .4 .1 Circular Indurat ing F u r n a c e 

Circular sinter mach ines have a l ready been used since the turn of the 
century p r imar i ly for sinter-roasting of su lph ide ores in many non-fer rous 
metal smelters. T h e s imple seal between movab le and s tat ionary m a c h i n e 
parts was one of their advantages consider ing the conveyance of SO2-
containing roaster gases. Subsequent ly , the circular mach ine was also used 
successfully for sintering of iron ores and pyri te cinders. Because of its 
relatively s imple opera t ion , it was also uti l ized for the produc t ion of light-weight aggregates. Some such plants are still in opera t ion in Europe. D u e 
to the low capaci ty of abou t 1000 tpd sinter per unit the interest to use this 
type of mach ine decreased rapidly. 

It is to the credi t of A r t h u r G. Mc K e e & C o m p a n y to have tested and 
developed the circular mach ine type for pellet indura t ion 134). 

Since 1970, a pi lot plant has been in opera t ion; in 1974 an industr ia l 
plant with a grate area of approx. 160 m2 , an effect ive suction area of 
120 m2 and a capaci ty of 0.6 mill ion tpy pellets was buil t and started u p in 
Mexico. T h e the rmal t rea tment is s imilar to tha t of the straight-l ine 
travelling grate. T h e gas and cooling air f low is down-d raugh t which m a y 
give rise to a special risk of overheat ing for the metal l ic construct ional 
parts. T h e gra te bars are protected by hear th layer and the green pellet 
bed height is abou t 20 cm so that a better gas pe rmeab i l i ty is reached and 
thus fans with a lower capaci ty are admissible . T h e side walls are 
insulated by ref rac tory lining. T h e fired pellets are removed f rom the 
grate by a scraping device which is installed at a suff icient dis tance 
between grate ba r and hear th layer (depth: approx . 5 cm), to leave the 
hear th layer in its posit ion. M c K e e est imates a hea t consumpt ion of 
about 500,000 kJ per ton pellets p roduced f rom magnet i te concentrate and 
a heat consumpt ion of approx. 900,000 kJ for pellets p roduced f r o m 
hemat i te ores. U p to now, only the plant in Mexico is in operat ion. 

9 .4 .2 " H e a t F a s t " P r o c e s s 135) 

As was o f t en in the past e q u i p m e n t suppliers , pe l le t -producers and 
pel let-consumers joint ly a t t empted to develop a pel let-specif ic process in 
order to p r o d u c e in such a plant al ternatively oxid ized or reduced pellets. 
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It was in tended to employ specif ic e q u i p m e n t for the var ious the rmal 
stages such as: 
(a) Drying on a belt dryer at a t empe ra tu r e of approx . 300 °C. 
(b) Transfer of dry pellets to an annu la r hea r th fu rnace for pellet pre-

heat ing up to a t empera tu re of abou t 600 ° C in a layer with a dep th 
cor responding to the d iameter of one single pellet. 

(c) Indura t ion and cooling in a sha f t furnace , s imi lar to the func t ions 
in a normal shaf t furnace. 

The pre l iminary tests led to the construct ion of an industr ia l plant wi th 
a design capaci ty of 1.2 mill ion tpy pellets. F o r several reasons, this p lant 
was shut down and dismant led . T h e a l ternat ive process, p re reduc t ion , was 
only tested on a pilot p lant scale. 

9 .4 .3 "Annular Furnace" o f H u n t i n g t o n - H e b e r l e i n 136) 

This system was based on a circular hea r th fu rnace . T h e green balls are 
placed at a bed height of about 80 cm on the grate. H o t gases are sucked 
through the bed. T h e furnace has lateral , gas-t ight walls. T h e pellet charge 
is heated with a concurrent gas flow. T h e waste gas is sucked off upwards 
shortly before the discharge point of the furnace . T h e hot pellets d r o p into 
a cooling shaf t f r o m which the hot cooling air passes into the system. An 
industrial p lant has not yet been built . 

9.5 Comparison of Important Pelletizing Systems 

Since the start of the first industr ia l plants at the Erie and Reserve 
Mining Co. in 1955/56, various f i r ing processes were compet ing with each 
other. S o m e processes developed dur ing this pe r iod were not successful. 
Af te r a short t ime they d i sappeared f rom the marke t . S o m e systems 
which, above all dur ing the years directly a f t e r 1955, played a great pa r t 
are no longer impor t an t since the raw mater ia l p roper t ies changed in the 
m e a n t i m e and they could not be adap t ed to these var ied condit ions. 
Fu r the r systems which later on, f r o m abou t 1960 onwards , were intro-
duced on the world marke t meanwhi le hold a l ead ing posit ion, e.g. the 
grate-kiln and the Lurgi -Dravo- t ravel l ing grate process. Some reasons for 
this deve lopment are given below: 
(a) Flexibil i ty to d i f fe ren t ore types 
(b) High capaci ty in one single unit 
(c) Un i fo rmly high quali ty, i r respect ive of ore type, quan t i ty and com-

posit ion of addi t ives 
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Fig. 131. Proportions of various ore types for pellet feed 

9 .5 .2 P r o d u c t i o n F igures per Uni t of V a r i o u s Indurat ing S y s t e m s 

With the increasing compet i t ion on the wor ldwide ore marke t , the 
pellet p roducers were compel led to keep the capi tal and opera t ing costs as 
low as possible which was partly achieved by using bigger units. F r o m the 
capacity of the f i r ing units according to the d i f fe ren t f i r ing systems, the 
choice of a sui table system resulted a lmost au tomat ica l ly for high p roduc-

(d) Low capital and opera t ing costs 
(e) High plant availabil i ty. 

Above all, the d e m a n d s on the flexibili ty of processes were par t icular ly 
acute at the t ime when, besides magnet i te concentrates , ores conta in ing 
hemat i te or ore mix tures of d i f fe ren t compos i t ion had to be pellet ized. 

9 .5 .1 C h a n g e of Ore B a s i s 

Dur ing the early years up to abou t 1960, magne t i t e concentrates were 
exclusively used. F r o m this date onward , hema t i t e ores or concentrates as 
well as magne t i t e -hemat i t e mixtures were also t reated. These three ore 
variants are still the pr incipal raw mater ia ls for pellet product ion . Fig. 131 
shows the change of ore types f rom the beginning of industr ia l p roduc t ion 
up to 1978. 
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Fig. 132. Production rates per unit of various heat treatment systems 

tion rates, as shown in Fig. 132. T h e p roduc t ion figures per unit are 
plotted against years. T h e capaci ty values reach up to 5 mil l ion tons 
pellets per year for the biggest, and down to less than 0.5 mil l ion tons for 
the smallest units. T h e ma jo r a m o u n t of smal ler plants was buil t be fo re 
1965. F r o m 1960 onwards, the capaci t ies a l ready a t ta ined up to abou t 2 
million tons of pellets and, f r o m 1965, the capaci t ies cont inuously 
increased. F r o m abou t 1975, the first units with a capaci ty of 4 or 5 
million tons pellets were erected. F o r capaci t ies of u p to 0.5 mil l ion tons 
pellets, shaf t furnaces and travell ing grates were p r edominan t ly used 
whereas for capaci t ies exceeding 0.5 mi l l ion tons pellets all t ravell ing 
grate processes and the grate-kiln process are appl icable . P roduc t ion rates 
of above 2 mil l ion tons pellets per year in one single unit were only 
at tained in Lurg i -Dravo travelling grate or grate-ki ln plants. F o r the 
present, only these two systems are sui table for uni ts with high capacit ies. 

9 .5 .3 Propor t ion of Var ious F ir ing S y s t e m s in the 
Wor ld Pe l l e t P r o d u c t i o n 

The advantages of greater f lexibil i ty regard ing the avai labi l i ty of 
materials and the rising capacit ies per uni t had sooner or later to lead to 
d i f ferent marke t posit ions of the var ious compe t ing processes. T h e 
respective deve lopment is shown in Fig. 133 relat ing to the t ime and the 
installed total capacity. T h e evaluat ion of the indiv idual curves leads to 
some interesting conclusions. 
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Fig. 133. Shares of various heat treatment systems in world production 

T h e shaf t fu rnace process, one of the first and at that t ime most 
impor tan t f i r ing processes, has only changed its posi t ion slightly in years. 
T h e travelling grate process of Ar thu r G . Mc Kee was meanwhi l e 
modi f i ed , bu t its impor tance did not improve. Al though the grate-ki ln and 
Lurg i -Dravo travell ing grate processes were developed at a later da te , 
their p ropor t ion in the world marke t has increased rapidly. 

The use of travell ing grates generally f o u n d the widest appl ica t ion 
range because even the grate-kiln process wi thout preceding travell ing 
grate could not be opera ted successfully. 

9 .5 .4 C o s t C o m p a r i s o n 

It is not the purpose of this book to m a k e a cost compar i son in suppor t 
of a decision regarding the choice of one or other indurat ing system. T h e 
numbers of plants h i ther to opera ted according to the various processes 
may generally serve as a criterion. It m a y also be assumed tha t the 
decision in f avour of one or the o ther indura t ion system has been taken 
af ter considera t ion of all cost factors with a good pellet qual i ty being 
imperat ive. T h e capital investment depends on m a n y specif ic condi t ions 
for each par t icu lar plant which mus t not be directly related to the chosen 
firing system. 
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10.1 Plant Layout 

The choice of the most important appara tus for the performance of the 
various process stages, the arrangement of individual plant i tems 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 Material Basis: Ore types, chemical and physical properties, as 
well as their preparat ion stage determine the selection of the various 
apparatus to be used. 
(c) Pelletizing and Indurat ion Units of di f ferent design also influence the 
arrangement of individual plant i tems 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 indurat ion 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 format ion system. In the third part , the indurat ion 
system is represented which consists either of a shaft furnace, grate-kiln 
combinat ion or travelling grate. This scheme may also serve as a guide for 
process control. 

10.2 Process Control 133) 

In order to have at any t ime 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. 
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Fig. 134. Typical flow sheet of a pelletizing plant travelling grate system 

(a) These controls refer to the process cycle wi th a view to achieving an 
op t imal pellet qual i ty by 
- d is t r ibut ion and propor t ioning of mater ia l masses 
- p repa ra t ion of a homogeneous mix 
- fo rming of green balls 
- indura t ion and cooling of pellets. 
(b) T h e measur ing equ ipmen t also has the func t ion of technical opera -
tional control to provide 
- low energy consumpt ion 
- high and s teady product ivi ty 
- h igh availabil i ty of the plant. 

Nowadays , such control facilities fo rm an integral par t of each m o d e r n 
pelletizing plant and are adap ted to the d e m a n d of various f i r ing systems. 
By way of example , the principal control funct ions in a travell ing grate 
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plant are expla ined below with the ind iv idua l p lant sections having been 
combined in the fo rm of three sections s imilar ly to those shown in 
Fig. 134. 

10.2 .1 Di s tr ibut ion and P r o p o r t i o n i n g of M a t e r i a l F l o w s 

In the first section the mater ia l s t reams are d i s t r ibu ted over the 
individual bins th rough travell ing belt conveyors and p lough scrapers 
arranged above the bins. These bins are suppo r t ed by load cells al lowing 
cont inuous control of their filling degree. A f t e r a specif ied fil l ing weight 
has been a t ta ined , the belt conveyors are swi tched over to the next b in 
according to a p r ede t e rmined p rog ramme . 

10.2 .2 P r o p o r t i o n i n g of S o l i d C o m p o n e n t s and W a t e r 

Raw mater ia l is extracted f rom the var ious raw mate r i a l bins and 
propor t ioned by weigh feeders. T h e admissab le var ia t ion is not grea ter 
than ±0 .5 percent by weight. T h e necessary water a m o u n t is also 
measured and in some plants control led p ropor t iona te ly to the solids 
quant i ty with pa r t of the water being a l ready a d d e d at the premixer . In 
many plants, the a m o u n t of water is still control led by hand . 

10 .2 .3 F o r m a t i o n and T r a n s p o r t o f Green P e l l e t s 

In principle, the pelletizing unit is ope ra t ed by hand a f t e r the ind iv idua l 
components have previously passed a mixer . T h e total quant i t ies of green 
balls fo rmed originate , in most cases, f r o m several pellet izing units. T h e y 
are collected on a belt conveyor and carr ied to the indura t ing mach ine . 
T h e amoun t of green balls suppl ied is recorded by means of a belt 
weigher and corrected according to the quan t i ty of screened undersize. 
This belt weigher is an impor t an t control uni t , is connected to the pellet 
indurat ing m a c h i n e and controls its velocity. 

10 .2 .4 Green P e l l e t C h a r g i n g 

T h e grate velocity control is impor t an t in o rder to keep the pellet bed 
height constant. In this connection, the add i t iona l amoun t s of hear th layer 
and side wall layer are taken into account . A correct ion to compensa t e for 
the varied green ball bulk density and t ime lag caused by the dis tance 
between green ball belt weigher and pellet f eed ing point onto the grate is 
also ensured. 
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1 0 . 2 . 5 T h e r m a l T r e a t m e n t of Green Ba l l s 

T h e p rocedure of pellet indura t ion is control led by process gases 
f lowing at the rates p rede te rmined according to the hea t ing pa t te rn and at 
a corresponding t empera tu re through the pel let bed. A n indicat ion of a 
suff icient supply with the necessary heat energy results f r om the t em-
peratures prevai l ing in the wind boxes. 

In a similar way as for down-draught sintering, burn- through points can 
be used as gu ide values. F o r specif ic process stages, they correspond to 
def ined tempera tures . W h e n the t empera tu res p rede te rmined in the 
heat ing p r o g r a m m e are exceeded, or lower t empera tu re s prevail , the 
process gas f low rate is changed. This is achieved by control l ing the 
capacity of the m a i n fan located beh ind the wind boxes of the f i r ing zone. 

In the case of o ther process gas fans also, the necessary gas f low is 
forced th rough the bed by means of by-pass connect ions as well as 
th rough par t icu lar inlets and outlets. In this way, the gas pressure in the 
burner hood is control led th rough the cooling air fan, since the hot 
cooling air f r om the cooling hood is in t roduced th rough a direct duc t into 
the burner hood. T h e up-draught drying and waste gas fans control the gas 
flows in the f ront par t of the indura t ing machine . Thus , the process gas 
fan capacities, var ied according to the t empera tu res measu red , vir tually 
control the the rmal p rocedure of pellet indura t ion . 

10.3 Development and Trends of 
Further Control Variants 

T h e very fast and successful deve lopment of digital systems pr imar i ly in 
control and c o m p u t e r technology led to an extensive use of these systems 
in pelletizing plants. The i r appl ica t ion range extends f r o m simple d a t a 
collection, faul t recording, coeff ic ient calculat ion and faul t analysing 
through "on- l ine controls" to the conversion f r o m one opera t ing scheme 
to another . T h e use of digital controllers for control led systems with an 
extreme t ime behav iou r as well as for control circuits with several 
mathemat ica l interactions, e.g. for control l ing the indura t ing m a c h i n e 
speed, proved par t icular ly successful. Also mas te r control funct ions con-
cerning mater ia l handl ing or mix composi t ions on the basis of chemical 
analyses can be solved more simply and rel iably with a digital system 
than by adop t ing the conventional methods . 

As new a u t o m a t i o n systems, including m o d e r n measur ing methods , 
undergo current , systemat ic investigations and testing and as new ma the -
matical process mode ls are developed, it can be expected tha t in the nea r 
future , the measu r ing and control systems of pellet izing processes will be 
greatly inf luenced. 



11 Pellets in the Blast Furnace Burden 

Since it is possible to produce pellets of good quality f rom 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 f rom fine-grained magnet i te 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 f rom fine-grained ores were available on the world market , pellets really started to 
compete with l ump 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. Fur thermore , 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 
controlled 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. Fur thermore , the other iron 
oxide constituents, such as sinter or lump ores and even coke, are 
available in a def ined size range af ter crushing and distinct classification. 
Today, the iron content of a well p repared 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 propert ies 
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 por t ion and above-average quant i t ies of flue dust in the blast 
fu rnace compel led the pelletizing plant opera tors to improve the mechan i -
cal strength of the pellets. T h e partly d r a m a t i c deve lopment and the 
results ob ta ined were descr ibed by W. E. Marsha l l 4 7 ) , as is shown in 
Fig. 85, item 6. This work was, so to say, p e r f o r m e d in a closed combine , 
because the first pelletizing plants and blast furnaces were owned by the 
same companies and their special demands were of overr id ing impor -
tance. 

With great interest, a large-scale test run on 150,000 t of pellets in a 
blast furnace of Mannesmannwerke in Duisburg , West G e r m a n y in 
1962/63 and the experience thus gained was recorded 2 0 ) . F r o m the 
favourable results of these tests, and tests in Japan , pellets were con-
sidered, also outs ide the Uni ted States, as being an equivalent blast 
furnace const i tuent alongside sinter and l u m p ore. In the mean t ime , the 
issue of guiding principles for the evaluat ion of the mechanical pellet 
quali ty had begun. Nowadays , such s tandards are internat ional ly ac-
knowledged and described in chapter 4. 

Af te r the me thods of improving the mechanica l strength of Mesab i 
Range pellets had become known, m a j o r p rob lems were no longer 
encountered in the respective blast fu rnace operat ions. T h e Mesabi pellets 
contain by na ture , high propor t ions of acid gangue with a basicity of 
about 0.2, at which no pellet degrada t ion or pellet swelling is observed 
dur ing reduction. As a result of this deve lopment phase, it was clearly 
recognised that only pellets of a perfect mechanica l strength high in acid 
gangue can wi ths tand any p r e m a t u r e degrada t ion . T h e relevant con-
dit ions are descr ibed in chapter 5 and 6. 

For other pellet types with a high iron and low gangue content , great 
diff icul t ies arose, so that the dependence of the metal lurgical proper t ies 
on the chemical composi t ion also had to be thoroughly investigated. 

11.2 Influence of Chemical Composition 

It was first recognised in Sweden that a h igh mechanical s trength of 
h igh-grade iron ore pellets alone is insuff icient to withstand the stresses 
dur ing reduc t ion 7 / 8 1 ) . This was conf i rmed by a blast fu rnace test 
carried out with Swedish pellets, low in gangue, by the Thyssenhüt te so), 
in West G e r m a n y . In part icular , the unsat isfactory results when the first 
Marcona pellets were treated in J a p a n 82) ini t ia ted a broad discussion on 
the causes of degrada t ion of these pellet types, a l though their mechanica l 
strength was perfect . M a n y efforts were m a d e to investigate and expla in 
this p h e n o m e n o n wi thout a sat isfactory explanat ion having been f o u n d up 
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to now. On the o ther hand , measures for decreas ing or even prevent ing 
pellet degrada t ion or pellet swelling dur ing reduc t ion are m e a n w h i l e 
known. 

Only af ter it was possible to forecast both the mechan ica l and , to a h igh 
degree, the metal lurgical proper t ies by control led act ion, could pellets 
quali tat ively compete with the o ther blast fu rnace const i tuents namely 
sinter or l ump ore. 

11.3 Methods of Pellet Charging to the Blast Furnace 

Like all blast fu rnace consti tuents, the pellets are normal ly screened 
before they are charged into the blast fu rnace and the unders ize is 
recirculated to the pellet cycle or s inter plant. In o rder to ensure full 
util ization of their un i fo rm and high permeabi l i ty , they are charged in 
separate layers, a l ternat ing with the o ther components . Special a t tent ion 
was paid to this dur ing the blast fu rnace test run by M a n n e s m a n n . 
Nowadays , the charging of consti tuents in layers having the s ame gas 
permeabi l i ty is a general ly acknowledged charg ing technology. Pellets with 
good mechanical proper t ies and a low tendency to degrada t ion du r ing 
reduct ion can be p roduced by using any pellet izing process whatsoever . 
Fur ther possibilit ies of ensuring a more economic pellet p roduc t ion and of 
adapt ing the blast fu rnace technology even more eff icient ly to the use of 
larger pellet port ions are being s tudied. 

11.4 Comparison of Pellets and Sinter 

Experts still hold d i f fe ren t opinions concerning the advantages and dis-
advantages of the use of pellets in the blast furnace . Part ly, because suf-
ficient experience with the use of pellets is not avai lable , and somet imes , 
pr imari ly dur ing boom periods, pellets of lower qual i ty enter the marke t . 
It is diff icul t to m a k e a generally valid s ta tement e i ther way, since o f t en 
too many very d i f fe ren t local opera t ing condi t ions m a y inf luence the 
result to a h igher degree than the qual i ty of one or the o ther pellet type. 
However , a compar i son nevertheless appea r s interesting. 

By way of example , trials carr ied out in the blast fu rnace plant at 
Hoogovens, I jmuiden B. V., in the N e t h e r l a n d s a re re fer red to 137). As is 
known, Hoogovens have to impor t all the ores requ i red for pig ore 
product ion. T o achieve an o p t i m u m agglomera t ion s i tuat ion, they ope ra t e 
both a pelletizing and a sinter plant , each with an annua l capaci ty of 
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3 .10 6 tons. F o r the test carr ied out over a pro longed per iod, acid and 
basic pellets having a basicity of 0.15, 0.90 and 1.35, as well as overbas ic 
sinter having a basicity of 2.0 were p repa red and charged at d i f f e ren t 
mixing propor t ions to the blast furnace . T h e p r o g r a m m e inc luded the 
tests shown in Tab le 32. 

Table 32. Test programme for comparing influence of pellets with sinter in blast 
furnace burden130) 

Pellets 
in % 

Basicity Sinter 
in % 

Basicity Number 
of trial 
weeks 

Hearth 
diameter 
of in m 

Pellets 
in % 

Basicity Sinter 
in % 

Basicity Number 
of trial 
weeks 

Hearth 
diameter 
of in m 

Number 
of trial 
weeks 

Hearth 
diameter 
of in m 

95 1.35 5 2.0 3 5.9 
70 0.90 30 2.0 6 13.0 
50 0.15 50 2.0 Normal practice 

In format ion avai lable f rom the blast fu rnace opera t ions e.g. f r o m 
Japan, N o r t h Amer ica and Western Europe were incorpora ted into the 
evaluation of the trials carr ied out by Hoogovens . These results a l together 
cover a wide range of varying mixtures f rom 95% fluxed and over f luxed 
sinter u p to 95% acid and f luxed pellets in the blast fu rnace bu rden . A 
compar i son was m a d e for the fuel consumpt ion and the fu rnace p roduc -
tivity. T h e results obta ined were recently con f i rmed by in fo rma t ion given 
at the JJSJ conference in Sidney, October 1979 137). 

(a) The fuel consumption is calculated as an average s tandard ized rate 
(coke + 1.16 x fue l ) in kg coke per ton of hot metal . T h e fol lowing values 
were obta ined for the above ment ioned areas: 
(A) Japanese blast furnaces opera ted with 7 5 - 9 5 % self-f luxing sinter, 

balance sized l u m p ore and pellets 
=530 kg f u e l / T H M (ton hot metal) 

(B) Japanese blast furnaces opera ted with 46% self-f luxing sinter, 45% 
self-f luxing pellets, balance sized l ump ore 
=514 kg f u e l / T H M 

(C) Nor th A m e r i c a n furnaces opera ted with 75%—95% acid pellets and 
l imestone 
=542 kg f u e l / T H M 

(D) European furnaces opera ted with 75 — 95% self-f luxing sinter 
=532 kg f u e l / T H M 

(E) trials at I jmu iden including s tandard opera t ion 45% acid pellets and 
45% overf luxed sinter 
=528 kg f u e l / T H M 
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There are practically no d i f ferences between (A) and (D) at roughly the 
same blast fu rnace charge, the f igures of (A), (D) and (E) are almost equal 
with 45% acid pellets in the blast fu rnace bu rden , (C). T h e highest heat 
consumpt ion is ob ta ined when using acid pellets, and the lowest is 
achieved at equal port ions of self-f luxing pellets and overbas ic sinter, (B). 
Except for (C), the di f ferences are not very great . F r o m this, it can be seen 
that at a good p repara t ion of sinter and pellets, the coke consumpt ion is 
similar to that resulting f rom the use of a high por t ion of self-f luxing 
sinter. As a result, it is demons t ra ted that pellets are just as sui table for the 
blast furnace as sinter. 

(b) The resistance to gas flow in the blast f u r n a c e charge is the lowest at 
a pellet por t ion of 95%. However , no r e m a r k a b l e d i f fe rences in the 
furnace charge against a well p r epa red sinter feed were found. Also in 
this case there is no negative inf luence of pellets on the blast fu rnace 
burden , p rovided that the individual componen t s show a good behav iou r 
dur ing reduct ion 137). 

(c) Production costs. T o achieve these f avou rab l e values regard ing coke 
consumpt ion, a d e q u a t e p repara t ion of agg lomera tes is r equ i red , which 
may be reflected in corresponding p roduc t ion costs 138). These costs are 
about 1 0 - 1 2 % higher for basic pellets than for acid pellets. T h e 
product ion costs for basic sinter are roughly be tween these two values, so 
it is cheaper to in t roduce the necessary basic const i tuents th rough a sinter 
product . Thus , the s tandard mix in the I j m u i d e n plant is composed of 
approximate ly 50% acid pellets and 50% overf luxed sinter. 

11.5 Pellet Proportion in the Blast Furnace Burden 

For d i f ferent reasons, the pellet ut i l isat ion in var ious countr ies has 
developed in very d i f ferent ways and in depen de nce on the existing sinter 
plants there, e.g. in Japan or Western Europe , as can be seen f r o m 
Table 33 139). In this table a trend of the blast fu rnace b u r d e n up to 1985 
is shown for some countries with m a j o r steel p roduc t ion . Except for the 
Uni ted States where pellets are p r e d o m i n a n t , in all o the r countr ies the 
higher por t ion of agglomerates consists of sinter, approx . 70%. In the long 
run a slight change can be expected by raising the pellet por t ion at the 
expense of l u m p ores. The i r a m o u n t will decrease f rom abou t 25% to 18% 
while the pellet consumpt ion will rise f rom 17% to abou t 26%. 

In the Uni ted States the s i tuat ion will be d i f fe ren t . T h e pellet por t ion 
will increase up to 70% and the ba lance will consist of sinter and l u m p 
ore. 
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Table 33. Composition of blast furnace burden in 1976 and future trends139) 

1976 in % 1985 in % 

Pellets Sinter Lump 
ore 

Pellets Sinter Lump 
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 140) roughly shows the fol lowing 
tendency: the sinter por t ion will move up to a round 70% and the pellet 
por t ion to abou t 25%, which corresponds to doub le the present por t ion, 
whereas the l u m p ore port ion will fu r the r d iminish . This is an indica t ion 
of the intent ion to p rede te rmine the blast fu rnace bu rden proper t ies as fa r 
as possible. T h e tendency to cover the increasing rate of pig iron and steel 
in the fu tu re main ly by pellets is caused by var ious factors un favourab le 
for the construct ion of new sinter plants, such as high capital investment , 
dependency on coke breeze as heat energy and above all greater 
ecological p rob lems in sinter plants. T h e severe prescript ions regarding air 
and water pol lu t ion control in u rban centres, where most blast furnaces 
and sinter plants are located, almost impede the construct ion of new sinter 
plants. According to the in format ion obta ined f rom a competen t sinter 
and pelletizing plant constructor, the capital costs of such plants wi th a 
complete envi ronmenta l protect ion system, including SO2 absorpt ion , are, 
at an annual capaci ty of 3 x 106 tons, approximate ly 1 0 - 1 2 % higher for 
sinter plants t han for pelletizing plants. 
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Direct Reduction Plants 

T h e high iron content of pellets, their spher ical shape , l imi ted size range 
and practically no fines were the typical p roper t ies of agglomera tes which 
gave a f resh impe tus to the deve lopment of d i rect reduct ion , p r imar i ly on 
the basis of gas, in the shaf t furnace . T h e first posi t ive exper ience was 
a l ready m a d e in 1950 in Wibe rg plants in Sweden 7/8). W h e n 
Hoja la to y L a m i n a (HyL) converted their retort process deve loped in 
Mexico in 1957 f rom l u m p ore to pellets in 1970, the opera t iona l results 
improved the capaci ty by abou t 30% and the fue l consumpt ion by a b o u t 
15% 141). 

T h e Midrex process was deve loped and commerc ia l ly in t roduced 
exclusively on the basis of pellets. However , d u e to the high gas 
permeabi l i ty of the pellet charge, a t t empts were m a d e to replace a par t of 
the expensive pellets by careful ly selected, cheape r l u m p ores, which have 
a lower bed porosity. T h e percentage of l u m p ores in the charge is 
dependan t on the change of gas pe rmeab i l i ty of the ent i re mixture , 
which is inf luencing the shaf t fu rnace product iv i ty , as shown in Fig. 11. 
Another inf luencing factor is the behav iou r of the na tura l ores du r ing 
reduction, as fa r as swelling and deg rada t i on is concerned, whereby the 
gas permeabi l i ty can be varied. 

T h e basic condi t ions for the pellet behav iou r du r ing direct reduc t ion 
are the same as for the blast furnace . However , add i t iona l d e m a n d s are 

Table 34. Pellet consumption in direct reduction plant with gaseous reductants 

Plants 1978 In operation Under construction Sum 

Process a Pellet consumption in 106 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 23.2 
a In the above processes it is also possible to use, to some extent, classified lump 

ores 
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existing as descr ibed unde r i tems 4.7 and 4.7.1.3. A b o v e all, the pellets 
shall not p rema tu re ly sof ten, stick together and thus fo rm lumps. Fu r the r -
more, the sponge iron pellets shall have a suff ic ient cold crushing s t rength 
and resistance to abras ion in order to wi ths tand t ranspor t f r o m the reduc-
tion plant to the steel p lant wi thout damage . T h e pellet quant i ty in the 
most impor t an t gas reduct ion plants, which in 1978 were a l ready in 
operat ion or unde r construct ion, is shown in Tab l e 34. 

In reduct ion processes carr ied out with solid reductants in rotary kilns, 
pellets and l u m p ores can be utilized with less s tr ingent restrictions 
provided that the l u m p ores used are generally sui table for direct 
reduction. A l though the pig iron curve proceeds flatly, Fig. 10, the pellet 
product ion curve rises fur ther . O n one hand , this is d u e to the increas-
ing pellet p ropo r t i on in pig iron p roduc t ion and on the other , to the raised 
steel p roduc t ion by the appl ica t ion of the direct reduct ion processes. T h e 
latter allow an en la rgement of the steel capaci ty in small increments and a 
closer p lant locat ion to the consumers ' m a r k e t whereby the capital in-
vestment is lowered accordingly. 
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For a bet ter comprehens ion of the process parameters , and for sup-
plement ing results of exper iments and experience, some theoretical con-
siderat ions are set for th below. 

To begin with , the basic features for pellet fo rma t ion are discussed, fol-
lowed by considera t ions deal ing with the thermal t rea tment of green 
pellets, with par t icu lar a t tent ion being given to drying. 

Some of the data, equat ions and d iagrams are of more general 
character and are merely valid for par t icular applicat ions. They may 
rather serve as a guide for bet ter unders tanding of the inf luence of some 
factors and should be read in close connect ion with the respective chapters 
concerned. 

13.1 Green Ball Formation 

Under i tem 2.1 bonding mechanisms are described which b e c o m e 
active dur ing the fo rmat ion of green balls f r om f ine-grained iron ores, 
part icularly in conjunct ion with water, as shown in Figs. 1 2 , 1 3 , 1 4 . On the 
basis of test results and measurements carr ied out in labora tor ies and 
industrial plants, the significance of inf luencing factors is explained under 
i tems 5.1 and 5.2. F o r s u p p o r t i n g this knowledge, some mathemat ica l con-
siderat ions have been m a d e and already repeatedly discussed in the 
l i terature 2 3 - 2 6) . Some of these investigations are based on d e f i n ed 
spheres, such as glass or metal balls, which d i f fe r r emarkab ly f rom the 
shape of finely ground ores. Part of the mathemat ica l der ivat ions are thus 
appl icable to green ball fo rma t ion by way of compar i son only. T h r e e 
factors are decisive for the fo rmat ion of green balls and their mechan ica l 
strength: 
— the bond ing forces be tween grain surface and water, 
— the g ranu lomet r i c propert ies , such as size dis t r ibut ion of part icles, 

specific surface, proper t ies of particle surface and wettabil i ty, 
— mechanical compress ion and impac t forces which become active du r ing 
rolling of solids particles with water in d rums or discs. 

13 .1 .1 B o n d s Be tween W a t e r and Fine-Grained Part ic l e s 

In general, pre-wetted ore particles are charged to a pelletizing unit. 
T h e green balls are fo rmed , if necessary, by fu r the r water add i t ion the 
voids between the individual ore-grains gradual ly filling. 
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Dur ing this opera t ion , d i f fe ren t bond ing mechan i sms b e c o m e succes-
sively active. T h e l iquid fil l ing degree serves as a cr i ter ion for the water 
amoun t conta ined in existing voids be tween the ind iv idua l grains. 

This degree indicates the por t ion of voids filled with water re fer red to 
the total void volume. 

13.1.1.1 Bonding by Liquid Bridges 

In the case of a low water addi t ion , l iquid br idges fo rm at f avourab le 
coordinat ion points of individual ore part icles at a l iquid fi l l ing degree Ψ 
of less than 0.2, as d iagrammat ica l ly i l lustrated in Fig. 12 B. This first 
phase of bonds is designated as the bridge bonding phase 142). However , 
this kind of bonding is not suf f ic ient for green pellet fo rma t ion . Wi th 
fur ther water add i t ion individual capi l lar ies fill with water , Fig. 12 C and 
form conglomerates held together by capi l lary forces. T h e s t rength 
developing in the various stages of water fil l ing is descr ibed in Fig. 135 144) 
which also indicates the inf luence of oversa tura t ion with water . 

Fig. 135. In f luence of wa t e r f i l l ing d e g r e e of cap i l l a r i e s on tensi le s t r eng th d u r i n g 
g reen ball f o r m a t i o n , r aw ma te r i a l : l imes tone , ε = 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, capil lary tensile 
forces and br idge bonds are joint ly active. This ball f o r m a t i o n stage is 
designated as the transition stage. T h e l iquid fil l ing degree Ψ has increased 
to about 0.4 142). However , the jo in t bonding forces are not yet suff ic ient 
to ensure the necessary strength of pellets. T h e gradual void filling con-
tinues, as shown in Fig. 12 D. 

13.1.1.3 Bonding Forces in the Capillary Range 

The o p t i m u m strength is to be expected w h e n the voids be tween the 
individual ore part icles have near ly filled wi th water and the l iquid 
surface of the water-f i l led capil laries on the pellet sur face shows concave 
menisci. T h e capi l lary tension thus arising is, according to Tigerschiöld, 
the main cause of the green pellet strength. T h e l iquid filling degree has 
now at ta ined a value Ψ ranging f r o m 0.8 to 0.9 of the total voids. T h e 
br idge bond pract ical ly no longer exists. Only unde r certain condit ions, it 
may remain active on the pellet surface according to the size of part icles 
involved. As pe r calculations, the o p t i m u m bond ing power by br idging 
only reaches a value of abou t 35% of the fully eff icient capi l lary bond ing 
forces 23). 

These have meanwhi l e moved to the pellet surface as is i l lustrated in 
Figs. 12 E and 13. 

T h e tension bui l t up in the capil lar ies corresponds to the l iquid c o l u m n 
level in the var ious voids. It is dependen t on the void rad ius and on the 
propert ies of the ore grain surface. T h e capil lary underpressure PK 

results f r om the fol lowing factors: 

T h e radius of curvature R depends on the capil lary radius r and on the 
contact angle be tween meniscus and capil lary wall. At a comple te wett ing 
of capillaries, rad ius of curvature R becomes equal to capil lary rad ius r. In 
this case, the tension can be expressed as follows: 

This calculat ion appl ies to agglomerates for which a l iquid filling 
degree of 0 . 8 - 0 . 9 has been at ta ined in the voids. 

T h e capil lary underpressure PK can be represented as 
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In this equa t ion , m is des ignated as the hydrau l i c pore radius. It results 
f rom the rat io of the pore vo lume to the surface of the pores filled with 
water. In a conglomera te of finely ground ores with a statistical size dis-
t r ibut ion, the average hydraul ic rad ius is responsible for the value of 
capil lary tension. On this basis, Tigerschiöld and I lmoni establ ished the 
following relat ionship:  

If this term is in t roduced into the fo rmula  

the following equa t ion for the capil lary tension is deve loped: 
(1) 

According to this equat ion , the green pellet s t rength is p r imar i ly 
proportional to the pores and capi l lar ies of the fine grains. T h e equa t ion 
only shows the trend. Exper imenta l values d i f f e r f r o m the calculated 
figures. T h e l iquid filling degree of 0.8—0.9 is opt imal . If more water is 
added , value Ψ= 1 is reached and exceeded. 

13.1.1.4 Oversaturation with Water 

If this is the case, the concave voids on the surface are overf i l led with 
water. T h e sur face is coated with a water skin and more corresponds to a 
solids — conta in ing water droplet . T h e capi l lary bond ing forces no longer 
exist. Only the surface tension of the water is active, Fig. 12 F. T h e sur face 
which previously appea red dry and rough becomes now br ight and the 
pellet slightly more plastic but more resistant to d ropping . If the water 
addi t ion is fu r the r cont inued, the pellet may even be conver ted to sludge. 

The dependence of the compress ion s t rength on the l iquid fil l ing degree 
and the decrease of the resistance at oversa tu ra t ion are shown in Fig. 135. 

T h e strength is here expressed as tensile s t rength in N e w t o n units. 

13 .1 .2 In f luence of G r a n u l o m e t r i c Propert i e s on 
Green P e l l e t S t r e n g t h 

The second impor tan t fac tor for green ball f o r m a t i o n is the na ture of 
particles f r o m which the pellets are made . R u m p f 143) calculated the 
tensile s trength f rom balls consisting of part icles of equal diameter and 
found the s impl i f ied re la t ionship  
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In this fo rmula , H is the adhesive force at contact points and d is the 
d iameter of the spherical particle. D u r i n g gr inding of ores, a mix ture of 
particles with a wide size range and a steady size d is t r ibut ion is ob ta ined , 
in which the por t ion of fines - 0.045 m m d iame te r should be abou t 85%. 
For the de te rmina t ion of the strength of green pellets derived f r o m 
particles of d i f fe ren t diameters, a representat ive part icle size dh has to be 
established. If the range of part icle size is not too widely spread , the 
particle size dh can be de te rmined f rom the calculated or measu red 
specific surface. 

If this is not the case, the value dh has, according to a model con-
siderat ion by R u m p f , to be graphical ly def ined by the fact that the par t ia l 

surface fo rmed by all m a j o r grains can just be coated by grains of 

smaller size. The i r sum of digits is  

The condit ional equa t ion for dh is then: 

13.1 .3 In f luence of Ro l l ing F o r c e s D u r i n g M o v e m e n t of 
Green P e l l e t s 

Movement forces are considered as the thi rd factor inf luencing green 
ball format ion. D u r i n g rolling, f ine-grained ore part icles are pressed into 
the surface of a l ready existing large agglomerates . This is achieved by the 
pressure which, due to an accelerat ion impact , is exerted by the pellet 
rolling over a particle. T h e intensity of this impac t P is expressed by the 
following equa t ion 1 4 4 ) :  

The ore part icle is pressed at a specific force into the surface of a roll ing 
pellet. T h e cor responding pressure K at the contact point be tween 
particles and pellets is as follows: 

In this equa t ion , c is dependen t on the shape and posi t ion of part icle on 
the pellet surface. If the part icle has the cross section F = c . d 1 ² formula and a 
cubic shape, c is equal to one, d1 and b1 equal to d and b. T h e f o r m u l a 
can be changed; K is then calculated as follows:  
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This fo rmula implies that pressure K rises p ropor t iona l ly to the ra t io R/d formula, 

as well as to the square of mot ion velocity V of the pellets. Dur ing rolling, 
the pellets are compac ted by the accelerat ive force and they receive their 
spherical shape which is schematical ly shown in Figs. 14 A and C. T h e 
decisive factors for the fo rmat ion of green balls of good mechan ica l 
quali ty are: 
- o p t i m u m water addi t ion, equat ion (1), to p r o d u c e capi l lary forces 
- suff icient particle size range, equa t ion (2) 
- impact and pressure dur ing rolling, equa t ion (3). 

Two types of appara tus , the bal l ing disc and the bal l ing d r u m , are 
chiefly used for ball format ion . As a l ready ment ioned , the theoret ical con-
siderations are in pract ice not very impor tan t . All the necessary opera t ing 
data have to be found out by tests. 

13.1 .4 D e s i g n and Operat ion of Bal l ing D i s c and Ba l l ing D r u m 

As already descr ibed under i tem 8.2, d imens ion ing , a d j u s t m e n t and 
operat ion of pelletizing units are largely based on empir ica l values. Ma th -
ematical ideas are employed to a cer ta in extent only. Never theless , some 
mathemat ica l re la t ionships can be used for the const ruct ion and opera t ion 
of the two most impor tan t ball ing units namely discs and d rums . 

13.1.4.1 Design and Dimensions of Balling Discs 

T h e main dimensions of a disc requi red for ascer ta in ing a given p roduc-
tion rate are the disc d i ame te r and he igh t of the wall, the r im. M a n y 
investigators have found the re la t ionship be tween d i a m e t e r D and wall 
height H as: 

H/D fomula 
— = c o n s t . 4 4 b) 

According to Pietsch and Bombled 145), this cons tant is abou t 0.2; this 
means 

H =0.2 D 

According to Kla t t 1 4 6 ) the constant of 0.2 is only valid up to a disc 
d iamete r of 4 meters, then the constant is decreasing. W h e n evaluat ing the 
figures f rom Tab le 272 8) for large discs of 5 - 7 . 5 m d iamete r , 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 qual i ty , the f ine-gra ined mater ia l mus t 
be brought into rolling movement . F o r this p u r p o s e an o p t i m u m rota t ing 
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speed of the disc or d r u m is necessary to h a r m o n i s e the static, d y n a m i c 
and centr ifugal forces. T h e so-called critical speed, at which the gravi ty is 
just compensa ted by centr i fugal forces acting on the agglomera tes is of 
great importance . W h e n the critical speed is exceeded, the granules are 
slung against the disc wall due to h igher centr i fugal forces and no longer 
become de tached f r o m the wall. The re fo re , the critical speed n c r i t is 
decisive for good ball ing and descr ibed in the fo rmula deve loped by 
several investigators 4 4 / 1 4 5 / 1 4 6) . 

Fu r the rmore , for a given mater ia l , the d y n a m i c angle of repose (see 
Fig. 112) and the fr ict ional resistance have to be considered. T o ensure a 
good operat ion, the o p t i m u m speed is a b o u t 6 0 - 7 5 % of the critical 
rotating speed. 

According to Kla t t 1 4 5 ) the fo rmula 

can be used as a t h u m b rule to es t imate the o p t i m u m speed. However , for 
large discs in opera t ion the o p t i m u m speed is, as indicated in Tab l e 28, 
lower and reaches 6 - 7 r . p .m . at disc d iameters of 6 - 7 . 5 m. T h e o p t i m u m 
speed does not only allow good ball ing bu t also ensures a m a x i m u m 
utilization of disc area. 

13.1.4.3 Balling Drum and its Design Data 

In the l i terature, only a few ma thema t i ca l indicat ions on the d imen-
sions, opera t ing me thod as well as capaci ty and qual i ty to be expected, are 
known. They are essentially based on da ta f r o m the construct ion of ball 
mills. The m a j o r par t of the in fo rmat ion relies on empir ical values being 
described under i tem 8.2.2. 

(a) T h e slope of the d r u m axis does not serve for control l ing the ball 
format ion and green pellet quali ty. It is main ly inf luencing the mass 
throughput , respectively the retent ion time. 

(b) The d r u m length and diameter in combina t i on with the re tent ion 
t ime or ro ta t ing speed respectively are responsible for a good bal l ing and 
green pellet qual i ty . 

(c) The rotating speed is l imited by the critical speed, Fig. 104 and 
calculated according to the fo rmula 
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42.3 
Af te r conversion of "Crit = y j j formula for a d r u m with 3.6 m d iamete r , 

the rotating speed is 70% of the critical speed i.e. abou t 15 r . p . m . which is 
somewhat h igher than the values shown in T a b l e 27 and Fig. 105. 

(d) T h e fr ic t ionar resistance varying accord ing to the ore proper t ies is a 
fu r the r leading factor controll ing the rota t ing speed. 

13.2 Thermal Treatment of Green Pellets 

T h e fo rmat ion of green pellets of good qual i ty is fol lowed by the most 
impor tant steps: 

Drying, heat ing and cooling. The re are var ious ways of t ransfer r ing the 
necessary energy f rom the heat source to the pellet charge. Accord ing to 
d i f ferent f ir ing me thods adop ted two m a i n hea t t ransfer p rocedures are 
applied: 

In the shaft furnace and on travelling grates the heat is supp l i ed at m o r e 
than 90% by convection when hot gases a re passing th rough the pellet 
charge. In the rotary kiln, the m a j o r por t ion of the heat energy is trans-
ferred by radiation. 

Prehea t ing and firing always start with d ry pellets. The re fo re , drying 
must be f inished be forehand . T h e necessary hea t supply is accompl i shed 
only by convection whereby an addi t ional factor , the water evapora t ion , 
has to be considered. Since this is a d i f f e ren t p rocedure c o m p a r e d to 
normal heat t ransfer the cor responding steps for drying are discussed 
separately under item 13.3. Besides convect ion and rad ia t ion , there are 
other heat t ransfer possibilities. They all are discussed in connect ion with 
the indurat ion systems nowadays main ly used. 

13 .2 .1 H e a t T r a n s f e r in a P e l l e t C h a r g e o n t h e T r a v e l l i n g 
G r a t e o r in t h e S h a f t F u r n a c e 

Fig. 136 represents a s impl i f ied section th rough a pellet bed on a pallet 
of a travelling grate. T h e indicated f igures re fe r to the var ious possibi l i t ies 
of introducing heat into the bed. These t ransfer mechan i sms can be 
described as follows: 
1) Hot gas f lowing th rough the bed gives off hea t by convection; its tem-

pera ture d rops f rom the inlet t empe ra tu r e prevai l ing at the t op to the 
outlet t empera tu re prevai l ing unde rnea th the gra te bars. 

2) If the gas in the hood contains no tab le por t ions of CO2, H 2 O and SO2 

and if the distance between the brick l ining of the hood and the pellet 
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Fig. 136. Heat transfer to a pellet layer in position of rest 

bed surface is suff iciently great, a hea t supp ly by gas radiation add i -
tionally takes place. However , rad ia t ion only influences the top pel let 
layer t empera tu re . 

3) If the br ickl ining of the hood has a h igher t empera tu re than the pellet 
bed surface undernea th , heat is t ransfer red to the pellet bed by 
radiation. Th is again only appl ies to the top pellet layer. A par t of the 
wall rad ia t ion (3) is absorbed by gas rad ia t ion (2) and thus cannot 
pass onto the pellet bed. 

4) Inside the bed, heat is t ransferred by conduc t ion inside the indiv idual 
pellet and f rom pellet to pellet th rough points of direct contact. This 
kind of hea t t ransfer would also take place if no gas flow (1) existed. 
T h e hea t conduc t ion factor (4) also contains a certain por t ion of 
radia t ion as for (2) and (3), bu t this r ad ia t ion only becomes active at 
pellet t empera tu res exceeding 800 °C. 

5) An "internal heat supp ly" by exothermic reac t ion occurs for magnet i te 
ores when the magnet i te oxidizes to hemat i t e . This hea t supply m a y 
roughly cover half of the total hea t consumpt ion and is to be 
introduced addi t ional ly when hemat i te conta in ing ores are t reated. 

13 .2 .2 H e a t T r a n s f e r of G r e e n P e l l e t s by C o n v e c t i o n a n d G a s F l o w 

13.2.2.1 G a s Flow 

F o r the hea t t ransfer by convection, the gas f low through a pellet bed is 
of par t icular impor tance . T h e gas flow is depend ing on the gas pe rme-
abili ty or bed resistance and highly inf luenced by the physical consistency 
of the pellets. S o m e considerat ions are advisable concerning the gas f low 
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based on physical rules 147). T h e s implest way of thermal t r ea tmen t is the 
single phase gas flow through an u n m o v e d pellet bed. O n the basis of 
presently avai lable data 148), the nearly spher ical shape of pellets and the 
relatively na r row size range of 9—15 m m pellet d iameter , a p rede te r -
mina t ion of the resistance to gas f low in a bed is possible. If the resistance 
values are known, the basis for calculat ing the fan capaci ty is given, 
a l though the final d imensions of the fan are addi t iona l ly d e p e n d e n t on 
other factors. 

13.2.2.1.1 Resis tance of a Charge of Un i fo rm Pel let Size to G a s Flow. T h e 
resistance to gas flow ΔPCH follows l inearly the he ight of a pellet 
charge and is d e p e n d e n t on the fol lowing equat ion: 

The void vo lume e can be calculated f r o m the specif ic densi ty of pellets 
Qp formula, charge QCH formula and gas Qg' formula in conformi ty with the fol lowing equat ion: 

The por t ion of void volume can vary be tween 0.40—0.49 for a pellet 
bed. It is of great impor tance for the resistance to gas flow. 

The flow resistance coeff ic ient Ψ of the bed , which is in close re la t ion to 
the Reynolds ' number , is composed of a l amina r and tu rbu len t pa r t 1 4 9 ) 

The relat ion with the Reynolds ' n u m b e r is as follows: 

Before the f low condi t ion in a bed can be evaluated , it is necessary to 
know the Reynolds ' number . Fo r beds, it is expressed as follows: 

13.2.2.1.2 Res is tance of Pellet Charge of Dif ferent Pellet Size to G a s Flow. 
If the pellet d i amete r greatly varies, add i t iona l factors have to be con-
sidered. First , the bulk densities gjCH formula and the par ts of vo lume are to be 
determined f r o m the screen analysis1 4 8) . 
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F r o m this, an average pellet d i ame te r dm is calculated according to the 
equa t ion 

(7) 

Vi propor t iona l vo lume  
V total vo lume 

Subsequent ly , the average void volume factors of charges composed of 
grains of d i f fe ren t d iamete r s εm and of the smallest f ract ion εk subscrito a re to be 

determined. F r o m this results an empir ical correct ion factor formula which 
is to be in t roduced into the resistance equat ion .  

T h e resistance to f low of charges composed of pellets of d i f fe ren t 
d iameters results f rom the following equat ion: 

The da ta for designing the process fans can be calculated by means of 
equat ions (7) and (8) for charges of un i fo rm and d i f fe ren t pellet size. 
These considerat ions only refer to the pellet bed. Othe r factors m a y 
influence addi t ional ly the resistance to flow of the whole f ir ing system 
including duc t work and dedust ing facilities. In order to be able to cope 
with ext reme condi t ions due to poor pellet quali ty, a cor responding 
capacity reserve is requi red for the process fans. 

13.2.2.1.3 Resis tance of Pellet Charge and Travelling Gra te to G a s Flow. 
Apar t f r om the pellet bed, another resistance arises on the travell ing grate 
due to the restriction of the space between the grate bars ΔPGR. 

The fol lowing re la t ionship exists: 

The resistance to flow of the pellet bed and grate can be calculated 
according to the equat ion: 

Fig. 137 shows diagramat ical ly the resistance to f low of a charge of 
un i fo rm pellets with a d iamete r of 10—12 m m having a height of 40 cm 
and of small pellets and particles of 3 —8 m m d iame te r including the grate 
resistance as found in pot pelletizing tests. 

The grate resistance is only percept ible in a bed of approx imate ly 5 cm 
height. F r o m this bed height onward , bo th curves are l inear with the bed 
height. In the case of pellets of d i f fe ren t d iameters , the resistance to f low is 
substantial ly higher . T h a t is why the pellet f ract ions of 3—8 m m d i a m e t e r 
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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 insulat ing layer be tween pallet s ide walls and the porous pellet 
feed in Lurg i -Dravo travelling grates. 

A good gas permeabi l i ty and an eff icient gas flow th rough a pellet bed 
are achieved if the pellet d i amete r is wi th in a close range. 

13.2.2.2 H e a t Trans fe r by Convect ion 

The main heat t ransfer th rough a pellet charge is real ized by convec-
tion. T h e fol lowing da ta on heat t ransfer by convect ion are available. T h e 
convective heat t ransfer to a pellet bed th rough which gas is f lowing is 
represented in a m a n n e r generally valid by the non-d imens iona l Nussel t 
number :  

where αCH is the convective heat t ransmiss ion coeff ic ient refer red to the 
pellet bed surface (W • m - 2 • K - 1 ) . 

The dependence of the convective heat t ransmiss ion coeff ic ient on f low 
conditions, character ized by the Reynolds ' n u m b e r of the pellet bed of 
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un i fo rm size can be represented according to Jeschar 150) as follows: 

In the case of charges composed of pellets of d i f fe ren t d iameters , the 
Reynolds ' n u m b e r and average pellet d i ame te r have to be calculated 
accordingly, as expressed in the fol lowing equat ion: 

which refers to ideal and smooth balls. In general , pellets show no tab le 
deviations f rom the ideal spherical shape, which for pellet charges a m o u n t 
to abou t 40—60% of the theoret ical value. 

T h e equat ions 11, 12 and 13 are typical for condi t ions in the shaf t 
fu rnace and on the travell ing grate. Fig. 138 shows the coeff ic ient of hea t 
transmission α as a funct ion of the t empera tu res for bo th gas velocities. 
T h e gas velocity is re fer red to 273 K, 1 bar and to the voids inside the 
charge. As is a p p a r e n t f r o m the t empe ra tu r e dependence , hea t ing and 
cooling processes in h igh pellet beds can be calculated more exactly if the 
total bed height is d iv ided into a certain n u m b e r of smaller layers. O n the 
other hand, an average coeff ic ient of heat t ransmiss ion may be assumed. 
T h e convective hea t t ransmission in the rotary kiln main ly refers to the 
area of the charge over which the gases flow. There fo re , the α va lue can 
be neglected. T h e convective heat t ransfer 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 magn i tude than the hea t t ransfer on the travell ing 
grate and in the shaf t furnace . 

13.2.2.2.1 H e a t Trans fe r to the Pellet Charge on the Travell ing Grate . As 
concerns the pallet sectional area shown in Fig. 136 the hea t t ransfer rules 
are comparat ively s imple, whereas they b e c o m e more compl ica ted if the 
pellets on the travelling grate are taken into considera t ion . In travell ing 
direction the waste gas outlet t empera tu re follows, with some delays, the 
hot gas inlet t empera tu re at the s ame location. D u e to this "cross-f low 
effect", the calculat ion of t empera tu re g rad ien t in the pellet bed becomes 
complicated. In this case, heat balances of small d i f ferent ia l layers of the 
total bed and the travelling t ime are es tabl ished as in a s imi lar way shown 
for the drying progress in Fig. 144. T o compensa t e for this delay, an af ter-
firing section is incorpora ted in the f i r ing cycle, see Fig. 84. This f igure 
shows the t empera tu re gradient in con junc t ion with the ind iv idua l process 
stages and for d i f fe ren t ore types on the basis of the results of c o m p u t e r 
calculations. These calculations tally with m e a s u r e m e n t s m a d e in labo-
ratories and industrial plants. 

13.2.2.2.2 H e a t Transfer to the Pellet Charge in the Sha f t Furnace . O n e 
advantage is the good hea t economy. C o m p a r e d to mater ia ls usually 
treated in shaf t furnaces , pellets represent a u n i f o r m and porous bed. T h e 
pellets are moving downwards by gravity. Fr ic t ion be tween pellets and 
brickwork and between individual pellets m a y have some de t r imenta l 
effect on the pellet qual i ty so that the res idence t ime, t e m p e r a t u r e prof i le 
and gas d is t r ibut ion may be impa i red . T h e u n i f o r m gas f low th rough the 
bed sectional area, which is impor t an t for the heat t ransfer , is bet ter 
ensured in the travelling grate, where the pellets are t ranspor ted unde r 
controlled condit ions. Fig. 122 shows d iagramat ica l ly a pellet izing shaf t 
furnace and the t empera tu re profi le. T h e hea t t ransfer mechan i sms (1), (4) 
and (5) described in Fig. 136 are also valid for the shaf t fu rnace charge. 
Since, inside the fu rnace no big cavit ies exist, the heat t ransfer f r o m gas to 
pellets is a lmost completely accompl ished by convection (1). T h e s ame 
applies to the hea t emission f r o m the hot pellets by cooling air in the 
lower stove. 

13 .2 .3 H e a t T r a n s f e r to t h e P e l l e t C h a r g e in t h e R o t a r y Ki ln 

The part ial steps of hea t t ransfer f r o m the hea t sources to the pellet bed 
in the rotary kiln are i l lustrated in Fig. 139 and m a r k e d by n u m b e r s 
corresponding to the various heat t ransfer mechan i sms . They show some 
substantial d i f ferences compa r e d to the travell ing grate technology. W h e n 
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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, approximate ly 90% 
of the necessary heat energy is suppl ied to t h e m by gas rad ia t ion (2) and 
br ickwork rad ia t ion (3). Fo r a short t ime the pellets reach tempera tures , 
which are only slightly below the gas t empera tu re of the f ree fu rnace 
volume. However , this t empera tu re rise only refers to a low bed height of 
3 - 4 pellet d iameters . D u e to the kiln rotat ion, 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 ad jacen t 
pellets. D u e to the lifting effect of the bricklining cooler pellets pass over 
to the charge surface, where they are fu r ther hea ted by radiat ion. 

In the case of the rotary kiln, an addi t ional mechan i sm (6) is added 
contr ibut ing hea t energy by the cont inuously varying contact be tween 
charge and brickwork. Owing to the heat ing of br ickwork above the pellet 
bed, a small a m o u n t of heat , the storage heat , is absorbed and part ial ly 
given off to the cooler pellet charge if the br ickwork moves under the 
latter. However , this effect is not impor tan t d u e to heat loss by rad ia t ion 
to the environment . T h e magnet i te ox ida t ion (5) does not m a k e any 
notable cont r ibut ion as a heat source since practically no current of air is 
flowing th rough the pellet charge and the oxidat ion thus only proceeds 
slowly. T h e total heat t ransfer in the rotary kiln is compl ica ted and still 
the subject of investigations. T h e components (1), (2), and (3) are 
calculable to some degree. As the heat t ransfer by convection is insignifi-
cant, the considerat ions concerning heat conduct ion by rad ia t ion are more 
impor tant . 

13 .2 .4 H e a t T r a n s f e r by R a d i a t i o n 

T h e heat t ransfer by radia t ion can be ini t ia ted by rad ian t gas molecules 
and a radiant solid, such as the inner sur face of the brick lining in the 
rotary kiln above the charge. 



13.2 Thermal Treatment of Green Pellets 277 

13.2.4.1 Gas Radiation 

The calculat ion of this heat t ransfer me thod was pr imar i ly p romoted by 
Hottel and his col leagues 1 5 1) . An extensive survey of the state of knowl-
edge in this field is given by R. Jeschar l48). Po lya tomic gases, such as 
C O 2 , H 2 O, C H 4 , SO2 rad ia te and abso rb in certain regions of wave-
length according to how the f requency of v ibra t ions of a toms in a 
molecular c o m p o u n d tallies with the f requency of the e lec t romagnet ic 
radiat ion. T h e calculat ion is compl ica ted if the regions of wavelength for 
individual gas consti tuents intersect and if red-hot solid particles are con-
tained in the gas flow, which is called "sol ids r a d i a t i o n " 152). T h e example 
given below refers to rad ian t gases. R a d i a t i o n hea t can be t ransfer red to 
the pellet sur face (P) qG->P or to the fu rnace wall (w) qG - >w. T h e ap-
prox imat ion me thod developed by G o d 153) is adop ted for numer ica l 
evaluation. Wi th reference to Fig. 139 and analogously to Fig. 136 - firing 
space above the pellet bed - the fo rmula for the rad ia t ion hea t 
t ransferred from gas to pellet bed sur face is the following: 

CS is the rad ia t ion value of the black body. T h e emission factor EG is 
to be individual ly calculated for each gas const i tuent , such as CO 2 and 
H2O, and to be added ; including correct ion factor AE 

Each addend is a funct ion of gas layer thickness S t empera tu re T and 
part ial pressure PCO2 and PH2O. In the b u rn e r hood located above 
the travelling grate, dis tance H be tween the inner hood surface and the 
pellet surface m a y be assumed for 5. F o r the rotary kiln, an " equ iva l en t " 
gas layer thickness SR is used, which, according to Schack 1 5 4 ) is 
S'R = 0.9 X D OF the fu rnace d iameter . U n d e r the radia t ion condi t ions 
dur ing pellet indura t ion , the emission value can, according to Hottel 151), 
be assumed as 0.95. 

According to the equa t ions 14 and 15, hea t is also given off by gas 
radia t ion to the wall above the pellet bed q2 = qG->w with the surface 
t empera tu re TP having to be replaced by the wall t empera tu re TW in 
equa t ion (14). Th is componen t can be neglected within the scope of the 
above considerat ions. 

13.2.4.2 Kiln Lining Radiation 

The heat reflected by the br ickwork as solids rad ia t ion qW->P to the 
pellet bed surface is also of impor t ance and calculated according to the 
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Between the vault and the pellet bed, pa r t of qW->P is absorbed by gas 
and therefore does not pass onto the pellet surface. This is the hea t 
radiat ion, which, according to equa t ion 14, the gas would emit itself if it 
had the wall t empera tu re TW 

Consequent ly , the br ickwork radia t ion (3) is the d i f ference be tween two 
heat flows:  

T h e total heat a m o u n t t ransferred to the pellet bed by gas rad ia t ion (2) 
and br ickwork rad ia t ion (3) is then: 

According to calculations the m a j o r por t ion of heat is t ransfer red via 
solids radia t ion and not via gas radiat ion. C o m p a r e d to the travell ing 
grate and shaf t fu rnace the heat conduct ion by radia t ion is a b o u t three 
t imes as h igh in the rotary kiln whereas the convective heat t ransfer is 
p r edominan t in the shaf t fu rnace and on the travelling grate, Table 35. 

13 .2 .5 H e a t C o n d u c t i o n 

As shown in Figs. 136 and 138 there is yet another possibil i ty of heat 
t ransfer by direct heat conduction. It can be effective in two ways: By 
conduct ing the heat f r om the pellet sur face to the core and by direct 
contact f r om pellet to pellet at d i f ferent t empera tu res by points of contact. 

13.2.5.1 H e a t Conduct ion Inside the Pellet 

T h e heat conduc t ion inside an individual pellet is impor tan t because it 
influences the necessary m i n i m u m firing t ime T m i n . This is the t ime 
needed to t ransfer the heat, requi red for p rope r indura t ion f rom the pellet 
sur face to the pellet core. In the case of the various heat t ransfer m e t h o d s 
described above it is supposed that the pellets are already dry and no other 
thermal inf luences become active. T h e pellet is heated in a su r round ing 
gas m e d i u m of a specific t empera ture . This t empera tu re is not constant , 
but varies with d i f fe ren t velocities according to process appl ica t ion in 
shaf t furnaces, rotary kilns or travelling grate plants. F o r pellet hea t ing at 
a temporal ly varying ambien t t empera ture , equat ions , whose evalua t ion is 
very compl ica ted , were developed 155). Star t ing f rom a constant a m b i e n t 
t empera ture , it is possible to ascertain by an approx ima t ion 148) a theo-
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Fig. 140. M i n i m u m firing t i m e r e q u i r e d fo r h e a t t r a n s f e r in to s ingle pel le ts of d i f -
f e ren t size 

retical m i n i m u m fir ing t ime for d i f fe ren t pellet d iamete r s l imited to a 
mean calorif ic value, as is d iagramat ica l ly demons t r a t ed in Fig. 140. 

13.2.5.2 H e a t Conduct ion by P o i n t s of Con tac t 

Heat conduct ion by points of contact is only possible if ad jacen t pellets 
are of d i f fe ren t tempera tures . Since on the travell ing gra te the ind iv idua l 
pellets have a relatively restful re la t ionship to each other , the indiv idual 
pellets s i tuated at the same level are supp l ied with the s ame a m o u n t of 
heat so that be tween ad jacen t pellets the necessary t empe ra tu r e d rop does 
not really exist, but only for pellets in two layers one above the other. In 
the shaft fu rnace and rotary kiln, the pellets are moving and the points of 
contact change continuously. In the rotary kiln, a t empera tu re ba lance can 
be achieved by the mix ing of hot pellets with colder ones dur ing the 
rolling movement . However , it is more i m p o r t a n t that the rolling move -
ment causes cooler pellets on the bed sur face to be constantly f u r t h e r 
heated by gas and br ickwork radia t ion. 

13.3 Green Ball Drying 

To satisfy the relevant thermal r equ i r emen t s it is necessary to coordi-
nate the heat supply and the t empera tu re of the hea t ing gas. This is of 
part icular impor tance dur ing green ball drying, because an addi t iona l 
factor is to be considered, namely the water evapora t ion . 
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Under i tems 2.2.1 and 5.4.1, impor tan t factors for successful drying 
were exper imenta l ly investigated and descr ibed. In the light of the 
preceding considerat ions, the knowledge of hea t t ransfer specifically for 
drying is of great interest. In this connection, drying only means the 
expulsion of the water requi red for green ball fo rmat ion , which is 
contained in the grain surface and in the capil laries be tween the 
individual grains. 

In the three wel l -known fir ing processes, the drying is exclusively 
carried out wi th hot gases f lowing th rough the pellet charge. The re fo re , 
the following considera t ions are l imited to heat supply by convection of 
a ball charge at a p reponderan t ly turbulen t f low of heat ing gases. 

Thy drying process starts s imul taneously on an individual pellet and in 
the pellet charge. F o r bet ter unders tanding it is considered separately. 

13 .3 .1 Dry ing of an Individual Pe l le t 

T h e drying process of a moist porous body corresponding to an 
individual pellet is d iagramat ica l ly shown in Fig. 141. H o t gas of tem-
pera ture TD f lows towards the moist pellet, which has an initial mass of 

MW and the hea t of the gas causes par t of the water to evapora te f r om the 
pellet surface. T h e drying process results f r om the change in weight of the 
drying pellet. Dry ing is t e rmina ted when the weight MD of the pellet no 
longer shows any change. T h e pellet mois ture X can then be ascer ta ined 
according to the fol lowing equat ion: 

which corresponds to the d i f fe rence between wet and dry mass d iv ided by 
dry mass. In practical opera t ion , the mois ture content is o f ten related to 
the wet mass, as is descr ibed unde r i tem 2.2.1.1. T h e drying proceeds f rom 

Fig. 141. Influence of hot gas flow on drying of a green pellet 
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Fig. 142. D r y i n g p rog res s of a mo i s t pel le t 

the surface in concentr ic "skins" , shown as dot ted rings in Fig. 141, 
through various stages into the pellet core, as is also shown in Fig. 15. 

The t ime-rela ted drying p rocedure X(t) is p ropor t iona l to weight 
decrease M(t) as can be seen f r o m Fig. 142 A. T h e greatest weight 
reduct ion takes place in phase I, see Fig. 16. As a result, phase I also has 
the highest drying velocity m ponto DI (Fig. 142 B). It is represented by the 
following equat ion:  

If the s team pressure on the pellet sur face PD is approx ima te ly equa t ed 
with the sa tura ted s team pressure PS at a sur face t empe ra tu r e TP 

evapora t ion values of up to 40 k g / m 2 h can be calculated for the 
individual pellet. A comparab le a m o u n t would be 1 0 0 - 1 5 0 k g / m 2 h for a 
sinter mix. 

In phase II, the water has a l ready been evapora ted f rom the surface. 
T h e drying f ront shifts towards the pellet core. T h e s team arising must 
cover a longer d i f fus ion dis tance S th rough the capil lar ies which are 
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already dry. Consequent ly , the drying velocity slows down accordingly, 
m D I I . It d rops to zero when the water in the capil laries also 
evaporates and a constant weight MDR is reached, Fig. 142 B . If 
combined water is still present , phase III, weight variations have to be 
detected by using sensitive thermo-scales. 

The drying p rocedure dur ing the individual phases also results in a 
change in the pellet surface tempera ture , which corresponds to the drying 
gas tempera ture , Fig. 142 C. 

For evapora t ion of water f r o m hydrates, h igher t empera tu res are 
necessary, phase III. 

Dur ing drying, the specific surface t empera tu re of pellets is ob ta ined for 
each relevant drying gas tempera ture . These t empera tu res are shown in 
Fig. 143 for two d i f fe ren t c l imat ic zones according to calculations by O. 
Krischer 156). 

13 .3 .2 D r y i n g of a P e l l e t C h a r g e 

When the dry ing takes place by a hot gas flow through a pellet charge, 
the fundamen ta l rules 157) do not change c o m p a r e d to the drying of a 
single pellet. However , the mathemat ica l correlat ions become more com-
plicated, since the condi t ion of hot drying gases changes according to t ime 
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and place when they enter the pellet charge. T h e drying p rocedure in 
three supe r imposed pellet layers is shown in Fig. 144 A - E for consecut ive 
drying steps under equal condi t ions of drying gases. T h e drying proceeds 
in three phases I - I I bu t has a l ready been t e rmina t ed a f te r phase II w h e n 
it is assumed that only adher ing water would exist. 

In the initial stage A, before drying starts, the entire layer is un i fo rmly 
moist, t empera tu re and mois ture content are unchanged , TA , XA . In s tep 
B, the drying has commenced . T h e drying gas with the t e m p e r a t u r e TDR 

and a mois ture content φDR flows upwards t h r o u g h the pellet bed. T h e 
mois ture content f rom the bo t tom layer has par t ly been expelled and the 
mois ture content is smaller t han XA. T h e dry ing air is oversa tura ted with 
s team and the excess s team condenses on the second, the cooler pel let 
layer, whereby its mois ture content becomes h igher than it initially was. 
T h e surface t empera tu re is increased f rom TA to TP by condensa t ion 
heat. The third and the fol lowing layers are unchanged u n d e r given con-
ditions. The exhaust gas is nearly sa tura ted. 

The drying process cont inues in s tep C. N o w the bo t tom layer is 
a l ready dry, the central layer is part ial ly d r ied and the top layer is 
overwetted. T h e exhaust gas is still nearly sa tura ted . T h e pellet t empe ra -
ture is abou t the same as in s tep B. 

At a fur ther drying gas supply, the bed becomes comple te ly dry, D to E. 
T h e surface t empera tu re of the pellets and the drying gas t e m p e r a t u r e as 
well as the humid i ty of the exhaust and drying gas have ba lanced out. In 
an unmoved bed with m a n y pellet layers t h rough which hot drying gases 

Fig. 144. Water content variation in a green pellet layer during drying 
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are flowing, evapora t ion velocity, drying t ime and t empera tu re g rad ien t 
can be calculated on the basis of s imilar condit ions. 

The space- t ime deve lopment of the drying process in a green ball layer 
can be s imula ted in a step-wise calculating procedure . On the basis of a 
compute r s imula t ion 1 5 8 ) , such a result is d iagramat ica l ly i l lustrated in 
Fig. 145. The pellet charge of 30 cm thickness is d iv ided into 30 part ial 
layers y, each 1 cm thick. T h e heat ba lance for each par t ia l layer was 
established: 

"Cool ing of hot drying air = heat ing of pellets + water evapora t ion" . 
The drying s i tuat ion was ascer tained a f te r 1—4—7 minutes f rom the 

momen t of drying gas inflow in one direct ion as " u p d r a u g h t drying" . 
The fol lowing curves give in format ion concerning the var ious drying 

t imes and the respective bed heights: 
(a) the s i tuat ion af ter one minute of drying: 

(a) T h e t empera tu re in the pellet bed jus t above the hear th layer 
rapidly drops f r o m abou t 175 0 C to a b o u t 40 0 C at a bed height of 
10 cm f rom bo t tom and remains unchanged for the rest of the charge. 

Fig. 145. Influence of time on the drying process of a green pellet bed 
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(β) T h e average mois ture content in the lower par t of the bed is less 
than the mois ture content of the green pellets but f r o m a level of 
above 10cm of bed height the mois ture content is h igher than that 
of green pellets. 
(dúvida) T h e h u m i d i t y of the drying gas is increasing and the gas is satu-
rated at abou t 20 cm of bed height. 

(b) T h e s i tuat ion af ter four minutes of drying: 
(a) A grea ter par t of the pellet bed a l ready has a h igher t empera tu re . 
But at the top of the bed the t empera tu re of 40 0 C is still prevai l ing as 
before. 

(β) T h e pellet bed is a l ready dry for the first 12 cm f rom charge bot-
tom. F r o m this level the mois ture content increases and exceeds the 
normal value just below the top level of the pellet bed. 
(ɣ) On the bed surface the drying gas conta ins abou t 95% humidi ty . 

(c) T h e si tuat ion af ter seven minutes drying is as follows: 
(a) T h e t empera tu re in the bed rises and reaches abou t 75 0 C on the 
bed surface. 

(β) The pellet bed is almost dry over a he ight of abou t 25 cm. 
(ɣ) T h e humid i ty of the escaping gas is not h igher than that of the 
incoming drying gas. 

The compu ted 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 p rocedures are known, it is possible 
to make avai lable dry pellets of good qual i ty for fu r ther the rmal 
treatment. 



Final Remarks 

For f ine-gra ined i ron ore particles, pelletizing is an eff icient al ternat ive 
to down-draugh t sintering. Despi te the generally acknowledged favoured 
pellet propert ies , the initially great expectat ions concerning the improve-
ment of the blast fu rnace opera t ion were wor ldwide not equal ly realized 
al though the metal lurgical behav iour of pellets is, in general, bet ter t han 
that of m a n y l u m p ores and practically equivalent to that of sinter. 
Fig. 146 47 sobrescrito) explains the d i f fe ren t behav iour of l u m p ores, sinter and pel-
lets of various basicity dur ing reduct ion. 

The un i fo rm spherical shape of the pellets caused some diff icul t ies by 
segregation f rom the o ther components of the blast fu rnace burden when 
ma jo r quant i t ies were used. This p rob lem was overcome by the appl ica-

Fig. 146. Reducibility of different ores, sinter and pellet types - correlation between 
two different testing methods 
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tion of a more sui table charging techn ique in which mater ia l of s imi lar 
size and shape is charged in cor responding layers. 

Another a l ternat ive was to crush pellets of large size into pieces and to 
charge these pieces into the blast fu rnace 159). By c o m p a r i n g the 
behaviour of this mater ial with sinter and uncrushed pellets of smal ler 
size, some benef i ts were found. The re fo re a shape other than the spherical 
shape could be imaginable . 

The use of pellets is, no doubt , of decisive impor t ance for the in t roduc-
tion and progress of the direct reduct ion processes. In this connect ion a 
remarkable cont r ibut ion is m a d e to the successful deve lopmen t of the 
steel plants wi th lower capaci ty (Mini-steel plants) in which steel is 
directly p roduced , bypassing the blast furnace . This deve lopmen t is only 
at the beginning and will be of increasing impor t ance for m a n y countr ies 
in the future . Since pelletizing is closely connected with these new steel 
technologies, it will par t ic ipate in the fu tu re g rowth accordingly. 

T h e advantage of the lower heat consumpt ion for pellet f i r ing as 
compared with s inter ing decreases in view of the fast increasing fuel oil 
prices. At tempts to partly replace the fuel oil by coal should be con-
t inued 6 7 / 6 8). 

The ever increasing costs for agglomera t ion lead to considera t ions for 
direct processing of f ine-grained iron ore part icles into steel wi thou t 
agglomerat ion. Effor ts in this d i rect ion should be in tensi f ied even if a 
notable success appears hardly real isable for the present. 
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oxide 55, 115,116 
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Ores 127,128 
Organic compounds 136, 137 
Return material 131,132 
Silica-Silicates 53,171-176 
Sponge iron 131-135 

Agglomerates, other 

Briquettes 3,4 
Nodules 8 
Pellet sinter 13 
Sinter 4-6 ,9-15 ,229,233,235, 
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Equipment - Operation -
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Air-plane-tire 78 
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disc 77-79,202-209 
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operation 203 
rotating speed 202,206 
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units, others 78,210,211 
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cone crusher 73 
gyratory crusher 73 

Dewatering 66 
Drying drum 66,67 
Electrostatic separator 60,73 
Extruder 54 
Filter 66 
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Flotation 71,78 
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energy 63,75,76 
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Iiberation grinding 59,64 
mill 64,75 
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rods 64, 74 
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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. Iow 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-Fast system 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 

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 

McKeesystem 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 
Mill scale 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 
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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 
Wustite 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 
Itabirite 48 
Jaspilite 48 
Kiruna(Magnetite), Sweden 129 
Krivoj rog (Magnetite), USSR 129 
Manoriver(Hematite) 129 
Marcona (Magnetite), Peru 129 
Minette 48 
Robe river (Limonite), W. Australia 

51 
Specular hematite 49 
Sydvaranger (Magnetite), Norway 

129 
Taconites 48 
Venezuela fines (Hematite), 

Venezuela 12,51 

Laboratory 

Application range 68-70 
Davis tube 72 
Flow sheet for magnetic separation 73 

for ore preparation 70 
for ore washing 71 

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) 94 
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 

development stages 5 - 1 5 
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 

Pig iron 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 

grain size 62-64, 100-104,265-267 
distribution 62-64, 100-104,266 

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 

specific surface 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 pellet layer 33-35, 141-146, 

282-285 
of individual 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 
hea ting pattern 155-158 
hematite, decomposition 154,155 
oxidation, Magnetite 148, 149 
preheating 146,155-158 
specific surface area, see process 

features, ball formation 
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Reduction, hematite pellets 159-178 
structural change by 

additives 170-174 
anisotropism 168, 169 
basicity 173-176 
crystal change 165-169 
ferrites 176 
gangue reaction 161,169,170,173 
reduction temperature 176-178 

Reduction, magnetite, wüstite pellets 
178-181 

reaction, metallic iron with 
oxides 164, 165 

swelling 166-175 
testing, see laboratory 


