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PREAMBLE

The National Metallurgical Laboratory. 'amshedpur INMI 1/,
entered into a contract with the United Nations Industrial Developmaent
Orgaatsation (UNIDO) (Contract No 70/26) to undertake laboratory and
pliot plant scale studies on the suitability of Asswan Iron Ores, from
the Arab Republic of Egypt, for iron making. The terms of reference
of the contract are given in Appendix |. Results of L.aboratory scale
studies on the ores were submitted to UNIDO in une 1971, in partial
fulfilment of the contract, prior to taking up studies on bulk samples
on a pilot plant scale.

The present final report, submitted as per terms of the contract,
contains a detailed description of

(a) Petrological and DTA studies

Laboratory scale trials on the beneficiation of the
ores, for the formulation of a flow sheet for optimum
and economic upgrading to yield the highest possible
iron recovery consistent with high quality concentrate.

Extensive pilot plant scale trials to obtain requisite
data for industrial scale implementation of the re
commended beneficiation flow sheet, based on labo
ratory scale trials,

Comprehensive tests on sintering and large scale
pelietization of the concentrate, for industrial scale
implementation,

Pilot plant scale triale on pre -reduction, of the
pellets.

Smelting of pre-reduced peilets in an electric arc
furnace for pig iron making,

Techno -economic assessment of each stage of the
process, including crushing, grinding, beneficiation,
aggiomeration, pre-reduction and smelting.




Samples

The following samples were received from Asswan on dates
mentioned agaiast each

1. Lumpy iron ore (15 80 mm) 42 Kg. ton 22nd
| Sept. 1970
Lumpy 1iron ore ibelow "% mm) 50 Kg . i

Run of mine ore irepresen ion 21st
tative of the bulk sample for )Nov. 1970
pilot plant study) 100 Kg. )

Run of mine ore (bulk

sample) 1494 tonnes )on lst
July 1971

Asswan lime stone - 20 tonnes

l.aboratory scale studies were carried out on both samples 1 and
3. for further pilot plant trials the results on sample 3 (run of mine
ore), being representative of the bulk (sample 4), were taken into
consideration.

Exhaustive petrological and D. T. A studies, which inter alia
include observations on megascopic and microscopic characteristics,
mineralogical distribution, grain size, interlocking of constituent
minerals, etc., were carried out. Details of the observations are
furnished in Chapter 1 of the report.

Chapter 1l of the report contains details of the bench scale bene -
ficiation studies carried out on samples | and 3 outlining data obtained
on different methods of beneficiation so as to evolve an appropriate
flcw-sheet for the optimum recovery associated with maximum iron
content in the concentrate. The studies included sieve and chemical
analyses of the samples, dry magnetic separation, washing followed
by reduction roast, wet magnetic separation, calcination followed by
magnetic separation, and flotation tests. Pilot plant trials on bene-
ficiation by roast reduction and wet magnetic separation (which were
found to yield the best results during laboratory scale investigations)
have also been included in this Chapter,

Results of studies carried out on the physical and physico-
chemical properties, including reducibility, of the iron ores, and of
the concentrate obtained by beneficiation, decrepitation behaviour of
the iron ore and calcination of limestone are presented in Chapter III.

The details of agglomeration studies employing pelletizing and
sintering methods on the iron ore concentrate prepared in the pilot
plant are dealt with in Chapter 1V,




lLLaboratory scale studies on static bed reduction of the Asscwan
iron ore, as well as tonnage scale pre reduction data obtained from
green, heat hardened, unfluxed pellets are covered in (‘hapter V

The data obtained from the smelting of the Asswan iron ore

pellets, including pre reduced pellets, 1n an electric arc furnace, are
presented in Chapter V]

Techno economic feasibility studies have been carried out for
each of the processes, viz. beneficiation, pelletization, pre reduction
and electric smelting are set out in Chapter VI1I.

A summary of the observations and our conclusions on the
suitability of the Asswan iron ore for iron making are given in the
following paragraphs

SUMMARY

In order to evolve an economic flow-sheet and to select a process
for optimum beneficiation of the oolitic iron ore, agglomeration of the
beneficiated product by sintering or pelletization, pre -reduction of
pellets and smelting of the pre-reduced charge in a submerged electric
arc furnace for pig iron production based on samples of Asswan Iron
Ore, and limestone, from the Arab Republic of Egypt, comprehensive
laboratory scale and pilot plant scale studies were undertaken at the
National Metallurgical LLaboratory under a United Nations Industrial
Development Organisation contract.

Petrological Studies

Detailed petrographic and D. T.A. studies with samples 1, 3 and
4 revealed that the samples were predominantly lean hematitic hydro-
xides of definite sedimentary origin formed by colloidal deposition and
were siliceous in nature. The hydrated iron oxides were mostly goe-
thite, laterite and limonite and were intimately associated with crypto-
crystalline siliceous gangue mainly quartz chert. Bulk of the lumps
in the sample were made up of aggregates of oolites of average size of
0.4 mm. They were all scattered and cemented in an intimately ad-
mixed matrix.

The oolites were mainly crypto-crystalline with typical oolitic
texture showing concentric alternate layers of rings and deposition of
hydrated iron oxides viz. goethite, limonite and laterite or their de-
hydrated product, mainly hematite and some magnetite with inter -
caletions of silica grains. The nuclei of some oolites were quarts
grains and in the others crypto-crystalline siliceous grains. Samples
from the run of mine ore also exhibited two distinct varieties of lumps
i.e. lumps having reddish brown colour with lessgr amounts of oolites
and more of mega -crystalline siliceous gangue grains and lumps,
pinkish-brown to steel grey in colour, with conchoidal fracture due to




the presence of more oolites embedded 10 a ety e sl dated ter
ginous matrix and generaiiy termed a8 the onlitic varet, s tor
med the bulk of the sample with specific ygravity of the amps varying
from 2 7 to 2.9 None of thenn were magnetic It s contirmed that
oolites formed about £5 to B0O% of the matrix with a size ranging

from 1.02 mm to 0 18 mm

Gram Stze and Mmeralogical Studes

Detailed petrological studies of the ditterent types of ore samples
reveaied varied degree of s1ze variation of the siliceocus and other non
metallic minerals. It has been observed that only the interstitial
quartz with an average size range of (0.0t mm to 0,08 mm was expe«
ted to be freed at a grind si1ze of about 200 mesh.  The other type
namely cherty  quartz which was present as very tine inclusions 1n
the hematite goethite matrix as well as in and around the oolite ring
structure was 0. 004 mm to 0, 0l mm 1n si1ze and was not likely to be
freed unless the whole material was ground to such fineness. These
observations were confirmed by the mineral interlocking studies of the
ore samples subsequently. [hese studies confirmed the presence of
siliceous gangue as interstitial grains in the ferruginous matrix of the
ferruginous sandstone variety as well as in the lumpy oolitic variety.
The grains could be freed at about +0 to 80 microns size, which was
the average size of the interstiuial quartz. The very fine cherty
quartz and other siliceous gangue grains inherent in the oolite ring
structure were too finely interlocked with the ferruginous components
of the oolites due to their colloidal nature of deposition. The sepa-
ration of the interlocked ferruginous constituents would, therefore,
need a very fine grind to free them. It is, therefore, evident that at
such a fine size, any attempt of the oie-gangue separation may not be
effective to the fullest extent by adopting any of the conventional ore
dressing methods.

D.T.A. Studies

The differential thermal analysis studies of the samples carried
out on prepared samples of -200 mesh fineness confirmed qualitatively
the presence of hydroxides of iron, quartz and hematite. No quanti-
tative estimates were possible due to the very complex nature of the
ore resulting from its colioidal origin.

Beneficiation

The bulk sample, as received, analysed Fe - 41.20%, SiO; -
17.86%, Al,03 - 7.54%, CaO - 4.04%, MgO - 1.58%, MnO - 0.04%,
TiO; - 0.30%, S - 0.34%, P - 1.03%, and L..O.1. - 6.20%. The
sample was stage crushed to about 18 mm size and subjected to mag -
netizing reduction roast using a mixture of oil and coal as reductants.
The reduced ore was ground in a continuous ball mill to about 85% -
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200 mesh size  The ground product after thickening was passed
through low intensity wet magnetic separators to vield a magnetic
concentrate and a non magnetic tailing. lhe magnetic concentrate,
constituting about 77% by weight, analysed Fe 51 "7 FeO 1. K47
oy 6.347. . MnQ Trace, 51 1137, Az{,(,%ﬁ R AT

Le

4 65%, MgO L. R2% b 1 037, S T O S

Agglomeration
(a P?l,lmﬂ,”:mﬁ

ihe above magnetic concentrate, after thickening filtration and
partial drying, was pelletized using |™ bentonite as« binder. The
green pellets (% .12 mm size) on an average had the compression
st -ength of 1.5 to 1.7 kg per pellet. Controlled drving, pre heating
and firing of the pellets vielded heat hardened pellets having strengths
varying from l4! to 331 kg per pellet under difterent conditions. 1t
may be mentioned that the rate of increase of temperature, particu
larly during drying and pre heating, had to be controlled very care
fully to produce good quality heat hardened pellets. A higher rate of
pre heating resulted in cracking and bursting of pellets or incipient
fusion of pellets to form fused mass. (ompression strength of heat
hardened fluxed pellets (basicity ratio varying from 1. 0to 1.6) was
151 to 156 kg per pellet,

Sintering studies of the magnetic concentrate were also ¢nr
ducted. The sinter mix for producing unfluxed sinter of good strength
contained 16% water, 20% return fines and 4% coke, whereas for
fluxed sinter of basicity ratio 1.8, the mix contained 16% water,
3,25% coke and 20% return fines.

The Physico-chemical Characteristics of the Iron Ore
and Limestone

Detailed studies were undertaken on the determination of Bond's
work index in closed circuits for the magnetic concentrate from
magnetising reduction roast tests. Settling rates of both the magnetic
concentrate and the tailings were determined and the rates of filtration
of both the magnetic and non-magnetic products were studied. The
rate of formation of dry cake in the filtration test was determined and
it was found that higher percentage of solids in the pulp, higher was
the rate of dry cake formation.

Studies of some physico-chemical properties of the ore samples
showed that they were highly porous and reducible, having a low speci -
fic gravity. The ores having the size -10420 mm, -20430 mm attained
over 90% reduction in about 30 minutes. The reduction beyond about
97% was rather sluggish, possibly due to pockets of iron oxide being
enveloped by silica.
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The heat hardened and pre reduced peiiets avre sriieited &
500 KV A sub merged electric arc Turnace The pre reduc od pellists
obtained from the rotary kilr were suitably hiended 1t .btain three
ditferent lots with average degree of metallization of ~0% 0% and
RO Ir the hase period, heat hardened pelivts were emiploved and
the results (ompared with those obtained on turther triale with pre
rediced pellets 1he operating data tor the four types at peliets wae
obtained and the effic tenty of srmelting was deter mined Voue! and
power consumption data were determined and it was tound that the pre
reduced pellets made from processed Asswar ron ore were quite
suitable for electric smeiting. & higher degree ot pre reduction heing
conducive to improved smelting practice  ieading to higher vielde and
greater turnace productivity

Techno -ecomomic Feasibrlity

Techno economic assesoment has beer made for esch stage of
the process, vit. crushing, grinding, beneficiation. agglomerstion
{pelletisation), pre reduction and emeiting The capital cost for
equipment and the cost of raw materiais, fuel power and labour have
been based on Indian conditions. The actus! (ost in the Arab Republic
of F.gypt will depend on these price factore
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CONCLUSIONS

The detailed studies carried out, as summarized above, lead to
the tollowing conclusions -

The 1most economic and optimum method for bene -
ficiation of the Asswan iron Ore (41% Fe) has been
found to be magnetizing reduction roast followed by
fine grinding and magnetic separation. The iron
content of the concentrate can be raised to only

51 52%, since the siliceous gangue is very inti
mately associated with the iron minerals and cannot
be economically removed completely. However, the
overall F'e recovery in the concentrate (constituting
nearly 77% by weight of the ore) is as high as 94. 7%

For purposes of agglomeration of the ore concentrate,
pelletizing 1s to be preferred to sintering, the sin-
tering rate of the ore being as low as 1.94 to 2.67
cm/min.

Pellets made from beneficiated Asswan iron ore,
could be pre -reduced to a high degree of metalli-
zation in a rotary kiln employing solid reductant.

Pre -reduced pellets made from the upgraded
Asswan lron Ore are quite suitable for electric
smelting, the higher the degree of pre -reduction,
higher the yields of pig iron, lower the fuel and
power consumption and higher the furnace pro-
auctivity. A better quality product, with lower
silicon and sulphur contents is obtained from the
pre -reduced pellets,

V.A., ALTEKAR
Director
National Metallurgical Laboratory
Jamshedpur
March, 1972 India







CHAPTER 1

PETROLOGICAL AND D.T.A. STUDIES

Detailed petrological and D. T. A, studies were conducted on
samples No.I (crushed ore), No.lll (run of mine ore) and No.lV (bulk
sample) which are lumpy. Sample No.II constituting the 'fines' was
not investigated as detailed beneficiation tests were not programmed
on this sample.

PETROLOGICAL STUDIES

Megascopic Observations

The as received lumps, varied from 50 mm to 100 mm in size,
Two varieties could be easily distinguished, namely (a) lumps of
brownish grey colour resembling ferruginous sand stone with lesser
amount of oolites and comparatively coarse grained siliceous mineral
constituents, and (b) lumps of pinkish brown colour with more oolites
and lesser amount of coarse grained siliceous mineral constituents.
The specific gravity of the different lumps varied from 2.8 to 3.5,
Both the varieties were friable and loosely compacted, the former
showing comparatively coarser grain size than the latter. They were
of dull lTustre with uneven fracture and non-magnetic. The oolites, in
certain cases, showed exfoliation.

Sample Nco. II1 (run of mine ore and representative of

The as received sample, consisted of lumps varying from 50 mm
to 100 mm in size with some fines, Two distinct var.eties of lumps
could be distinguished namely, (a) lumps having reddish brown colour,
dull lustre with occasional shining portions on the fresh surface, un-
even fracture, massive in form, with lesser amounts of oolites and
more of mega-crystalline siliceous gangue grains with occasional
presence of calcite as observed by a binocular microscope and gene -
rally resembling a ferruginous sandstone in nature, and (b) lumps
having pinkish-brown to steel grey in colour sub-metallic to metallic
in Tustre, conchoidal fracture due to the presence of more oolites




embedded in a loosely consolidated ferruginous matrix and generally
termed as the oolitic variety, The second variety formed the bulk of
the sample. The specific gravity of the lumps varied from 2.7 to 2.9.
None of them were magnetic.

Microscopic characteristics
Mineralogy and Textural Relationship

Sample No. | (Crushed Ore)

Petrological examination of thin as well as polished sections of
selected lumps, and different sieve fractions of -10 mesh represen-
tative sample of the lumps, revealed that the ore consisted mostly of
hydrated iron oxides (goethite, laterite, and Iimonite) and th~ir de -
hydrated product, hematite with traces of magnetite and siderite,
followed by quartz as the chief gangue mineral, feldspar alternating to
kaolin (traces’ and minor amounts of muscovite and biotite, calcite,
apatite, pyrite, marcasite and chalcopyrite.

Examination of the lumps of the first variety namely the ferru-
ginous sandstone variety, showed under transmitted and reflected
illumination that they mainly consisted of allocthonous and autoct -
honous quartz., The grains were sub-angular to sub-rounded with
unequal sizes namely maximum 9.6 mm: minimum 0. 001 mm and
average 0.06 mm, and the quartz was normal type in association with
pressure quartz and unit undulose quartz (Figs. 1.1, 1.6, 1.16 and
1.17). With some exceptions, the grain always showed varying
amounts of ferruginous matrix, which can be considered as a gel-like
chemically precipitated admixture of hydrated ferruginous oxide
minerals some of which appeared to have been later dehydrated.
Their chemical gel-like deposition could be inferred by the presence
of scattered oolites (Figs. 1.11 and 1.16). These ferruginous consti-
tuents were again intimately associated with crypto-crystalline
hematite and magnetite in the matrix were of average size 0. 02 mm,
with specks of pyrite finer than 0.001 mm. The size of cherty frag-
ment varied from maximum 0.2 mm; minimum 0. 08 mm and average
0.1 mm respectively. Traces of feldspar were present but due to
thick coating, the species could not be identified.

Occasionally, leached out ferruginous materials were found to
fill in the intergranular spaces. Common, though not persistent,
inclusions of hematite were found in the quartz grains. Their size
was maximum 0.03 mm, minimum 0.0002 mm. The size of apatite
grains as inclusions mainly in quartz was maximum 0. 02 mm,
minimum 0. 004 mm and average 0.006 mm. Tracés of muscovite,
biotite and siderite were also present.
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The second variety of the lumps could be considered as the
oolitic iron ore. The sizes of the oolites were variable, ranging from
maximum 1. 0l mm to minimum 0.1 mm diamter with an average of
0.4 mm cemented in an intimately admixed matrix. The oolites and
the cementing matrix chiefly composed of an admixture of hydrated
and dehydrated ferruginous and siliceous mineral constituents. The
siliceous gangue minerals were crypto-crystalline in nature and
mostly cherty. Some amount of aluminous or clayey material was also
observed intercalated therein.

The oolites were mainly crypto-crystalline with typical oolitic
texture showing concentric alternate layering of rings and deposition
of hydrated iron oxides, viz. goethite, limonite and laterite or their
dehydrated product, mainly hematite and some magnetite with inter -
calations of silica grains (Figs. 1.3, 1.8 and 1.15). The proportion
of the ferruginous and siliceous constituents in the oolites as well as
in the cementing matrix could not be ascertained because of their
crypto-crystalline nature and very fine interlocking due to colloidal
precipitation (Fig. 1.4). The size of the siliceous grains present in
the ferruginous cementing matrix ranged from 0.15 mm to sub-
microscopic range with an average size of 0. 016 mm. The nuclei
of some ocolites were quartz grains and in the others crypto-crystalline
siliceous grains (Figs. 1.7, 1,12 and 1.15). No fossil fragments as
nuclei of the oolites could be detected. Minor amounts of mica,
feldspar and apatite were noticed in the siliceous constituents asso-
ciated with the cementing materials,

The pyrite and marcasite inclusions in the cementing base were
quite easily detectable and their sizes were maximum 0. 002 mm,
minimum 0, 0004 and average 0. 00! mm.

Petrological studies were conducted under transmitted and
reflected illuminations on thin sections and polished sections of
different selected specimens, as well as various sieve fractions of -10
mesh representative sample for finding out the mineralogical assem-
blages, textural relationship, grain size and mineral locking nature
in the sample. It was observed that the ore essentially consisted of
oxides and hydroxides of iron namely hematite, goethite, laterite,
limonite, trace amounts of magnetite and siderite and manganese
hydroxides. These ferruginous minerals were followed in order of
abundance by quartz (crystalline, cherty and colloidal), feldspars,
kaolin and other clayey minerals, muscovite, biotite, chlorite,
calcite, apatite, pyrite, marcasite and chalcopyrite.




Fer ruginous sandstone var ety

A few selected lumps of this variety showed that it mainly con
sisted of ferruginous minerals forming the matrix in which quartz and
other siliceous gangue minerals, 15%  20% on an average, were

embedded along with some occasional nolites. The quartz was both
allocthonous and autocthonous (detrial) in nature. The grain size was
maximum, minimum and average 0.5 mm, 0. 001 mm and 0. 06 mm
respectively., (Figs. 1.1, 1.6, 1.11, and 1.106).

Some dehydration of hydroxides of iron had resulted 1n crvstal
line aggregates of hematite (hydrchematite). The laveyv nmunerals in
certain fields appeared as patches, but otherwise dispersed throughout
the ferruginous matrix. C(alcite was present in minor amounts as
grains and stringers (0. 1o mm and 0.0l mm on average). Tlraces of
muscovite and chlorite 0. 06 mm in width were present. Apatite in
clusions in quartz grains having maximum 0. 13 mm. minimum 0. 001
mm and average 0.009 mm in size were present. inclusions of quartz
in crystalline aggregates of goethite measured maximum 0. 009 mm,
minimum 0. 001 mm and average 0. 004 mm n size. Traces of chalco.
pyrite (Fig. 1.5) pyrite and marcasite (average 0. 001 mm size) and
feldspars were present.

The general texture as a whole was of a typical ferruginous
sandstone type, Occasionally leached out ferruginous materials were
found to fill in the intergranular spaces and could be considered as a
gel -like chemically precipitated admixture of hydrated and later de
hydrated oxides of iron with variable clay content. Their gel-like
deposition could be inferred by their formation of scattered oolites
along in the matrix (Figs. 1.4, 1.11 and 1.16).

The second distant variety was the oolitic iron ore, where the
whole matrix of the specimens consisted of oolites of varied size and
shape cemented in an intimately admixed matrix of ferruginous,
siliceous and clayey constituents (Figs. 1.2, 1,7, 1,9, 1,13, 1. 14
and 1.18). The oolites formed about 65% to 80% of the matrix, Their
sizes varied from 1,02 mm to 0. 18 mm and consisted of an admixture
of hydrated iron oxides (goethite, limonite) and dehydrated oxide of
iron namely hematite with siliceous and clayey minerals. The sili-
ceous gangue in both the matrix and the oolites proper was crypto-
crystalline in nature and mostly present as chert (colloidal silica)
with some amount of clayey materials intercalated with it, Traces
of magnetite and chalcopyrite were also present.

A typical oolite showed a material of cryptocrystalline nature
and oolitic texture indicating colloidal condition of deposition, showing
concentric alternate layers of goethite or hematite mainly with inter .
calations of silica (Figs. 1.3 and 1.8). The nucleus of the oolite may
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sandstone variety The grac wise of muach arty was rn@xL G
G225 vy, nanitrean b gl o il average [T The sige
cherty quartz present o the oolites rargesd 'ron AR FUNE N E8 BT
Minor amounts ! rroca, teldepar and apat te avre present o the

matrix
Mmevalogical Distr ihution
Sdrmpie Fougs el

A genera moneraogioa distrabhatooe o the difterent types of

|

fump= exarmined 18 given n Table 1

Table | ] Mineralogioal hstraibation o the fifterent types of lumps

Nature of Ferruginous Sansd Dottt type
the lumps Alone type

Specin en

No.

gp;(‘ifit

Gravity

Mineral Wuarte, tduartz, Gruwthite As spe | Ao spet
Fressure fressure L irnonite en Moo ¥ moen Neo 4
Quarte (Juarts tesarite P hers
Associs. Unit un Uinit un | aterite tite
tion dulose dujome Crypto
tduarte Lusrte Lryetalline
Muscovite Biotite Silic e
Chiurite Chiorite Miia
Biolite Mus: Gvite Qusris
Apstite Apatite Apastite
Goethite Siderite
lL.aterite Goethite
L.imonite Laterite
Hematite I tmonite
Hematite

Sample [l] (Run of Mine Ore}

A higher percentage of hematite was observed in the sample as a
whole as compared to sample No | More crystalline quarts grains
were present in the ferruginous sandstone variety than in the ooslitic
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variety lumps. Some calcite grains and stringers were noticed.
Apatite was present as inclusions 1n the quartz grains. Cholcopyrite,
pyrite and micas were present as specks in the ferruginous matrix.

A general qualitative mineralogical distribution in the different
varieties of lumps is given in Table 1.2

Grain Size Study

Sample 1 (Crushed Ore)

A detailed study of thin sections as well as polished sections of
different lumps revealed considerable size variation of the siliceous
gangue minerals as given in Table 1. 3.

Table 1.3

(irain size of siliceous gangu.e minerals in different lumps

Specimen No..
3

Maximum 0.4515 0. 1000
Minimum 0.010 0. 001

Averagc . 0.100 0.020

Sample 111 (Run of Mine Ore)

A detailed study of thin sections as well as polished mounts of
different types of lumps revealed the varied degree of size variation of
the siliceous and other non -metallic minerals present as given in
Table 1.4. It may be seen from these results that only the inter -
stitial quartz, where average size range was 0. 0b mm to 0.08 mm was
expected to be freed at a grind size of about -200 mesh., The other
type, namely, cherty quartz, which was present as very fine inclu-
sions in the hematite -goethite matrix as well as 1n and around the
oolite ring structure was 0.004 mm to 0.0l mm in size and was not
likely to be freed unless the whole material was ground to such fine -
ness. This observation was confirmed by the mineral interlocking
studies of the samples that followed.

Interlocking of Conslituen! Minerals

Examination of the various sieve fractions of the -10 mesh
representative sample of the lumps revealed the presence of siderite
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Table 1.4 - Grain size in mm of siliceous and other non-metallic
and trace metallic minerals

Specimen No.

Mineral
Constituent

1. Quarts (Interstitial)

Maximum 0.112 0.50 0.090 0.16
Minimum 0.001 0.002 0.001 0. 001
Average 0,080 0.060 0,010 0.010

2. Quarts as inclusions and nucleus

Maximum 0. 009
Minimum 0. 001
Average 0, 004

3. Calcite grains and stringers

Average 0.16 to
0.0l

4. Apatite inclusions in quarts

Maximum 0.130
Minimum 0. 001

Average 0.009

5. Chalcopyrite

Maximum
Minimum
Average

6. Pyrite

Average

and other carbonates, pyrite, marcasite and apatite in association with
siliceous minerals even at -200 + 270 mesh size. The observations on
general liberation and interlocking of the ferruginoue oxides with the
siliceous minerals are given in Table 1. 5.

— WA wmmae oW WP wewe e we QS TP W A T o T | e T e

Table 1.3 and Table 1.5 evidently show that most of the inter-
stitial siliceous gangue present in the ferruginous matrix of the

16




Table 1.5 - Liberation and interlocking of mineral of -10 mesh
sieve fractions

.100+150 21504200 ~200+270 =270

Mineral Constituent Vol % Vol % Vol % Not exa-
mined

1. Free ferruginous 25. 4 29.2 32.2

2. Interlocked ferru- 68.8 3.4 %8.13
ginous (with fine
colloidal silica)

3, Free siliceous 5.8

Total 100. 0

ferruginous =and stone variety would be free at about 60 to 100 micron
size (about 200 mesh). The <iliceous gangue present in the oolites was
of colloidal nature and was too finely interlocked with the ferruginous
minerals during the formction of oolites and its average size was
0.016 mm. As such, a very fine grind would be needed to free this
material from the oolites.

A detailed study ot the samples revealed that they consisted
more of oolitic variety and the ferruginous sandstone variety was a
minor constituent. This was confirmed from the results in Table 1.5,
wherein the interlocked ferruginous constituents which formed the
bulk, were derived only from the oolites and whatever free silica was
present, it had resulted from the sandstone variety material of the
sample.

Sample II (Run of mine ore)

The various sieve fractions of the -10 mesh representative
sample of the ore were examined to find out the general inte rlocking
nature of the various mineral constituents to indicate the optimum
grind to be employed for a fair liberation of the gangue from the ore
minerals. It was observed that calcite, siderite, pyrite, apatite etc.
were in association with siliceous minerals even in the -200 +270 mesh
fraction. The general liberation and locking results are given in
Table 1.6.

These results show that most of the siliceous gangue present as
interstitial grains in the ferruginous matrix material of the ferruginous
sand stone variety lumps as well as the oolitic variety lumps would be
free at about 60 to 80 microns size (about 200 mesh size) which was
the average size of the interstitial quartz. The very fine cherty quarts
and other siliceous gangue grains inherent in the oolite ring structure
were too finely interlocked with the ferruginous components of the
oolites due to their colloidal nature of deposition. The interlocked
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Table 1.6 l.iberation and locking analysis

Mesh Size 43 -100+150 S1504200 2006270 2270

Mineral Constituents vol % Vol % Vol % Not exa-
o mined

i. Free ferruginous . 2y, 2 27.8 134

2. Interlocked ferru. . 10. 6 63.0
ginous (with clay
and fine silica)

Free siliceous
gangue

Totai

100.0 100. 0 100.0

ferruginous constituents column of table 1.6 is formed of this material
from the oolites for which a very fine grind would be, therefore,
needed to free them from the ferruginous minerals.

On the basis of the above studies, 1t may be broadly stated that
oolites constituted the bulk of the sample (55% to 65%) followed by
ferruginous matrix (15% to 207%) and quartz and other siliceous and
non-metallic minerals (20% to 307%)., Among the non-metallic minerals
crystalline quartz constituted the bulk of them, followed bv micas,
feldspars, calcite, apatite, etc.

Sample No. IV (194 tonne Bulk sample)

Of the 194 tonne bulk sample received for pilot nlant investiga-
tions, some typical hand-picked lumps were chosen for further
petrological studies which would be complimentary and confirmative
of previous studies conducted on the earlier lots of the samples to have
a more wider picture of the mineralogical nature of the ore which
would be directly responsible for the behaviour of the sample as a
whole in the various beneficiation and metallurgical treatment cycles
to be followed on it.

The studes on the lumps included (1) Megascopic observations on
visual examination, (2) Apparent specific-gravity determination, (3)
X-ray fluorescence analysis for determining the Fe-content, (4) Exa-
mination of thin sections under petrological microscope, and (5) Exa-
mination of polished sections under ore-microscope. Besides, sieve
fractions of -10 mesh representative sample were also examined for
qualitative and quantitative mineralogical estimation of the bulk sample.
The results are given in the following paragraphs:»

Megascopic Obserrvations

The bulk sample, as received, was found lumpy (150 cm to fines),
massive in nature and invariably coated with the pinkish-red loamy
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Frg 1Ty Dterent grades of lampe ot Assadn iron e and ther powders




material. Washed and freshly broken spec imens and their powders
showed different coiours varying from earthy white, brownish grey
brown, brownish, yellow to pinkish-red, with increasing 1ron < untent
A wide variation of texture depending o1 the grain size and denseness
was noticed. The apparent specific gravity of different iumps and
pieces varied from 2.2 tu 3.4 as deterraned by Jilliv's spring balahce
A gradation fron: shale, siltstone, terrugunous sandstone and lite
iron ore with uneven adnixtures with one t. the ther as expe: ted from
sedimentary deposits of colitic origin was noticed.  Their powders
were subjected to X-ray fluorescence analveis for the determanation

of Fe % in then.. The various physical properties of different lun.ps

and their X-ray fluorescen e analyvsis tor Fe % are given in Table |

AS May be seen tron the regults of [able 1.7, theie wad ar i oreame
of iron content ranging from 9% to 487 i the difterent lumps witt
increase of their apparent specific gravity. This type of variation in
the grade of lumps 18 expected in sendimentary deposits which muast
have experienced and resulted from different geclogical processes n
ages long betore. As such, a thorough nuxing of the sample after
mining operations 1s verv much essential '« get a h.mogenous and more
or less uniform feed from such deposits f heterogenous nature The
different lumps and their powders are shown win Fig 1 19

Microscopic Studies

Thin sections and polished sections ot the difterent jumps as well
as sieve fractions of -10 mesh representative san;ple were examined
under petrological and ore micrescopes,

A.  Mineralogy and Texture:
The ore essentially consisted of oxides and hydroxides of iron,
namely hematite, goethite, hydrogoethite (limonitej, laterite, traces of
magnetic siderite and manganese hydroxides The other munerals
which formed the bulk of the gangue were quartz (crystalline, cherty
and colloidal), followed b\ clay minerals and feldspars, micas, calcite,
apatite, pyrite, marcasite and chalcopyrite. Depending upon the
nature of the lumps, the mineral assemblage varied in them  Thue the
microscopic observations of a silt-stone revealed an extremely fine
grained and crypto-crystalline sub-microscopic texture constituting of
silicate mineral grains chiefly quartz impregnated in a colloidally
admixed clayey - hydrated iron oxide, and a ferruginous clayey shale
with apparent fine grained nature revealed crypto-c rystalline sub-
microscopic texture constituted of micron size siliceous grains segre-
gated in a colloidal admixture of hydrated iron oxide and alumino-
silicate matrix (Fig. 1.20). In a ferruginous sandstone with its loveely
consolidated medium grained structure, quarts (cryetalline) wae the
chief siliceous mineral constituent along with minor to trace amounts
of carbonates, micas and apatite, impregnated in @ matrix of collotdally
admixed ferruginous-clayey constituents composed of oxides and hydro-
xides of iron (Fig. 1.21), The oolitic iron ore, which formed the bulk

19




sieIaw paa umolq
-qng : gqsiyuidg gsippay >11te0

Sieaw : pai umoiq 2210 woly
-qng ’ ysixuid ysippayd 2e0

MOI[PA PCIEY suojepues
maq : ystumodg ystumodg snowiPniia g

umoag umolg u0yspuwe
A de(] W1eq] snou1niza g

suojyspuwe
umodg umoag snouiInize 4

uMmodq Umoiq V038 pus
Ayidey Aqnaey snouiPnaiia g

aucye InIe
wuid wuwd AsAwtd
FEPE AR wh snoutPniia g

S SFIGm Lde e
77 Aygriey Appaey ) 1
rﬂ AR h‘ T
131 2ads iepmo.d daaan 1 Azo® oy
ainysn] SEIUSSUS uas iwddy o inoyo - areo daum] .

sduun] jC SISAIRUE JDUSISIION] Awi- Y DU sotjdadosd erisAgd - L1 oMqE ]




beor i il Biowirig  sificeanss (ganae - Al

cipvasg e bearoptis gt Togeratteod tiggtet Coroi,

Lty fron s e Fog 124 Ooldi Vartety tagb grade chaaing veny e Sl eous

Trovomattidd tregt Gangue  white ey T Terroagieogs tatee ik Poaecomtted highe

Corosned e Gl [S3)

CONAHEONT M EATEERGECAT LABORATORY




of the sample, was actually a gradation of the ferruginous sandstone
into the oolitic variety. Oolites of different shapes and sizes and
entirely made up of colloidal precipitated hydrohematite in some cases
were found in a ferruginous cementing matrix of amorphous nature.

In others they constituted of hydrated iron oxides and alumino-silicates
(Fig. 1.22, 1.23) as concentric bands with quartz grains as nuclei
occasionally and were embedded in a fine grained ferruginous matrix.
Thus the uneven and irregular mineral assemblages of the oolites and
the cementing base material as a whole could be expected from the
natural physico-chemical conditions of deposition and later metamor -
phism.

B.  Grain size and liberation of the minerals:

The aspect of grain size and liberation of the various mineral
constituents of the ore as a whole was already dealt with very elabo-
rately with the samples I and IIl and is now presently confirmed once
more that the average grain size of the siliceous minerals (mostly
crystalline quartz present interstitial in the ferruginous matrix)
ranged from 60 to 80 microns (about 200 mesh size). The colloidal
silica which was present as concentric rings along and within oolites
had a grain size ranging 0.001 mm to 0.01 mm (about 1 to 10 microns)
and was very intimately associated with the matrix of the oolites and
would not be effectively separated from them.,

Discussion of Results and Conclusions

(i) Samples No.l and No.Ill were more or less alike and
represented a lean hematite hydroxide iron ore of definite
sedimentary origin by colloidal deposition and siliceous
in nature;

It was predominantly of oolitic variety followed by ferru-
ginous sandstane variety material as observed both in
samples No.I and II;

The ferruginous minerals were hematite hydro-hematite
(dehydrated), goethite, limonite, laterite and traces of
magnetite and siderite;

Pyrite, marcasite and chalcopyrite were present in minor
amounts and contributed the sulphur in the ore;

The chief siliceous gangue mineral was quarts (both crystal-
line, cherty and colloidal) followed by calcite, feldspars
micas, and clayey minerals;

The crystalline and cherty fragments of quarts present
interstitial to the ferruginous matrix were medium to fine
grained (tending more to the fine grained) in nature and
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had an average lberation s1ze ot ¢ 0

{about 200 nesh sazer, This constituted about ne,

of the total siliceus gangue i the sample with a grand of
200 mesh, the separation anid rejection lothas Atertal
from the ore by «onventional cre-dressing rmeti s should

not be met with any difficndty,

The other fornm of silicec s parpue nan ely tie coliadal
silica which torned part and parcel of the colires was an
intimate association with the terruginous matertal present
as concentric rings in ther, and had a graw size ranging
from J.001 to 0,01 mm. As such 1t would always bhe
accompanying the oolite fragments unless an absolutely
fine grind of a few microns gize was employed. With such
a fine size, any attempt of the ore-gangue separation by
adopting any of the conventional ore-dressing methods may
not be fully effective,

The thorough mineralogical study of the bulk sample con-
firmed the diverse mineralogical nature of the lumps
ranging right from highly alumina rich siltstone to ferru-
ginous shale and sandstone to iron-rich oolitic iron ore
and thus stressed the complexity of the problem for the
preferential removal of silica for the purpose of upgrading
of the iron content of the sample by the canventional ore-
dressing methods.

Differential Thermal Analysis (DTA) Studies

The differential thermal analysis studies on samples No.I, 1II
and some typical lumps of the bulk sample (Sample 1V) were carried
out in the Deltatherm unit to have complimentary affirmative indica-
tions of the minerals present in them as far as possible in coroboration
to their petrological findings. The samples were crushed to -200 mesh
fineness and were heated in normal atmosphere to a differential tempe-
rature of 900°-950°C. The rate of increase of temperature was adjus-
ted to 10°C/minute.

Observations, Results and Discussion

The differential temperature behaviour of the crushed and run of
mine samples I and III was more or less identical. The D. T. A,
curves revealed the regular endothermic peaks, characteristics of the
ferric hydroxide minerals (goethite, etc.) between 300°C and 400°C,
the presence of free quartz and its inversion point at 573°C, and more
or less straight trend of the curve above this temperature was charac-
teristic of hematite. On the whole, the presence of hydroxides of iron
quartz and hematite were the main qualitative indications, which were
confirmed by petrological studies even though no quantitative estimates
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already o ontirn ed eariier by their detaued petrological studies. These
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CHAPTER 2

BENEFICIATION STUDIES

(i) LABORATORY SCALE

All the three samples were separately crushed to about 25 mm
in a laboratory jaw crusher, Half of the crushed product of each
sample was staged crushed in a roll crusher and used for experi-
mental pruposes. The sieve analyses of the crushed products of the
three samples are given in Table 2.1,

Table 2.1 - Sieve analyses of the roll crushed products

Size in Mesh  Sample | Wt %  Sample 2 Wt % Sample } Wt %

+6 2.
-6+10 11,
-10+14 10,
-14+20 9.
-20428 8.
-28+ 35 t
- 35448

-48+65

-60+100
-1004150
-150+4200
-200 27.

W e =TT~ =T
OO O Ot N

0
5
5
0
0
.5
.0
.5
.5
.0
.0
5

()

Head 100. 00 100,00

Note: Screens of Tylers Sieve series were used for the tests.

The chemical analyses of the three samples is given in
Table 2, 2,

The chemical analyses of the three samples indicated that the
Fe content varied from 38,5 to 42% and the samples were high in
Si0;, Al;03 and P contents and the problem consisted in separation
of these from iron minerals,




Table 2.2 - Chemical analyses of Asswan iron ore samples

*Sam;:le 1 33”\‘31,, 2 Saniple 3
lumps fines {representative
ot AQO’xk(m ylot‘)

41,55

Mineralogical examination showed that hematite, goethite,
limonite and laterite constituted the 1iron minerals in the sample,
High intensity dry magnetic separation tests were aimed at tirst for
recovery of these feebly magnetic iron minerals from the samples
after grinding.

Dry Magmetic Separation Tests
Sample 1 (Crushed Ore)

A representative fraction of the original 6 mesh sample was
ground to 100 mesh, deslimed, dried and subjected to dry magnetic
separation using a strean's electromagnetic separation fractors are
recorded in Table 2. 3,

The magnetic concentrate analysed only 44. 2% Fe and repre-
sented a recovery of 76.5% Fe. Dry Magnetic tests at still further
finer sizes (viz 100 and 200 mesh) did not improve the results.
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Table 2.3 - Dry magnetic separation results on sample |

Product

Wt % ) Assay"'o Fe Distribution”s Fe

Magnetic Conc,
Non-Magnetic Tails

Slhime

Head

The magnetic concentrates analysed only 44.2% Fe and repre-
sented 4 recovery of 76, 57 Fe. Dry Magnetic tests at still further
finer sizes (viz 100 and 200 mesh) did not improve the results.

Samples 2 & 3 (Fines & Run of Mine Ore)

Straight high intensity dry magnetic separation tests after grind-
ing the sample to 5 mesh did not yield encouraging results. High
intensity dry magnetic separation employing 65 to 200 mesh deslimed
feeds, also did not give satisfactory results,

Reduction Roast tollowed by Wel Magnetic Separation

The method based on low temperature reduction roast followed
by low intensity wet magnetic separation was next attempted for
rejection of siliceous minerals from the ore sample. Reduction roast
was carried out separately on all the three samiples, The tests were
carried out in an ele~*rically heated tubular furnace maintained at a
temperature of 500-520°C. The reducing agent employed was locally
available coke oven gas analysing by volume: COp - 3, 8%, saturated
higher hydrocarbons C Hp, - 2.2%, 02-0.7%, CO-9.7%, Hz-51.0%,
CHy -23.0% and N, -9.6%.

A batch of 1,5 kg. of 12 mm in size was taken from each of the
three samples for reduction. It was initially heated to about 400°C
after which coke oven gas was passed at the rate of | litre /minute,
Since the reaction was exothermic, no external heat was necessary
during passing of the gas. The temperature of the furnace was
maintained between 500 and 520°C. The reduction was complete in
about 100 minutes. The reduced material was cooled in the furnace,
wet ground to various sizes and subjected to wet magnetic separation
using Ding's wet magnetic separator. The results are recorded in
Tables 2.4, 2.5, 2.6. Since grinding to -200 mesh before magnetic
separation gave best results in case of samples 1 & 2 (crushed and
fine ore) wet magnetic separation test on sample 3 (run of mine ore)
was carried out only at this size,




lesults of wet ragnetic mepusr ats

{atter reductioni with samiple |

Meahngize Product wit 7 Annay Crpmtribator
b« b e

’,

-48 mesbh Magnctn Cotie

Non-magnetic tails
[..O.R.*

}{;‘dd [ ¢ d]s L

-100 mesh Magnetic conc.

Non-magnetic tatls
1..O.R.

Ht*ad (cale )

-200 mesh Magnetic conc.

Non-magnetic tails

[.. O.R.

f’ic;ad (cale.

*].088 on reduction

The results recorded in Tables 2. 4, 2 &, Z ¢ showed that opt
mum results were obtained when wet magnetic separation was carried
out on 200 mesh size, In case of sample |, the (oncentrate assayed
49.4% Fe, with a recovery of 91.4% Fe. Wet magnetic separation
test at 200 mesh size on the reduced product of sample ¢ vielded a
concentrate assaying 54.68% Fe, 9.8% Si0,, 0. 79% ¥ with a recovery
of 89, 3% Fe, that on sample 3 gave magnetic concentrate assaying
51,.25% Fe, with a recovery of 94.5% Fe 1n it,

Washing of the Original Sample Followed by Reduction
Roast and Wet Magmetic Separation

The original sample was first washed then subjected to reduction
roast and magnetic separation under the conditions described earlier.




Table . = Wet magnet. separation test results on sanple J (hines)

Mesh “iae Produdction wt % LA Assay % ‘ Dist
Stoe . ke

Magnetic con. . 96 6

Non ?Hlaﬁ!““h taile

Head cal.

FOO mmesh Magnetic «ons
on nagnetic tails
1 () M

ead (cals )

UL meah Magnetic «one

Non magnetic tails

IO R

Head alo )

25 mesh Magnetis « one
Non magnetic tails

I O R

Head (cajc )

fagnetl. separdation after reduction)
ot wdtnple 3 trun of aane ore)

Assay %o Distribution %

be Fe
Blagnelio ot A 51,426 94, 5
paday et tagls . I8, U

L ows on reduction




Sample 1 & 2 (Crushed and Fine Cre)
No tests were done with the washed sample

Sample 3 (Run of mine Ore)
The results of the test are given in Table 2. 7.

Table 2.7 - Wet magnetic separation of the washed sample after
reduction roast (sample 3 - run of mine ore)

Product - wt. %  Assay % Distribution %

Magnetic conc. . 5.3 90. ¢
Non-magnetic tails . 16,1 4.6
Slime . 42. 1

Loss on reduction 11,

Head 100, 40.78 100.0

The results of roast reduction tests after washing did not yield

concentrate of a better grade,

Heating followed by Magnetic Separation

Only sample 3 was subjected to *his test. The original 12 mm
sample was heated to 850-900°C for about two hours, cooled to room
ten.perature, then subjected to wet magnetic separation at 100 mesh
size. The results of the wet magnetic separation is given in Table 2. 8.

Table 2.8 - Results of wet magnetic separation test after heating
(with sample 3 - run of mine ore)

Product wt. % Assay % “Distribution %
Fe - Fe

Magnetic conc. . 49.0
Non-magnetic tails . 37.3

Loss on heating

Head
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From the test results, it is clear that a good concentrate with a
satisfactory iron recovery could not be obtained by simple heating
followed by magnetic separation,

Flotation Test
Sample | (Crushed Ore)

Anionic flotation tests were performerd for recovery of iron
minerals from the sample. The -6 mesh sample was wet ground to
-100 mesh in a laboratory ball mill at 66 % solids. Due to the
extremely friable and soft nature of the ore, considerable amount of
slime was generated during grinding and hence desliming was found
to be absolutely essential before flotation, The following reagent
combinations were attempted for flotation of iron minerals, but
without success,

(i)  Sodium silicate as gangue depressant and dispersant and
oleic acid + fuel oil as collector for iron minerals,

Petroleum sulfonate + fuel oil as collector for iron
minerals keeping the siliceous gangue depressed using
H,S04 at a pli of 3.5 -4.0.

Sample 3 (Run of Mines Ore)
Cationic Flotation

A few flotation tests were also conducted after grinding the
sample, using sodium silicate as dispersant, starch as depressant
for iron bearing minerals, caustic soda as pli regulator and aero-
mine as collector for siliceous minerals. The results of the tests
were not satisfactory.

Anionic Flotation of Siliceous Minerals Using BaCl, as Activator

A few flotation tests were undertaken using BaCl, as activator
and oleic acid emulsion as collector for siliceous minerals, sodium
silicate as dispersant and starch as depressant for iron bearing
minerals. The conditions of a particular test is given in Table 2,9
and the results of the test are given in Table 2,10,

Summary and Conclusion of Investigations on Beneficiation

Three samples of iron ore were received from Arab Republic
of Egvpt for laboratory scale beneficiation studies. Sample 1 mainly
consisted of lumps and assayed 41.17% Fe, 20.44% SiO,, 4. 94 %
A1,03, 0.93% P; sample 2 assayed 38.67% Fe, 22.67% S10,,
5.63% Al03, 0.80% P; and sample 3 which is a representative
sample of the 200 tonne lot analysed 41.55% Fe, 17.33% SiO;,
4.69% A1;03; and 0.955% P.
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Table 2.9 - Reagents for flotation

Kgtonne of feed

Reagents Reagents uaégi_ e

Rod Mill Classifier For Flotation

NaOH 0.5
Starch

Sodium

BaCl,

Oleic acid emulsion

pH during flotation

Table 2.10 - Results of flotation test

Product % " Assay %  Distribution %

Float |
Float 2
Tails (Fe conc.) 52.

Slime 36,6 . 36.9

Head (calc.) 100.0 43,73 100.0

Dry magnetic separation tests on the sample did not yield
satisfactory results. Next all the three samples were subjected to
low temperature (500 - 520°C) reduction roast followed by wet mag-
netic separation at different sizes.

Grinding to 200 mesh yielded the optimum results with all the
samples. The wet magnetic concentrate from samples 1,2 and 3
analysed 49.4% Fe, 54.68% Fe and 51. 25% Fe with recoveries of
91.9%, 89.3% and 94.5% respectively.

A few roast reduction tests were conducted on sample 3 after
washing the original sample. The results of the tests were no better
than that obtained with straight reduction roasting.
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Wet magnetic separation after heating the sample at 850 - 9009C
for 2 hours also did not yield encouraging results,

Anionic flotation tests on sample | (crushed ore) using different
reagent combinations did not give satisfactory results. Anionic
flotation of silica on sample 3 (run of mine ore) using BaCl, as acti-
vator, oleic acid eralsion as ollector, sodium silicate as dis-
persant and star. hoas depressant tor iron bearing minerals yielded
a Fe concentrate assaving 44, (9% e with a recaovery of 58, 57 Fe.

(1)) INVESTIGATION ON PILOT PLANT

About 194 tonnes of rin-of mine ore from Assaan (Egypt-UAR,
Fgyptian [ron & Steel Coo, ot airu) was received through UNIDO for
comprehensive beneticiation studies on a pilot plant scale followed
by pre-reduction and simelting 1n an electric arc furndce for the
production of pig 1ron. The bulk sample was received at National
Metallurgical Laboratory on lst July, 1971, The sample consisted
mostly of lumps upto 200 mm in size down to tfines. The sieve and
chemical analysis of the Mas rec eived' sample are recorded in

Table 2. 11 and 2,12 respe tively.

Iable 2. 11 - Sieve analysis ot ROM sample

FPercent

Size
e X"t 200 mm) 49,0
5" G200 4 150 nan)

4" (150 + 100 mrn!
20 (2100 « A0 mn)
1 (50 + JH min)
172" (225 ¢+ 12,5 mm)
_1/2" + 4 mesh (-125 mm ¢+ 4 mesh)
. 4 + 6 mesh
. & + 8 mesh

-8+ 10 mesh

- 10 mesh




Table 2. 12 Chentcal Analy sis of KOM Sanpi

Constituents bercentage

Fe
510,
Al,0y
CaO
MgO
MnO
TiO,
S

})

Additional data for K O. M. sample

Specific gravity - 2.9
Moisture content as re. eived
Bulk density 1. 244 tonne o}
Angle of repuse. 42954,

Beneficiation Procedure

Based on the laboratory scale studies on the 3 samples received

earlier, the major beneficiation steps for upgrading this ore involved
are:

(a) Hand cobbing and subsequent primary crushing of the
lumps to 38. 0 mm size using jaw crusher, followed by
crushing the same in a secondary crusher to about 18.5mm
size,

Magnetising reduction roast of the crushed ore at an
optimum size followed by grinding the reduced material
to the desired fineness and wet magnetic separation of
the ground product. The concentrate from the magnetic
separation constituted the feed material for pelletization.
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Table 2.14 - Sieve analysis of the secondary crusher product

- ot o . S o A S i o o o . " > i o s~y T o s - -

T WA

+ 18 mm 7.0

18 mm 4+ 12.% mm 260

- 125 mm + 4 mesh 20.5

- 446 mesh 9 8

-6+ 8 mesh 4 7

-8+ 10 mesh 6.6

- 10 mesh 25.4
100.0

Description of the Rotary Kiln - These tests were carried out in
a pilot plant rotary kiln (Fig.2, 1) having a length of 10.67 m with
0.914 m inside diameter. The kiln is lined with firebricks and is
driven by a variable speed motor of 3 HP, The inclination of the kiln
was kept at 67 from the horizontal position and the r.p. m. of the kiln
could be varied from 0.5 to 1.0, Three chromel -alumel thermo-
couples are evenly spaced along the kiln shell and are connected via
strip rings to a multi-channel temperature recorder. All the thermo-
couples are projected beyond the brick lining inside the kiln so that
the readings indicate the temperature of the gaseous zone inside the
kiln. For heating purpose, a gas burnz. i» fitted in the discharge side
of kiln which works on a mixture of producer 438 and air in proper
proportion to give the optimum temperature required for the process.
The process of heating is counter -current 8o as to give the maximum
thermal efficiency to the furnace, A 50.8 mm additional pipe is
inserted upto about 3 meters inside the furnace from the discharge
end through which reducing gas can be supplied to the reduction zone
of the furnace.

Reduction RoaltinJ:Procell

A low temperature magnetising roast process for beneficiation of
ferruginous manganese ores of India was developed by NML. The
process briefly consisted of converting the oxides of iron to magnetite
by solid or gaseous reduction in the temperature range of 500-650°C.
A temperature higher than 600°C can be tolerated provided there is
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Table 2.15 - Sieve analysis of secondary crushed product for
25 mm, 12.5 mm and 9.5 mm

25.0+12.5 mm
12.5 + 9.5 mm
9.5 + 4 mesh
-4 + 6 mesh

-6 + 8 mesh

8 + 10 mesh
10 + 14
14 + 20
20 + 28
28 + 35
35 + 48
48 + 65

65 + 100

a close control over the reducing gases as indicated by equilibrium
diagram (Fig.2.2). The reduced ore is softer than the unreduced ore,
making it easier to comminute to the size necessary for economic
liberation. Magnetic separation of the ground reduced ore removes
the iron rich magnetic fraction, leaving the gangue in the non-magnetic
fraction. The process of reduction roast is exothermal and the heat
generated can be effectively utilised in minimising the fuel require-
ment for continuous operation.

Solid, liquid or gaseous reductants could be used for the mag-
netising roasting proces.. Blast furnace or coke oven gas can be
used for reduction depending upon their availability. The quantity of
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gas required for the reduction depends on the carbon oo xade and

and hydrogen content in the gas, as well as on the amount of iron t he

reduced in the ore. The nre 18 roasted at a termperatre f ¢
650°C .

D‘PSELWF‘P}N Results Producer pas which aas avatlable at the

NMIL. pilot plant was used as a fuel, It has the tollowing composition

Analvsrs of the provducer gas

Fercentage
- -

Caloritic valae

A coke oven gas which was used for reduction during batch scale
tests, was not available at the pilot plant site.  The reducing agents
were coal and T..D, Ol the analyses o1 which are recorded in table
2. 17

Analysis of coal and 1. D, o1l used as reductants

Coal L.D.od

Fixed € 27.117% C 8. 0%
Ash 3, 587 H 13, 0%

V. M. 31,247 S 1.0
Moisture 5.07% Sp. Gr. 0.R8
Catorific B.P. 180°C
value 300 Cal/kg C.V. 21,380
Flash point - 74°C

- wes e W W W AW W W e

il




The reductants were throughly muaxed up with the crusted ore
before feeding into the rotary kiln with vibratory teeders The waste
gas is let out of the kiln at the feed end. The volumes of flow gas and
air were registered on the flow-meters.

The reduction of Fe,03 to e Oy took about 30 mianutes at reactior
temperature. However, the time required for dryving and preheating
the dry ore increased the retention time of the ore in the woln toabout
100-120 minutes. The ore muxed with the reducing agents waxs «ont
nuously fed by a vibrating feeder to a belt conveyor which in turr, fted
a hopper in the feed end of the kiln. From the teed hopper, the ore
flowed by gravity through a prpe extended well upto the inside of the
kiln. To avoid re -oxidation of the reduced ore, the material was dix
charged through a dip pipe into a water quenched tank from where it
was picked up by a conveyor belt

Altogether 15 tests were carried out in the rotary kiln to tind
out the optimum conditions for commercial operation.  The variables
studied were feed size, quantities of reductants and the feed rate  lThe
results of these tests are recorded in Table 2. 18 The performance
data of these tests are recorded 1n Table 2.19. In Test 11, the raw
material was carried on a 12.5 mm screen and the reductants were

separately mixed with the screened fractions before charging

The results indicated that either coal or ol alone as reductant
did not yield good recover  of iron content ot the sample as the redus
tion in almost all the cases was partial, A combination of 25% (oal
and 5% oil gave the best results. Optimum results were obtained with
a teed size of 18.5 mm. For larger sizes the retention time inside the
kiln was not sufficient for the penetration of reducing gas inside the
core of the ore pieces to reduce the same to magnetite. (Good resulte
were also obtained with crushed ores of 12.5 mm and 9 5 mm sizes
but the extra amount of dust produced interfered with the operation
of the kiln and subsequently the yield obtained in both the case were
comparatively low. Mineralogical examination of the products of each
test was performed under ore and petrological microscopes and the
finding of the same are recorded below .

The size of the sample pieces as received were in two groups,
coarse +18. 5 mm and fine -18. 5 mm. These pieces experienced
a temperature range round about 600 to 650°C. Physically these
appeared brown to brownish black, but the freshly broken pieces were
black or an admixture of brown and black. In some of the pieces,
specially in the coarse variety, black highly lustrous rim with brown
central material was noticed. The lustre of the pieces ranged from
satiny to dull from occasionally segregated metallic lustrous body.
The hardness of tie sample was found variable trending from hard to
friable. The degree of affinity of the various pieces for magnetic
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Table 2.19 Magnetic Concentrate

40.
32.5
43,
36.
33,
76,
72.
71,0
6. ¢
65.8
75.
74.
31,

Dalle TRV AR VLN RS Lo o o

ox =T

field was variable in both the groups but the number ot attractable
preces in the finer group was found to be more.  Around some of the
pieces highly magnetic fillings were present adherent to their sur
faces.

The study of different polished sections of the two groups under
reflected polarised light revealed that the effect of reduction no doubt
existed in all cases but uneven and variable from piece to piece. The

prevailed temperature effect could not disturb, as expected, in any of
the prices of the original textural or the structura)l features. Thus
the ¢»Hlites present in coarse or in fine pieces either in the ochreous-

argelorcenus or rargelaceous-arenaceous fine grained ground mass
were found insignificantly affected and did never approach to the
magnetic stage. The ferruginous constituent admixed in the ground
mass of oolites also in these coarse pieces was found to behave
similarlyv, while in the fine size the ferruginuous constituent in base -
ment of oolites found appreciably affected and gave rise to innumer -
able anhedral patches of magnetite. The ferruginous constituents with
less oolite content or oolite free argilaceous-arenaceous pieces were
found to reach upto magnetite stage in the coarse. fraction but relative -
ly much advanced in the fine size, where recrystallisation gave rise to
coarsegrained magnetite quite in appreciable quantity. In some
cases, the dendrites of magnetite (not of primary texture) with re -
placing dendrites of hematite (also not primary) was noticed. The
octahedral magnetite and the magnetite formed at the expense of
hematite exhibiting the texture of solid diffusion effect was also
noticed. It is worthy of mentioning that reduction process no doubt
proceeded and the textural evidence also conforms the transition
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staye with the uneven eftect, as appreciable amount of crystailite
hematite, hydro-hematite remained and lack of complete magnetite
stage was predominant both in the case of finer and coarser pleces
But the reduction effect could be enhanced by employing 4 tiner feed
was clear. [t might be anticipated the «omplete stage of reduction to
the magnetite stage by immcreasing the retention tirne. The varied
nature of mineralogical assemblage was also one of the teatures of the
uneven effect ot reduction even in a4 single prece,

Ihe physical and nicroscopic observations extihited, on the
whole, the same criteria ot the preces due to reduction as that of the
coarse and tine material ot the test 1. The difterence worthy of any
mention was that excopting oolites the ocherous argelaceous ‘ochierous
arenaceous fine grained ground masgs was tound to experience the
init1al stage of magnetite formation in codrse size lumps, whereas in
finer size, the magnetite was quantitatively appreciable. Regarding
the transition stage, ferruginous constituents adherent to the ground
mass were quite appreciable in both the groups. The mesh ke
stringe vccasionally gave rise to patchy magnetite and hematite body.
In the {ine size, like the carlier test preces, recrystallised magnetite
was found. In this test, the uneven ettect of reduction, uneven mineral
assemblages, and the incomplete stage of magnetite were aiso notice-
able. The magnetic susceptibility of the reduced pieces either in
Test 1 or Test 2 depended not only on the development stage of mag-
netite but also on the enrichment ot the metalilic minerals as such in
them,

Test 3

Physically, these pieces were found alike those of the earlier
test and microscopic observations revealed the same varied reduction
effect in different pieces but the magnetite stage was nevertheless
approached though not appreciable excepting in the sandstone type
variety. It is noticed well in this test magnetite patches formed at the
expense of hematite with intimately mixed non-metallics.

In this test the physical property of the coarse size was like
the coarse pieces of the earlier tests but the finer fraction was com-
paratively black, The magnetic property of coarse fraction was as
that of the earlier tests, but the finer which was somewhat powdery in
form was a bit highly magnetic.

Microscopically the reduction was found to approach to the mag-
netite stage. But the intensity of magnetite stage was in the start.
The nature of reduction was, as earlier, with respect to its uneven-
ness, incomplete. But in the finer fraction, some coarsegrained
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magnetite was noticed along with yoethite and hermatite ase crates,

is interesting to note here that quite « good amount of magnetite xas
found embedded 1n a4 non metallic amsotropi finegrained hody . These
trapped and intimately gangue -dssociated magnetite gramms were o

irregular micro to crypto « rystatline in torm,
Test 2

In all respects, it resembled sample of test
Lest v

Not e h marked ditterence to the codrse preces and tines of

this te=t was found in comparison to those ot test “o 4.

Test 7
Ihe phystcal property of the sample more or less resembled
that of the test preces ot 1and 20 Microscopic ohservations revealed
effect of reduction and mineral association,  Butat s interesting to
note that the magnetite stage was no doubt approac hed but found the
least occurrence of magnetite relative to all the previous stages of

reduction in the carlier tests,
lest M

Physically the sample of this test resembled to samples of other
test but a good number of metallic lusterous preces were noticed in
the samples of this test. Microscopie observations as usual, re

vealed the uneven effect of reduction and mineral associations. But

the rhost interesting features was in some of the pieces the a0%% of

the oolites in the siliceous finegrained ground mass was reduced to
magnetite and the parent metallic mineral portion of each of the
agolites reduced to magnetite stage upto 90-100%. But in other pieces
magnetite occurrence was found more dominant in the metalliferous
ground mass of oolites and only partial reduction to magnetite stage

in the metalliferous oolites themselves. There was a sharp boundary
of patchy magnetite between the ground mass and unreduced hematite
oolites. This revealed a faster reduction effect 1n the metallics of

the ground mass than that of the oolites. In the fine product, coaree
grained magnetite was noticed along with all other parent metallic
bodies. Inthis case, the variable metalliferous argalaceous -
arenaceous pieces found to be reduced to magnetite stage. Studying
the nature of reduction, in general, it might be inferred that if the
retention time 1s prolonged in this test probably the magnetite stage
would have been enhanced further. Due to the reduction effect like

the earlier tests, no parental structural as well as textural change
had taken place. The finer sample exhibited coarse grained magnetite
and some magnetite grains intimately associated with sub.-microscopic
non -metallic grains., [t was evident from the textural pattern that
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some state of difference took place and the coagulation of the segre
gated grain gave rise to coarse grain texture,

Similar to the test 8 but the coarsenss of the magnetite in finer
group material was a bit high. 1n some of the coarse pieces pre -
reduced brownish rim around the partially reduced black core was
noticed.

Not much marked difference from sample of Test 2.

Tests 12,13,14 & 15

Reduction quite advanced in all the tests with more magnetite.

The Asswan ore sample, with all its multi -mineral ore -gangue
assemblage and varied and mixed texture such as coarse to medium
grained sandstone to medium to fine grained argalaceous -arenaceous -
ferruginous (silty-shaly) and oolitic lumps, had not behaved very much
identical when compared to any of the conventional hematitic iron ores
of India so far as the low temperature reduction process was con-
cerned. Some sluggishness was felt in the advancing of the reduction
stage particularly with more oolitic variety in association with the
silty and shaly material. This may be attributed to the mineral
assemblage and the natural texture in the oolites which were made up
of corcentric layers of very fine grained material by colloidal depo-
sition, wherein the access to the reductant gases would be the mini-
mum due to the general impervious nature of the matrix in which the
oolites are embedded.

As was expected a higher degree of reduction was noticed with
the finer material than withof coarser lumps. It was observed that
besides the ferruginous matrix of the lumps, the oolites also had been
fairly reduced to magnetite stage (as in test 8,12, 13 & 14) where their
association was indicative of the easy behaviour of the sample reduc-
tion under a controlled atmosphere and temperature and proper reten-
tion time besides mineral association,

On the whole, it can be surmised that the sample behaved with
less sluggishness to the low temperature reduction process, and a
proper control of temperature, feed size, temperature and retention
time could result in a reduced product with a fairly moderate mag-
netic susceptibility although a complete reduction stage may be not
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The rotary kiln was run continuously for magnetising roasting

of the ore. The feed rate was kept constant at 150 kg of ore ver
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lable ¢ /1 Sieve analysis f the «rushed o1e

@t
E3

Size W
LR SRS
12 % mam

FSos ¢ 10

PO i ¢ 4 resh

4 ++ mesh

t o+ Homesh

K o+ 10 mesh

1 mesh

i
mr ¢ L4 s omm
S mm ¢ L0 mm
T mm + 4 mesh
4 +t mesh
t. + B mesh
H o+« 10 mesh

10 mesh

[P ———

100.00

per hour. The discharge material was conveyed by a belt conveyor
through a water seal trough for grinding followed by wet magnetic
separation to recover the magnetite content from the product. The
day -to-day operational data is recorded in Table 2.23.

The operation of rotary kiln was smooth throughout the campaign.
The assay of the discharge product indicated that there was slight
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variation in the mineralogical composition of the ore. The discharge
products were occasionally sampled out and magnetically separated
80 as to see the percentage of char and ash coming out along with the
reduced material. An analysis of the char indicated that it contained
only about 1.25 - 1.50 percent of fixed carbon indicating that the
furnace atmosphere was sufficiently reducing so as to have consis -
tently good grade of reduced material. The sieve analysis of the
reduced material after magnetic separation (for removal of char and
ash) is recorded 1n Table 2./4.

Table 2.24 - Sieve analysis of the reduced material

Size

18,5 mm

18,5 mm + 12,5 mm
212.5 mm + 10 mm
10 mm + 4 mesh
-4+t mesh

-6 + 8 mesh

-8 + 10 mesh

- 10 mesh

As expected, the reduced ore became more soft and friable and

disintegrated during magnetising roasting.
Additional Data on Rotary Kiln Operation

a) The volume and analysis of the waste gas:' -

The waste gas volume was occasionally measured during
the continuous run of the rotary kiln and was found to vary
from 181.5 to 183.0 m3/hour. The analysis of the same
is recorded in Table 2.25.

Table 2.25 - Analysis of the waste gas
co 3.4%

CO, 17.7%

0, 1.2%

HZ 0.6%




Material Balanc ewégg‘unq_tbe Kiln

For calculation of the material balance, the tollowing para
meters were studied during continuous operation at frequent inter
vals

i} Ore input,
ii' Gas input, and
111} Air input

In the output size, the material discharged per hour, the quantity
of flue gases evolved, the flue dust escaping through the chimney were
also measured several times, the generation of stearm inside the kiln
which was carried out by flue gas was theoretically calculated. The
quantities of combustibles lost as tar, soot etc, was determined by
difference and the complete material balance chart 1s recorded in
Tabie 2.26.

Table 2.206 - Material Balance Around the Kiln

Basis- | hour
A. Input Wt, in kg. B  Output

150 Ore plus unreacted

37.5 coal and ash

7.5 Steam

14,5 Flue gas & dust

18.0 C ombustibles lost as
tar, soot etc. in
smoke

352,50 kg 352,50 kg

C) Capacity of the Rotary Kiln

The capacity of any specific rotary kiln depends on the physical
and chemical properties of the charge material; its time of passage,
temperature and heat requirements and on the temperature and the
amount of hot gases supplied for heating. Thus a specific kiln will
have different capacity for different materials. In this particular case,
the standard formula postulated by Gibbs was utilised to determine the
capacity factor.

Tonnes of product/day




This equation relates product capacity to kiln volume, where 1.
is kiln length in feet, D the shell diameter in feet, the K is the factor
whose magnitude depends on the charge material and other variables.
For smallest kiln like ours whose length is 10.6 meter z.d inside
diameter 0. 76 meter, the shell volume to capacity ratio recome very
high due to the large percentage effect of ring build up in umall dia-
meter. The shell volume/capacity ratio Cu. m/ton/day is taken to be
2.9 in this particular case according to standard practice and the
value of K as 0. 76. The theoretical capacity comes to 1.66 tonnes/day.
But in the trial, feed rate was quite high and about 3.6 tonnes of re -
duced material per day was obtained. As such the furnace was opera-
ted upto 2.2 times of the rated capacity of the kiln and 1.26 cu. m. of
the shell volume was utilised for treating one tonne of material, Accor-
ding to 'Worthwhile' graphs, this rating of the kiln is considered as
satisfactory.

D) Heat Requirement and Thermal Efficiency

The thermal efficiency of rotary kiln vary widely, depending on
the extent of heat utilization or recovery facilities and on the economy
of operating practices. Kiln length is a major factor and kilns with
high ratio of length to diameter have a greater thermal efficiency
than those with a low ratio.

The rotary kiln was operated without any attempt to recover the
heat from the waste gases escaping through the chimney. The hot
discharge was collected in the water -seal trough and the sensible heat
in the hot discharge product was also lost. Without these facilities
for heat recovery, it is obvious that the thermal efficiency of the kiln
will be comparatively low, but attempt was made to see that the heat
input inside the kiln through burning of gases, coal and fuel oil was
not unnecessarily high.

Heat requirement was theoretically calculated for heating the
ore and incoming gas to the reaction temperature, and the amount of

gas required for reduction purpose as follows:

a) Heat requirement for heating up the material upto 550°C

Fe,O 43.76 Kcal
Si0, 17.10 "
A120,4 8.46 "
CaO 4.20 "
H,0 4.90 "

T78.42 Kcal/kg
Heat required per tonne of ore = 48420 Kcal




b) Heat required to heat air upto 550°C for use with producer
gas = 9110 Kcal

c¢) Coal

C
Ash

Volatile matter

Moisture

750 Kcallkg

Kcal required for 250 kg of coal = 26375 Kcal
Total Kcal required = 104, 795 Kcal

Heat obtained from exothermic reaction for 1 kg of ore for con-
verting hematite to magnetite at 5500C = 21.9 Kcal/kg

Heat obtained after reduction of
1 tonne of ore = 11,826 Kcal

MNet heat required = 92,969 Kcal

i) Heat produced by producer gas 127,000 Kcal
ii) Heat produced due to LD oil 38, 000 Kcal
iii) Heat produced due to coal 34, 000 Kcal

Total heat produced inside the kiln 199, 000 Kcal

i) For heating up the kiln and the

incoming material upto 550°C 45,800
ii) Heat lost with steam drawn at 160°C 3,200
Heat lost with flue gas etc. at 160°C 41,500

iv) Heat lost with discharge material
at 650°C 82,800

v) Heat lost by radiation through the
furnace wall 25,700

Total 199, 000




Grinding ]‘h’ia‘kening and Magnetic Separation of Material
(_)_EE“,",,“;e_dwbx Roast Reduction

In order to establish the optinum particle sz tooa b b the
reduced ore should be ground betore wet nmagnetic separdtion, a
series of batch tests were conducted crploving teeds of ditterent
fineness, for wet magnetic separdation Asg revealed tron the 1 inera
logical studies, the ore riinerals were finely drssenanated with the
siliceous gangue, which denoted that a grind as fine a8 100 i rons
or below is necessary to cause etfe tive separation The concentrate
obtained by wet magnetic separation ray be of the desired particle
size suitable for subsequent pelletisation studies  Since grinding 18 a
costly process, the magnetic values must be recovered at as coarse
a size as possible Too coarse a gnnd would not vield satistactory
results as hoped for. On the other hand, over prinding will generate
considerable amount of slimes which ultimately make the separation
ineffective Keeping these tactors in view, 4 nurmber of wet magneti
separation tests were « onducted to arrive at the optumun: partucle
s1ze and the results are recorded in Table 2027

The results indicated that 857 . 200 mesh grind gave the best
results The (uncentrate assaved 52 57 e and represented a re
covery of 94. 7% Fe. The tests emploving still finer grinds indicated
some loss of Fe in the tails due to generation ot excessive slime an
them Hence it was condluded a grind of 85% . 200 mesh 1s optinmum
for this ore.

The optimum pulp density for the continuous magnetic separa.
tion was established. Samples of 500 kg. each of the reduced ore
ground to 85% . 200 mesh were subjected to wet magnetic separation
at 25, 30, 40,50 and 0% solids employing drum type wet magnetic
separator. The results are recorded in Table 2 28

The results indicated that magnetic separation with 40% pulp
density gave the best performance. Hence for large scale operation
40% pulp was kept as the optimum value.

lLarge Scale Operation - The magnetising reduction roast product
was continuously ground in a ball mill and the pulp was passed through
the three drum type wet magnetic separators kept in series. The Jog
data of the grinding performance is recorded in Table 2 29

The sieve analysis of ball mill discharge, classifier overflow
and classifier underflow are recorded in Table 2 30

The ball mill discharge was collected ina 4. 88 m x 2. 44 m
thickener and the thickener underflow containing about 40% solids
was pumped to the first magnetic separator, the tailihg from the
same went to the second magnetic separator and the tailing from the
second went to the third., The concentrates from each of the mag-

52







Table 2.27 -

Teat T Grind % Product
No 200 imeah

1 45,0 Magneti

Non mayg.

Head (Reduced ore)

Magnetic
Nen -mag.
Head (Reduced ore)

Magnetic

Non-mag.

Head (Reduced ore)

Magnetic

Non-mag.

Head (Reduced ore)

Magnetic

Non.mag.

T o

Magnetic separation employing different grinds

 Assay %

8107

Dist. %

e

42.9

17.94

10.7

Head (Reduced ore)

Magnetic

Non.mag,

100. 0

2.8
21.2

T i00 0

Magnetic

Neon-mag.

7.1
26.9

Head (Reduced ore)

100.0
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Table 2 29 - Log data for grinding

Ball mill size 1 829 m x 0 914 m
Ball charge 1400 kg

Feed rate {through continuous
weight feedometer) 500 kg 'hr

Power consumption 11 KWH /tonne
Ball consumption 0. 35 kg/tonne
Pulp density 22.0% solids

Circulating load 165%

Table 2. 30 - Sieve analyses of different products

Size in mesh  Ball Mill  Classifier Classifier
discharge  overflow underflow

+48 18.3 30.
-48+65 10.8 . 18.
-65+100 12. . 10.
-100+150 9. . 15.
-150+4200 9. . 19.
=200 . . 8.

netic separator were collected separately, assayed and finally mixed
up and was sent to the dryer. The final tailing was collected, assayed
and was finally disposed off. The material balance around the mag-
netic separator is recorded in Table 2. 31.




Table 2.31 - Material balance around the magnetic separaters
Basis = 15 seconds
Thickener underflow (40% solid)
9.18 kg pulp

(3.67 kg solid
5.51 kg water)
Water 9.0 kg

l1st Mag. Separator
Drum type, size 10.

1 st Mag. tails 1st Mag. Conc. 5.3 kg (507% solids)
12.88 kg pulp (8.57% solid) (2. 65 kg solid
2.65 kg water)

(1.02 kg solid
11, 86 kg water) Water 5.58 kg

2nd Mag. Separater
Drum type size 9.14 x 5.5 m

Znd Mag. tails ¢nd Mag. Cenc.
15. 46 kg pulp (5.76% solid) 3.0 kg pulp (6.0% solid)

(0. 84 kg solid
14. 62 kg water) 3.73 kg water

3rd Mag. Separator
Drum type size 9.14 x 5.5 m

wwm--m“”~”””~*

Final tails 3rd Mag. Ceonc.

17.88 kg pulp (4. 1% solid) 1. 31 kg pulp (4. 6 % solid)

(0. 78 kg solid (0. 06 kg solid

17.10 kg water) 1.25 kg water)

Product Wt. in wt, % Assay % Dist.
kg. Fe Fe

1st Mag. Conc. 2.65 72.3 52.0 87.3

2nd Mag. Conc. 0.18 4.9 51,4 5.8

3rd Mag. Conc. 0. 06 1.6 50.0 1.9

Final tailing 0.178 21,2 10.3 5.0
3.67 100.0 43.1 100.0




The 1csults indicated that 78. 8% by weight of the iron values
could be taken out from the reduced product by magnetic separation
in three stages with a recovery of 95. 0% Fe.

The daily operational data of the grinding followed by magnetic
separation are recorded in Table 2. 32.

Table 2.32 - Operational data on grinding and magnetic separation

Day T ‘“"Fwe‘eryul» rate (:rm(; _M;hgn'éfi‘c %e;;l;'a;u;n MXl'lnyk
kg /hr % -200 Froduct %
Fe SiOZ

mesh

85,1 Mag | 51, 12.
Mag ¢ 50. 13,
Mayg 3 49. 13,
Non-mag 13, 35.

Mag | 52. 11,
Mag ¢ 51, 12.
Mag 3 51. 12.
Non-mag 14, 36.

Mag | 52, 12.

Mayg ¢ 57. 12. 4
Mag 3 51, 12.7
Non-mag 12, 4.8

Mag 1 51. 13,
Mag 2 50. 14.
Mag 3 50. 14.
Non-mag 14, 32.

Mag | 52, 11,
Mag 2 51, 12.
Mag 3 51. 12.
Non-mag 11, 36.

Mag | . 11,1
Mag 2 . 12. 4
Mag 3 12,6
Non-mag . 37.7

Mag 1 12.0
Mag 2 12.6
Mag 3 13.0
Non-mag 35.7

Mag | . 12.2
Mag 2 . 13.1
Mag 3 13. 4
Non-mag 31.6




Day

Feed rate
kg /hr

505

508

507

510

502

505

503

500

505

510

 Grind

% -200

mesh

85. 0

85.7

86, 2

86.5

86.3

85.6

85.8

85.7

86.0

86.5

Magnei'n
Froduct

Mag '1

Mag 2
Mag 3
Non-mag

Mag |
May 2
Mayg 3
Non-mag

Mag |
Mag 2
Mag 3
Non-mag

Mag |
Mag <2
Mag 3
Non-mag

Mag |
Mag 2
Mag 3
Non-mag

Mag |
Mag 2
Mag 3
Non-mag

Mag |
Mag 2
Mag 3
Non-mag

Mag |
Mag 2
Mag 3
Non-mag

Mag |
Mag 2
Mag 3
Non-mag

Mag |
Mag 2
Mag 3
Non-mag

Separation Assay

Fe

51.
51.
50.
12.

52.
51,
51.
10,

52.
51.
51.
1.

52.
51.
51,
10.

53.
51,
51.
10.

52.
52.
51.
10.

52.
51.
50.
14,

52.
51.
51.
11,

51.
51.
51.
11,

52.
52.
51.
10,
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The results obtained 1n the «ontinuous run ot the plant indicated
that the magnetic separation consistently gave reasonable vield of 1ron
values. The pulp density throughout the entire operation was kept
between 38 to 42% solid and care was taken to keep same constant as
nearly as possible. The (onientrate was collected intanks from
which 1t was fed tothe dryer to remove the moisture centent and to

render the sare suitable for pelletization

Drying of Magnetic (oncentrates I'he magnetic concentrates collect-
ed separately trom the three nmiagnetic separators working in series
were mixed up  The final moisture Content of the same when collected
in the settling tanks varied fron: 18 to 25%. This material had to be
dried betore pelletisation upto 4 ~7¢ water The mixed magnetic con-

¢ entrate was demagnetised and thickned to 20 to 0% solids, in a
thickener I'he thi kened conc  was dired to 5 to 6% in rotary driers

and used for pelletisation tests

Description of the Rotary Dryer The rotary dryer used for the

purpese was of direct type, the heating gas was passed counter -
current with the flow ot the material. It was the simplest and most
commonly used single shell rotary dryer. There was ne brick lining
inside the shell but was equipped with flights on the interior surface
of the shell tor lifting and showering the we' material through the het
gases during passage through the cylinder  The flight extended conti-
nuously the entire length ef the dryer and the shape of the flights was
radial with a 90 degree top. The gas burner was fitted at the dis-
charge end of the burner working on producer gas and air in proper
proportion. A blower was titted at the feed end so as to give a
positive draft on the flue gases through the chimney. The wet »
rmaterial was ted through the feed hopper which discharged the
material at the feed end of the dryer through a launder. The log data
of the dryer is recorded in Table 2. 33,

The dryer was operated « ontinuously with an average product of
I 57 tonnes of dry product per day of 24 hours. The dried material
due to effect 1n the drier produced balls of irregular size and shape
and the same ha i tc be pa-sed through a flupper before pelletization.
The (oncentrate was th creafter stored in a storage bin for further
treatment for pelletizing. The average chemical analysis of the dry
product is recorded in Table 2. 34.




Table .33 - Log data of the dryer

Moisture in the feed Average 21%
Product moisture Average t%

Feed rate B0 kg/hr (wet material)
Retention time 20 minutes

R.P. M. 7.5
Inclination 4°
Length 4.57 m
Dia 0.46 m

Temperature
a) at the discharge end 350°C
b) of the flue gas 110°C

(Gas consumption 71 m3/hr
a) ’'rimary 10.8 m3/hr
b) Secondary 35,4 m3/hr

Peripheral speed, 10.6 meter/minute,

Table 2. 34 - Chemical Analysis of the concentrate

Censtituent Percent

Fe 51,7




CHAPTER 3

STUDIES ON PHYSICAL & PHYSICO-CHEMICAL PROPERTIES

In addition to normal working data for the study of physical &
physico-chemical properties, the following tests have been carried
out,

Determination of Bond's work index in closed circuit for
magnetic concentrate from magnetising reduction roast tests.

Determination of the settling rates of (a) magnetic concen-
trate, (b) non-magnetic tails.

Determination of the rate of filtration of the magnetic and
non-magnetic products.

Determination of Bond's Work Index

The magnetising reduction roast product of the Asswan iron ore
constituted the pelletisation feed. The Bond's work index for grinding
the same to 85% -200 mesh in closed circuit at a circulating load of
250% was determined, as this was found to be the optimum grind for
subsequent magnetic separat.on treatment to yield the maximum Fe
recovery.

The results indicated that the Bond's work index value of the
sample was 11.05 KWH/tonne for dry grinding and 9. 19 KWH/tonne for
wet grinding.

The object of determining the work index value is to obtain the
data useful for determining the size of the ball mill and the power re-
quirements for grinding the sample to the desired fineness. The work
index value represents the power in KWH/tonne required to reduce the
test sample from infinite size to a produci 80% of which passes through
100 microns. The actual power input required to grind from a given

6!




feed size to the Jesired product size can be calculated from Bond's
equation (1961).

w=10 W, (p "5 -

where

w Power in KWH tonne required t reduce the test satnple
from size "F' to 'Y

w Work index in KWH tonne reqguired to reduce the sample
from infinite size to a product B of whioh passes through
100 microns.

Size in micr ns through which 8070 the desired product
passes.

Size in microns through which Ko the feea for crushing
and grinding passes.

Evidently, the power consumption 1s dependent on the feed and
product sizes, wet or dry grinding, «lose or open circuit grinding etc.
Wet grinding normally consumes about 25t 30% less power than dry
grinding carried out under similar conditions.

For the purpose of determining Bond's work tndex, the -3/4%
magnetising reduction roast product was (rushed to -6 mesh in closed
circuit using a roll crusher.

Test procedure: The test procedure developed by F.C. Bond of
Allis-Chalmers was adopted for the determination of work index which
consisted of the folluwing stages.

i) Measurement of the size in microns through which 80% of the
feed sample 'F' passes.

11) 700 cc of the representative test sample was weighed and
ground in a ball mill of size 30.5 cm x 30.5 cm rotating at
64 r.p.m. with a ball charge of 20.187 kg,

The sample is ground for a known number of revolution 'N'.

The ground sample was removed and screened through a
specified size P| microns (270 mesh screen was used in the
test).

The screen undersize was weighed from which the quantity
finer than P size originally present in the sample, was
deducted to get the net undersize produced by grinding for
'N' revolution. From this, the net grams produce per re-
volution. From this, the net grams prodace per revolution
was calculated.




A second feed sample from the ball mill was prepared by
combining the screen undersize with a fresh test sample of
the same quantity as the screen undersize.

The grinding and screening operation were repeated until the
desired circulating load of 250% was achieved.

This was repeated twice or thrice at the desired circulating
load and the amount of net product finer than P| si1ze pro-
duced due to grinding was determined from which the average
quantity of fines produced per revolution (Gbp) was calcula-
ted from the last two or three grinds.

The final products obtained during the last three grinds were
screen analysed from which the size in microns through
which 80% of the product 'P' passed was determined.

The work index of the sample was calculated by using Bonds'
revised equation (1961); -

44.1 x 1.1 S
(pl)U. 23 x (Gbp)0.82 x (10 - 10)
pH

Work Index (Wi) =

where,

W, Work index 1n KWH/metric tonne of ore.

Py Screen size in microns, used for screening the ground
product.

Grindability in net grams produced due to grinding per
revolution of the mill.

Size 1n microns through which 80% of the ground product
passes.

Size in microns through which 80% of the feed passes.

Work index of the sample: The test was conducted with the

procedure mentioned above and the results are tabulated in Tables
3.1 and 3. 2.

Results

Grindability (gm/revolution), Gbp
Feed size in microns (F)

Product size in microns (P)

Bond's work index in KWH/tonne for grinding

Work index value for wet grinding (25% less)
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Table 3.2 - Screen analysis ot the ball nall foed ana

Mesh size Ball mill feed SO0 miest yr ux
wt % Coamulativ e JR0% L ar LAt g

retained Wt % paseing Size

+8 mesh
+10 niesh
+14
+20

+28 mesh
+ 35 '
+48

b5

+100

+150

+200

200

Fall A

Size in microns at which 80% passes Ball mill feed 1780 micronse
Ground product 65

Determinaltion of the Seltling Rates of Ground Products

Settlhing rate tests were pertormed with the classifier overflow
for magnetic separation, ragnetic concentrate which would be utilised
for pelletisation and non-magnetic tailings which would be rejected
after reclamiation of water. The tests were carried out separately
with different percentages of solids viz., 5,10,15,20,2% and 30 %
solids without using any flocculant,

The effect of these tests are to obtain data useful for calculating
thickener, size, capacity etc. required to collect the ground ore.

The tests were conducted separately in 500 ml. graduated
mieasuring cylinder. After bringing the solid in suspension the
setthing rate was recorded every minute for the first few minutes so
long as there was free settling.

The ultimate pulp density after allowing the solids to settle for
19 hours was also recorded in each case, which would indicate the
maximum per cent solid in the underflow that could normally be
expected from a thickener of standard depth.




Table 3.3 - Results of rate of setthing tests with magnetic
fraction after reduction roast and grinding

7. Solids in the feed 10 15 20

L.iquid to solid ratio
in the feed (F)

Average rate of settling
cm/min,

Average rate of settling
Fe/hr (R) 11.

Ultimate pulp density
hSolid (after 19 hours) 46,

Liguid to solid ratio at
ultimate pulp density (D)

Settling rate per tonne
in sq. ft.=1.33 Lfiﬂl

Settling area required
at 125% of above in sq.
ft. ‘ton

Settling area required
in Sq. meter/tonne

The results of settling tests are recorded in Tables
and 3.5.

From the results it could be seen that the rate of settling was
quite fast in the case of the magnetic concentrate and the use of any
flocculant may not be necessary.

3. Determination of Filtration Rates

Filtration tests with the magnetic concentrate and non-magnetic
tailings were carried out with a view to investigate the filtering
characteristics of the products. The data obtained by these tests will
be useful for designing a filter suitable for dewatering the thickener
underflow.

Test procedure: Filtration tests were carried out using a
standard EIMCO test filter disc, having an effective grid face area of
.0093 sq. metre. The filter was secured in position on the leaf with
an adjustable clamp. The filter leaf was connected to a filtrate
receiver through a flexible hose pipe which in turn was connected to
a vacuum pump.




.

Table 3.4 - Resuits of rate of settling with non-magnetic
fraction obtained after reduction roast and grinding

% Solid in the feed 5 10 15 20 25 30

Liguid ta solid ratio
in the feed (F) 19.0 9.0 567 4.0 1.0 2.33

Average rate of settling
cm/min. 3.0 1.85 1.64 1.16 0.76 0.49

Average rate of settling
ft/hr (R) 5.9 3.64 3.26 2.28 1.50 0.96

Ultimate pulp density
%Solid (after 19 hrs) 42.8 43.85 48.4 52.1 53,1 54. 8

Liguid to solid ratio of

ultimate pulp density (D) 1.34 1.18 1.07 0.92 0.90 0.82

Settling area per ton

in sq. ft.= 1.33 (E-D) 3.40 2.43 1.60 1.53 2.19 1.78
R

Settling area required
at 125% of above in
sq. ft. /ton 4.25 3.01 2.0 1.91 2.74 2.22

Settling area required
in 8q. meter/tonne 0.40 0.28 0.19 1.18 0.25 0.21

The filter disc. under vacuum (560 mm of Hg) was sub-merged
for a pre-determined time in a well agitated pulp of the sample for
cake formation and afterwards, was taken out of the pulp to allow the
wet cake to dewater itself for the same time under the same vacuum.
The cake was then blown out and moisture content, thickness of the
cake and wet weight of the filter cake was determined. The quantity
of the filtrate collected was also measured to determine the rate of
filtrate collection. Thus the cycle of operation comprised of sub-
mergence, drying and blowing. The duration of submergence, and
drying was 37.5% each of the total cycle time and the remaining 25%
was kept as blowing time.

The tests were conducted with solids percentage of 40,50 and
60 without any flocculant. The cycle time was also varied in each
case i.e. 40,80, and 120 seconds. The results obtained are recorded
in Tables 3.6 and 3.7.
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Table 3.9 - Results of rate of settling with classifier
overflow after reduction rcast and grinding

% Solids in the feed

Liquid to solid ratio
in the feed (F)

Average settling rate
cm/min.

Average rate of settling
ft. /hr. (R)

Ultimate pulp density
% solid (after 19 hrs)

Liquid to solid ratio at
ultimate pulp density (D)

Settling area per ton in
sq. ft. - 1,33 (F—D)

R
Settling area required
at 1257 of abuve 1in
sq. ft. ‘ton

Settling area required
in sq. meter/tonne

Decrepitation Characteristics

Since iron ore used 1n Blust Furnace 1s normally ot s1ze =50 to
+ 12 mm, the lumpy ores {(-150 ¢+ 50 mm) were crushed and screened
to get -40 to ¢ 12 mm size fraction which was used for the test,

During the descent in the stack of the blast furnace, the burden
is subjected to progressive increasing temperature, due to the

exchange of heat trom the asc ending gases. lronores decrepitate
within a certain temperature zone and bigger lumps disintegrate 1nto
smaller ones and thereby reduce the voids in the burden. During
actual smelting of ore in the furnace, decrepitation occurs in daf -
ferent atmospheres of gas composition and under the load of the

burden.
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The decrepitation test simulates the etfect of tire, ‘en perature
and furnace atmosphere on iron-bearing materials during their descent
in the stack of the blast furnace, and may probably indicate the degra
dation due to these factors.

In the laboratory test, the decrepitation characteristics are
determined separately under stagnant atmospheres, and under atmos-
pheres of CO, COp, N, but without any superimposed joad.

Procedure

The iron ore sample was placed inside a stainless steel pot
having a perforated bottom, which was suspended inside another stain-
less steel tube and was heated in an ¢lectrically operated pot turnace.
The temperature of the ore sample was continuously increased at a

constant rate of heating from room temperature to 1000°C.  (In case

of test under CO, COp, N atmospheres, the gas was passed through
the sample and « ontinued upto 10007C). During the rise of tempera-
ture, an audible clicking sound was heard. This represented the
temperature of decrepitation, which was noted in each test. Three
tests were conducted for each sample to take account of any possible
lump to lump variation in the characteristics of the ore. After the
test, the sainple was screened though various sicves to determine the
extent of size degradation due to decrepitation and the material there-
after was subjected to shatter test in order to determine its physical
strength.

Discussion of the Test Resulls

The test results of Asswan iron ore under stagnant atmosphere
and under CO, CO,, N, atmosphere (CO,CO, ratio in the gas being
approx. 2.0) along with its shatter strength data are recorded in
Tables 3.8 and 3.9.

Decrepitation temperature varied from 380° to 400°C and the
shatter strength on + 12 mm varied from 92.21% to 93, 60% in case of
test carried out in stagnant atmosphere (Table 3.8). Whereas in case
of test conducted under CO, CO,, N, atmosphere, the decrepitation
temperature varied from 350-360°C and the shatter strength on +12mm
varied from 70.55% to 72.32% (Table 3.9).

Conclusions

The decrepitation temperature of the ore is lower in CO,
CO,. N, atmospheres than in stagnant atmospheres.

Shatter strength of decrepitated sample is alsolower in
CO, CO,. N, atmospheres.
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Frg 32 Comparson of Asswan and Bolam non ore reducibibities at 950 Cwith H,and CO
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Fig 33 Redu tion behaviour of Asswan iron ore with vanoss mesh sizes at 950 € and 1000cc mtH, Hoa rate
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Fig 34 Asswan ore reduction by HLo CO mixture
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Fig A Thinsection of Assaan b nestone showing moero
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Degradation is o onpoaraticon, N Eoreetns g oonds
tion, 1. e under CO, GO c,oatriooospleres but in actual
practice, there wiul be troncnd us boad onthe ore and
hence there s likely to e nouch o re degradation than as
shown in Table 3.9,

Reducibility Tests
(1) With CCO or H|

With CC or H, reducibuity ©r rate of reduc tion of 1ron ores

L
determines the probable behaviour of vron Gres during smelting in

blast turnaces. Several standard mettods, have been used by various
workers., In most nmiethods exther CO or H, bas been used as reductant
and experiments have been pertormed gt i NG C at varying flow
rate ot reductants and the measure ot reducibility was determined by
cairculating the rate of oxygen removagl from the ore.  Reducibihity
indicates the rate of renmoval of oxygen tron the ore under the tes
conditions. In view of the complicatior s o conducting the reducibility
test under non-isothermal conditions and variation in gas ¢ omposition,
for example 1n a manner identical to blast turnace stack condrtion, the
routine 1sothermal tesgt at 900°C at a detinmite flow rate of the reducing
gas discloses comparative rate of ren.oval of oxygen from the ore

In these tests, the ore was kept 11 a vertical tube as shown in
Fig. 3.1 at a temperature of 9507°C and the hvdrogen was passed at the
rate ot 1000 (¢ nin. The water collected was noted every two minutes
till no further appreciable amount f water was (ollected.  Similarly
inothe case of CO reduction, the CO produced f the reduction was
collected and noted every 2 mitnutes for tirst 40 minutes and every 4
minutes for subsequent 80 minutes. The experiments were performed
with various mesh sizes f Asswan ore. which was obtained by ¢rush-
g and screenming.  The resalts have boen turnished in Figs. 3.2 and
1.3,

{1 With CO-H, Mixture

The reductibility of Asswan iron ore was also determined at
950°C, keeping pCO and pH, as 0.5 for 90 minutes. Two mesh sizes
-6+8 and -10+20 were tested keeping tempe rature, flow rate and time
constant. It was observed that reduction rate of -6+8 mesh si1ze ore
was faster upto 50-55 mun. but after about 5% minutes the reaction
with -10+20 mesh size ore proceeded much faster and about 98%
reducibility was obtained in 7% minutes. This behaviour has been
shown in Fig. 3.4.

Another plot, as shown in Fig. 3. % was made for comparing the

reduction behaviour of -6+8 mesh s1z¢ cre with Hy, CO +Hy mix. and
the rate of reduction is also much faster than the preceeding two. The
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reduction by CO is much slower in comparison with hydrogen.  The
curve for CO + H, reduction lies in between. The ohservation appears
to be obvious in view of the faster reaction rate by hydrogen at 950°C
in comparison to carbon monoxide.

Calcmmation of Asswan Limestone

Calcination characteristics of the Asswan limestone were deter-
mined at isothermal temperatures and at «onstant rate of heating with
[ ] N
two different sizes.

Limestone Sample

Representat: e samples f Asswan limestone were « rushed 8o as
to obtain -25 +12 muvi and -1 . mm size fractions,

The temperature at which 4 limestone decompogses and the rate
of 1ts calcination are important from the pownt of view of solution loss
reaction, which 1s nothing but solid carbon consummg reaction. I a
Ihimestone starts decomposing at lower tersperatures, the evolution of
COZ takes place a little higher up on the stack than if it decompaosed at
higher temperature. liniestone decomposing in the higher tenmperature
zone (say 1000°C or above) evildves CC, which reacts with solid carbon
to give rise to the solution oss reaction (O s O 20O In order to
predetermine the behaviour f limestone 1n a blast furnace or in an

elect-1~ smelting furnace, 11 's worthwhile toinvestigate its «alcination
character.oti o cAdition tooats chemucal analysts and petrological
study.

Calcination Test

100 gm. of Tiumestone sarnple, dried 4t 100 C was placed inoa
stainless steel pot, open at one end and connected tooa Tow meter tor
measuring CO,. This stainless steel pot was then kept 1n an electr:-
cally heated furnace nmantained at 4 temperature of 130« 57C  The
CO; liberated due to the dissociation of limiestone at that tempe rature
was continuously recorded at interval ot 5 mm. unril C( 5> oevolution

Table 3.10 . ( hemical analysis, calcination test results at isothermal

- i e e

Dimestone  _______________ Chemicalanalysis & _ _.___lsothermal

i — o " . o o s T - i o 55

Cal SIOZ Alz() 3 h o

Time in CO,
min. in S,

54.86 1.3 0.96 . . 40. 14 76 18.94

e e A o e o <P . ——" o o . . e i il i S i
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ceased. In a continuous heating test, the stainless steel pot containing
the 100 gm limestone sample was kept in the furnace maintained at
700°C, and then the temperature of the furnace was raised at the rate of
7-8°C, t0o930°C. The CO, evolved in this case was also recorded at
interval of 5 min. Three tests were conducted on each size fraction to
take account of any possible lump to lump variation in the characteris-
tics of limestone. The quantity of CO, obtained was plotted against
time in case of isothermal test and against temperature in case of con-
tinuous heating rate test upto 930°C + 5°C and then against time as in
the case of isothermal test. B

Discussion

The limestone sample was petrologically studied. The sample
had a light yellowish white colour on the surface and white on fresh
surfaces. The sample was dense and compact.

The thin section study of various lumps reveal ed that the sample
consisted of fine grained calcite matrix and on the whole, the sample
could be graded as a highgrade variety with minimum of insolubles in
1t as shown in Fig, 3.6,

The calcination characteristics of limestone at both isothermal
and continuous heating rate was determined with two sizes. The test
results and the chemical analyses of the limestone are given in
Table 3. 10.

From Table 3. 10 it can be seen that the CO, % is quite high
whereas SiO, % is low, hence due to its high available base, the lime-
stone may be used as flux. The sulphur content of the limestone is
somewhat high and, therefore, it is likely to increase the sulphur input
in the burden. This may, however, be decreased by blending with low
'S' limestone,

Figs. 3.7 and 3.8 show the relationship between CO, evolution
with time in isothermal test with the two sizes. From the curves it can
be observed that there is not much variation in the total CO, evolved with
either of the two sizes. In 60 min. time, the CO, evalved was 18. 31 lit.

temperature and at constant rate of heating

test 930°C _ Constant rate of heating upto Calcination

.12 + 6 mm 930°C__ temp. °C
=25+ 12 mm .12 4 6 mm
Time in COZ Time in CO, Time in Co,

min. in lit. min. in lit. min. in lit.

(-25+ 12 mm)

73 21.21 30 10.10 30 10.42 800




and 20.7 lit, with -25 +12 mm and -12 + 6 mim sizes respectively.

Figs. 3.9 and 3.10 show the relationship betweer CO) evolution and
temperature at constant rate of heating upto 930°C together with CO,
evolved at 930°C (constant temperature) with time till evolution ceases.
The total CO; evolved in both the sizes in this case is alsc raore or less
the same as in the isothermal test.

Conclusions

l. Asswanlimestone may be graded as of a high grade variety
with minimum nsolubles in it,

Available base in the limestone seems to be satisfactory.

The calcination characteristics of limestone may be
considered as satisfactory.

The limestone can be used as flux.
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CHAPTER 4

AGGLOMERATION OF IRON ORE CONCENTRATES

PELLETISATION STUDIES FOR THE PRODUCTION OF GREEN,
HEAT-HARDENED UNFLUXED AND FLUXEDPELLETS

Tests were conducted to determine the optimum conditions for
large scale production of pellets for subsequent treatment in the rotary
kiln for making sponge iron. Magnetic concentrate assaying 51.7% Fe,
11.3% Si0,, 5. 23% AlO4 was used fcr pelletising tests. Sieve, sub-
sieve analysis and surface area of magnetic concentrate are recorded
in Table 4. 1.

TABLE 4.!: Sieve & Sub-sieve analyses of the concentrate
for pelletization

Micron

210

149
105
74

Sub-sieve analysis (Feed percentage - 325 mesh = 68.4%)

+ 41,
29.

5 43.

6 15,

20.8 1.

14.2 8.

10. 4 10.
4 3.
4

10.

7.

< 7.

Surface area in sq. cm/gm = 2922
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Initially, a number of laboratory scale pelletization tests were
conducted in a balling drum 0.610 m dia x 0. 305 mm width rotating at
11 rpm. The pelletizer feed was prepared by thoroughly mixing 50 kgs
of sample with desired amounts of water and other additives. The
moisture content of the mix was kept at about 6 per cent. In the balling
drum additional amount of water was sprayed to initiate balling up and
these were allowed to grow to about 10 to 15 mm size by addition
of fresh ore-binder mixture with the addition of requisite amount of
water. The entire operation took about 25 minutes to form 10to 15
mm pellets and 10 minutes for rolling afterwards to get a shining
polished surface. The following tests were performed to assess the
quality of pellets produced.

Physical Tests on Pellels

(a) Green pellets:

(i) Moisture content: The moisture content of freshly rolled
green pellets was determined and expressed in terms of per cent
moisture in green pellets on wet basis,

(i1) Drop strength: The resistance to withstand shock as would
be experienced by green pellets during handling, drying, and heat-
hardening in a pelletizing plant, was simulated in the laboratory by
dropping the pellets from a height of 500 mm and recording the num-
ber of drops at which the first crack on a pellet appeared.

(iii) Green compression strength: Green compression strength
of pellets was determined by keeping a freshly prepared sized pellet
as a short column between a steel plate and a hollow brass tube 26. 4
cm long closed at the botton: and held vertically between two rings with
sharp inner edge. Mercury was dropped continuously in the brass
tube till the pellet yielded by breaking and the total weight of mercury
and the tube was expressed as th: green compression strength in
kg /pellet.

(b)  Air dried pellets

(i) Dry compression strength: Dry compression strength of air
dired pellets was determined by the same method. The weight at
which the pellets broke was taken as dry compression strength in kg/
pell et.

(c) Heat-hardened pellets

(i) Sieve analysis: The fired pellets were sized using punched
haole screens, having round apertures of 12.5mm, 9.3 mm and 6.3
mm and expressed interms of wt % retained.
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(ii) Compression strength: Compression strength of fired
pellets and pre-heated pellets was determined by using Amsler
Universal Testing machine and expressed in terms of kg/pellet.

(iii1) Microporosity: The apparent specific gravity of pellets
was determined by mercury hydrometer and the true specific gravity
of powder by specific gravity bottle and the microporosity was
expressed as:

True sp.gr. - App. Sp.gr. x 100

Microporosity % e e
True sp.gr.
(iv) Reducibility: The object of the test was to determine
reduc ibility characteristics of iron ore pellets. The method adopted
in the present investigation was to determine and compare time taken
by individual test sample for 90 7% reduction under similar experimen-
tal conditions. The comparison of rates of reduction of various

samples of iron ore pellets under identical conditions are recorded in
Table 4. 6.

Test procedure:

The reduction of iron ore pellets was carried out at 850°C
(_*_ 10°C) with commercially pure hydrogen as passed through concen-
trated HySO,, anhydrous CaCl,, ascarite and copper turnings heated
to 500°+«550°C., Dry pellets weighing 200 gms was placed inside a
steel reduction tube and its position was adjusted so as to keep tae
test sample at the centre of the tubular reduction furnace. The sample
was heated to 850°C in N atmosphere. The reduction of sample was
carried out and the flow of HZ was maintained at about 1700 cc/min
with precalibrated flow meter. The quantity of water vapour produced
during the reduction was condensed and measured after each interval
of 15 minutes. The experiment was continued till there was no con-
densation of water during a period of 30 minutes. The reduced sam-
ple was cooled to room temperature in tnert atmosphere and analysed.
The percentage reduction of the sample was calculated as follows:

Total water condensed upto any instant
Percentage reduction = due to reduction x 100

Total water collected by condensation

during the entire experiment due to

reduction,

(v) Swelling index: The test procedure consisted of measuring
the percentage increase in volume of the pellets due to reduction in a
reducing atmosphere at a particular temperature and for a given time.

Sample: The sample of each test consisted of pieces of pellets
of -12 +10 mm size. The pellets were oven-dried at 105° + 5°C for
60 minutes in order to remove the moisture,




Test procedure

a) The volume of the pellets was measured first by mercury
hydrometer.

b) The pellets were placed in a reduction tube which was
connected to a gas circuit.

c) The sample was heated upto 850°C in an inert atmosphere
using purified N, gas.

d) After maintaining the temperature of the sample at 850°C
for 30 minutes in the inert atmosphere, the inert gas was replaced by
purified Hy gas for reducing the pellets. The sample was reduced
for 100 minutes at 850° + 10°C.

e) At the end of 100 minutes reduction, the reducing gas was
replaced again by the N, gas and the sample was allowed to cool to
room temperature.

f) The volume of each of the pellets was measured.

g) The swelling index was calculated from the values given
below:

(V, - Vy) x 100
T

1

% swelling index
volume in cc before reduction
volume in cc after reduction.

Bulk density: The bulk density of the fired pellets and the true
specific gravity were determined.

Additives

Limestone and bentonite were used as additives for pelletization,
The limestone sample was supplied by UAR, whereas the locally avai-
lable bentonite ground to -100 mesh was used as binder. Chemical
analyses of limestone and bentonite samples are given in Table 4.2.
Sieve analysis of limestone powder and physical properties of bento-
nite are given in Table 4.3.




Table 4.2 - Chemical analysis of additives %

Constituents Limestone Bentonite

Fe,04 0.80 2.7
CaO 50. 40 3.4
2.61 2.8

1.12 26. 4

2.06 45.6

- 0.4

4.3 - Sieve analysis of limestone and physical
characteristics of bentonite

wt. %

0.7
3.2
4,5
8.6
12.1
70.9
100.0

Physical Characteristice of Bentonite

a) sp.gr. 1.87
b) Swelling index 5.7 gm/gm for 24 hrs.
¢) pH 9.0




Laboratory Scale Pelletisatiun Tests

A) Unfl uxed pellets:

Laboratory scale pelletisation tests were carried out with magne-
tic concentrate under varying conditions to determine the optimum con-
ditions for pilot plant production of pellets for subsequent pre-reduc-
tion. The tests were carried out in a balling drum (0.61 m dia x
0.305 m) rotating at 11 r.p. m. using 50.0 kg of material per batc h.
Bentonite addition was varied from 0 to 1.5% Limestone powder was
also used as additive and in some cases a combination of limestone and
bentonite was also employed. The results are recorded in Table 4. 4.

The results indicated that green compression strength and no. of
drops withstood by a pellet from a height of 500 mm did not vary con-
siderably and addition of 1% bentonite gave satisfactory results.
Combination of bentonite and limestone did not improve the green com-
pression strength of pellets. Moreover, it was observed that in the
case of 0 to 0.5% bentonite addition and 0.5 to 2. 0 limestone addition,
the green pellets had a tendency to crumble and generate more fines
during handling than those made with 1% bentonite addition.

B) Fluxed peliets

Laboratory scale tests for the preparation of fluxed pilets were
also conducted using the same pelletizing drum.

CaO + MgO

éSiOZ + Al,04)
was varied from 1.0 to 1.6 by the addition of requisite amount of
limestone to the beneficiated iron ore. No bentonite addition was found

to be necessary for these tests. The results are recorded in Table 4.5

With the alteration of the basicity degree of the fluxed peilets,
the physical properties did not deteriorate. The green compression
strength and the resistance to knocking were also satisfactory. Pro-
duction of fines (-9.5 mm) during handling of green pellets was of the
order of 5-6%.

Drying and Heat Hardening of Green Pellets

Pot Grate Furnace

Laboratory scale drying and heat-hardening was carried out ina
pot grate furnace unit. The unit had arrangements for both downdraft
and updraft drying utilising L. D. oil and low calorific value producer
gas at regulated temperatures.
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The pot grate furnace consisted of a central movable pot grate
section hinged on two bearings and mounted on a frame. The frame
was movable on rails for easy handling and unloading of pellets. The
top section of the unit consisted of a hood chamber connected on two
sides to two burner chambers, one for low temperature and the other
for high temperature firing. Both the burner chambers had bypass
stacks having stack caps and refractory valves in front to control the
flue which could be passed through the bed of iet out to atmosphere, as
desired. The bottom chamber of the unit consisted of the wind box on
one end of which was connected to the suction line while the other
chamber was connected to a low temperature burning chamber to
produce flue for updraft drying. This burner chamber also had a
refractory control valve in front and a bypass stack to which a special
annular air preheater was also built in to provide preheated combus-
tion air for burners. The entire pot grate section, top hood, burner
chambers and stacks were lined with a special castable refractory of
high alumina cement. The low temperature burners were designed
and fabricated at NML, to be used for producer gas which could
develop a temperature upto 1000 - 1100°C. The burner could operate
with producer gas upto a pressure of 0.211 kg/sq.cm. The air re-
quired for combustion was kept upto 60. 96 cm.

A low pressure oil burner was used for the high temperature
side, burning preheated L.D. oil with primary and secondary air.
Excess air for controlling furnace atmosphere was provided at
ambient temperature. The suction line from the two stage exhaust
blower was connected to the bottom wind box through a bypass suction
control valve which also allowed diluent air from outside Lo cool the
exhaust gases. One branch from the suction line was also connected
.0 the top of hood chamber above the pot through a control valve to
provide alternatively updraft gas flow through the bed, when the
bottomn line was closed. Arrangement of external water spray was
provided on the suction line to lower the temperature of exhaust flue
gases to about 150°-160°C, to protect the blower. The blower used
was a two-stage centrifugal type, each stage drivenby a 20 HP motor,
capable of developing a suction of 1524 mm W.G. with 85 cubic metre
per minute free air flow. Low pressure air for combustion for all 3
burners was obtained from a single stage centrifugal blower connected
to the preheater with a bypass control valve and driven by a 15 HP
motor capable of delivering 1250 CFM (36.5 CuM/Min) free air flow
at 610 mm W.G.

The central section of the pot consisted of movable shell divided
into two portions. The top pot with annular corrugated refractory
lining to reduce the chances of gas channeling and the bottom suction
carrying the special high chromium cast iron grate. Thermocouple
ports were provided at various heights of the pot, like top, middle,
bottom and at a point just below the grate to measure the temperature
at different zones and also of the grate and exit gases passing through
the gate, For high temperature measurements, Pt-Rh thermocouples
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were used while for low temperature, chromel-alumel thermocouples
were utilised in the pot section and other places. Temperature of the
combustion chamber, hood, wind box, the suction line, preheated alr
and oil were also measured and recorded in two 6-point recorders.
Pressure drop across the bed, hood and wind box blower etc. were
measured by water manometers. Flow rate of product gases was
measured by differential pressure measurements across a straight
length of G. 1. pipe on the suction line preceding the blower. Fuel oil
consumption was recorded by volume measurements and gas consump-
tion by a orifice plate on the gas line.

Procedure: Both the gas burners were ignited with stack caps
open and stabillsed at the desired temperature. Oil burner was also
lighted simultaneously and kept running to obtain uniform combustion.
The pot grate was sllded out and 76.2 mm layer of previously fired
pellets put as the layer on the grate. Freshly prepared green
pellets was charged into the pot upto the desired height. The pot was
then put in position and sealed by means of the ring clamps. Drying
of the green pellets was then started by closing the low temperature
stack cap and opening the refractory valve to allow the flue gases to
pass through the bed. Pressure drop was controlled by means of by-
pass valve to the desired extent. For testing updraft drying, the
bottom burner and the top suction line through the hood was utilised.
After drying was completed, the pot was pulled out momentarily to
observe the effect of drying 1. e. decriptitation, sagging etc. and
also to draw a sample of dried pellets, Preheat gases were then
passed from the high temperature burner by oepning the refractory
valve on the high temperature burner chamber and closing the valve
on low temperature side. The stack cap on the low temperature side
was correspondingly closed and the low temperature side opened to
blend the low temperature flue gas to the atmosphere. From the
exhaust gas of the blower, it would be observed whether any ducting
was taking place.

The time taken to reach the desired preheating temperature was
noted and after the bottom attained the preheating temperature or
after the given time interval, the flue gases were bypassed. The pot
was again taken out to collect samples from the top, middie and
bottom layers, to see the preheating effect. For final firing cycle,
the pot was once again shifted to its position and high temperature
flue gases were passed thereby raising the bed temperature to the
desired limit. After allowing the required soaking time if any, the
firing was stopped and the pellets cooled by shutting off the low
temperature burner and opening low temperature bypass stack and
refractory valve when cold alr was drawn in from outside through the
bed. The time taken from the different layers of bed to cool down to
about 200-250°C was also recorded before taking out the pot. In the
laboratory set up, no attempt was made to utilise the waste heat from
the exit flue gases, but from the temperature data and gas volume the
available sensible heat of the flue gases can be ascertained. Fuel
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consumption in terms of productivity, therefore had no actual or
industrial significance except tv the extent to which a comparative
study could be made for different rates and time of heating.

After carrying out a number of drying and preheating tests
under diffe rent conditions, varying flue gases, temperature, bed
height, suction, etc. the optimum conditions for heat-hardening were
established for further experiments.

Results: The laboratory scale heat hardening test results
fluxed and unfluxed pellets are record in Table 4.6.

It was observed during the heat hardening of both fluxed and
unfluxed pellets that meticulus care had to be taken in the initial stage
to drive off the moisture, followed by gradual heating to 1300°C and
soaking at that temperature for 5-6 minutes. Particularly in the case
of fluxed pellets, a number of test had to be conducted for satisfactory
hardening of pellets without fusion. The results indicated that com-
pression strength of fluxed pellets did not vary appreciably with the
alteration of the basicity ratio, although it was much less than the
pellets made with addition of 1% bentonite alone. The cycle time
taken by the fluxed pellets was also higher than that taken by the
unfluxed pellets.

Sieve analysis of the fired pellets is record in Table 4. 7.

Table 4.7 - Sieve analysis of fired pellets

wt. %
+ 12 mm 51.3

<12+ 9.5 mm 35.7

-« 9.5 mm 13.0

PRS-

100.0

The results indicated that the quantity of -9.5 mm pellets
produced after firing was under reasonable limits which could be
during plant practice.

Large Scale Preparation of Pellets for Pre-reduction

After assessing the behaviour of the pellets with 1% bentonite
during heat hardening cycle, attempts were made to produce bulk
quantity of unfluxed pellets for pre-reduction. For this purpose, a
disc pelletizer of 91. 44 cm inclined at 42° was used. The data for
pelletizer operation is recorded in Table 4. 8




Table 4.8 - Pelletizing data

Moisture content of the mix 5-6 %

Feed rate 950-1000 kg/hr

Inclination of the disc. 42°
Rotation of the disc. 12 r.p.m.

Retention time of balling 6 -7 minutes,

7-8% water was sprayed on the disc. The green pellets were tested
for moisture content, suceptibility towards degradation during trans-
portation, compression strength etc. A certain quantity of pellets was
heat-hardened in a rotary kiln and the balance was charged in the
green state for pre-reduction in the rotary kiln. It afforded the possi-
bility of ascertaining the degradation of both the varieties of pellets
and for comparable degradation the costly step of heat hardening can
be omitted in industrial scale. The heat hardening data obtained
during rotary kiln operation are recorded in Table 4.8a.

Table 4.8a - Results of the large scale heat -hardening of
unfluxed pellets in the rotary kiln

Temperature in the discharge end 1150°C.
Retention time inside the kiln 90 to 110 minutes.
Compression strength kg/pellet 226

Tumbling index % + 6.5 mm 28.8

Abrasion Index % -28 mesh 5.8
Microporosity % 27.8

Reducibility rate for 90 % reduction

Swelling Index gm/gm

Feed rate/hr

Chemical analysis of the heat-hardened pellets are given in
Table 4.9,




TABLE 4.9: Chemical analysis of heat hardened pellets

No. Basicity Fe FeO Al,O, 510, Ca0  MgO

50.36 2.3% . 9. 82 L 1.94
49.12 4.49 .4 9. 45
48.3 2.04 . 8.99
47 5 3.74 . 8.62

PETROLOGICAL STUDIES ON HEAT -HARDENED PELLETS

The pellets were made of concentrates obtained after magnetic
separation after reduction roasting of the sample. They were heat-
hardened at different temperatures to study the temperature effect on
the heat hardening property in relation to their physical and mueralo-
gical changes. Petrological studies were carried out on the polished
cross sections of different pellets under ore-microscope besides
observing their physical and surface properties. lL.imestone was added
to make the mix basic and bentunite was used as the binder. The re-
sults are given as follows:-

(1)  Sample I (Heat-hardened at 750-800°C)

A, Physical properties :

The pellets were all free, spherical in shape, reddish brown to
brown and brownish black in colour, feebly magnetic 1n some cases
and earthy lustre. No superficial cracks were observed. Visual
examination of the cross section of the pellets exhibited general dense
structure with occasional porous core 1n some cases.

B. Microscopic characteristics

The minerals present were goethite, hematite, magnetite,
hydrogoethite, hydrohematite, traces of copper pyrite and iron pyrite
and siliceous gangue. Goethite was present as crypto-crystalline
aggregates with scattered and patchy occurrence, Hematite was pre-
sent as crypto-crystalline segregated globular grains. Hydrogoethite
formed the anforphous ground mass with admix ng of siliceous gangue
grains., The general texture was porous and less compacted in the
central core,

The mineral assemblage varied from pellet to pellet, The

transition phase of magnetite to hematite was noticed in some pellets,
Original colloform texture present in the oolites of the ROM ore was
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still persisting. In some pellets the ferruginous constituents other
than magnetite were found as disserninated patches while in others as
seggregated sub-microscopic hematit:c body w th patchy occurence
together with magnetite.

(2)  Sample No. 2 (Heat hardened at 1000°C)

A. Physical properties

The pellets were all free, spherical in shape, blue black to
pitch-black in colour and adamantine lustre. They were strongly
magnetic when tested with a hand magnet. Some of them were cracked.
Visual examination of the cross section of the pellets exhibited dense
nature of the periphery and rim with pitty and porous central core.
The width of the rim and the diameter of the core varied from pellet
to pellet,

B. Microscopuwc characleristics

Hematite was present on the peripheral zone with magnetite as
the core was approached and minor amounts of goethite, hydrohematite
and traces of pyrite, Hematite was niicrocrystalline finegrained and
present as locally dense aggregate patches. Magnetite was present as
microcrystalline finegrained aggregate and globules admixed with
scattered and locally enriched octahedral grains with very fine sili-
ceous slag bonding. Some microlites and crystallites were also
noticed. Some radial cracks towards the periphery with more voids
in the central zone was relatively more dense in texture with a central
porous field. The width of the marginal rim from the periphery (con-
sisting mostly of hematite) was found more or less uniform in all the
pellets and extended upto half the distance towards the core beyond
which magnetite was present.

3. Sample - 3 (Heat hardened at 1050°C)

A, Physwal properties

The pellets were found to be mostly free but some fused together
on surface and could bs freed by applying some force. The colour,
shape and lustre and magnetic property were same as sample 2. But
visual examination of the cross section of the pellets exhibited no
separate distinct zonal rim from the periphery but a generally scat-
tered orientation of voids, which wers present more in the core in
some cases. External cracks wcre also noticed on some pellets.

B. Microscopic characteristics
The mineralogical and textural features of thie group of pellets

were found more or less identicai with sample 2. The special feature
wnich was noticed was the presence of more hematite with an admix-
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ture of hematite and minimum magnetite all around towards the core.
The porosity and denseness varied from pellet to pellet. Cracks were
less but vesciles and crevaces were more.

Conclusions

1. As seen from the mineralogical assemblages and the texture of
the pellets the heat-hardening temperature range of 750 to 800°C may
be too low for recrystallisation and phase change followed by neces-
sary grain growth and siliceous bonding.

2. Even the temperature of 1000°C may not be enough for the
present magnetic concentrate pellets since the complete oxidation
phase was not present in any of the pellets of this temperature range.
The central core of the pellets s still constituted of magnetite, which
should all be changed to hematite in an ideal heat-hardened pellet.

3. A higher temperature of 1050°C with a complete oxidising
atmosphere had given better heat-hardening property to the pellets.

Typical photomicrographs of hcat hardened pellets are shown in Figs.
4.1 to4.3.

(i)  PRODUCTION OF SINTER FROM MAGNETIC CONCENTRATES

The magnetic concentrate of Asswan iron ore, which was used
for pelletization work, was taken up for the study of sintering be -
haviour along with limestone from U. A R.

Experimental Sintering Uni:

A batch sintering unit, dcsigned and fabricated at the NML with
a grate area of 16 cm square was used for this work. This unit con-
sisted of a combustion chamber fitted with a hood and gas burner on
the top for initial ignition of sinter mix and also for mixed-firing
afterwards, a sinter box of 16 ¢m square, 28 ¢cm height with a special
C.lL grate and a wind box. The wind box was connected by a tapered
cylindrical pipe to an exhaust fan having a suction capacity of 1300 cft
(36.81 cu m) of air per minute at NTP driven by a 10 HP motor and
capable of operating at 20" (50.8 cm) w.g. suction. A chromel-
alumel thermocouple was provided in the wind box for measuring the
temperature of the exit gases.

Raw Materials Used

(1) Magnetic conc.: The fine magnetic concentrate(used for pelle-
tization) was employed for sintering studies.

(2) Limestone: The limestone supplied by U. A. R. was crushed to
-6 mesh and used for the tests.







(3) Coke: Coke breeze available locally was used for the test after
crushing to -6 mesh.

(4) Coke Oven gas: Supplied from M/s Tata Iran & Steel Co. Ltd.,
Jamshedpur was used for the tests,

The sieve analysis of limestone, coke and the pre-balled mix

(of magnetic concentrate, limestone and coke) are shown in Table 4. 10
and their chemical analysis in Table 4,11,

Tatle 4.10 - Sieve analysis

Mesh size Coke 7% Limestone Sieve size Preballed pro
duct of mix %

-6+8 . . 9.6 mm 13,
-8+10 . . 3.6+6. 5 mm 37.
-10+14 . . -6.5 mm +4 mesh
-14+420 . . -4t6 mesh

-20+28 . . -6+8 mesh

-28+35 L . -8+10 mesh
-35+48 . . -10414 mesh

W e W O O W W O

-48+65 . . -14 mesh
-65+100

-100+150

-1504200

-200

Mixing Procedure: The magnetic concentrate, limestone, coke,
in correct proportions for a particular basicity, were mixed for a
period of 2 minutes in a mixer fitted with lifters and then subjected to
for preballing in a disc pelletizer where the requisite amount of water
was added in the form of spray to form fine balls. The time taken for
preballing was kept at 8 minutes. 2 kgs of -2.54 cm + 16 cm was
used as a bedding layer of nearly 4 cm thickuess. The sinter box was
hand filled with mix. The effective height of the bed was nearly 24 cm
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Ignition: Coke oven gas was used for initial ignition. The time
of 1gnition was kept at 2 minutes at a xas pressure of 30 mm Hg. The
suction during ignition was kept at its rnaximum, i.e. 50.8 cm Wg. as
rmeasured by a water manometer connected to wind box. After 1gni-
tion the burner was swung inside. The termperature of the exit gases
gradually increased, reached a maxim:m and then started falling
after the sintering was completed. The sinter was allowed to cool n
swter box with tull suction on, till the temperature of exit gases
drupped to 1000C,

The suction during sintering was found initially to decrease but
was found to increase during the cooling period by about 7.6 mm Wg,
from the minimum value reached at the end of sintering period. The
sinter was then removed from the box and broken to 5,08 cm,

Phvsical Tests for Sinter

The broken sinter 18 allowed t, sieve through 25. 4, 16.0, 9 6
and 6.5 mm and 4 mesh and the amount f +96 mm expressed as
>
I''h m* was taken as the productivity +16 mm -25 4 mm and 18 used

as bedding layer and 7.6 mm 18 takers a5 return fines for subsequent
tests.

fhatter test:

-50,8 + 25,4 mm fraction 1s allowed to drop from a height of
2 metres thrice on to a rn. s, plate and then sieve analysed in the
above manner and the shatter size stability and % -4 mesh after
shatter were determined, % + 10 mm fraction after shatter gives the
shatter strength.

Experimental Procedure: The main object in undertaking these
tests was to determine the optimum conditions to produce a fluxed
sinter of good quality and strength, For this, some initial tests were
conducted to establish the base range of sinter variables like coke,
return fines. However, the water variation could not be studied since
the magnetic concentrate was too fine that it had to be preballed
before sintering, for which a certain minimum quantity of water (16%)
was required. After determining the optimum range for base varia-
bles, subsequent tests were made with diffe rent basicity

€a0 + MgO

b = =

For each test, rate of sintering % 9.6 mm in the sinter product,
productivity, 7 -4 mesh fines after shatter, shatter size stability and
shatter strength were found out. The parameters of importance in

sintering are good productivity and high shatter strength (or shatter
size stability).
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Results

Effect of variation of coke (Table No. 4.12)

A trail sinter produced with 5% coke was found to be fused.
Hence the coke was lowered down gradually in steps (by 1%) to 2%
when more return fines were produced at 3% coke, higher producti-
vity favoured this as an optimurn value, although the shatter size
stability was somewhat low and the % -4 mesh after shatter was a
little high.

Effect of variation of return fines (Table No.4.13)

Except the case of 20% return fines, the sintering rate decrea-
sed in all other cases but not to a very great extent and the 7 + 9.6
mm and shatter size stability increased and 7 -4 mesh after shatter
decreased. But 20% return fines was chosen to be optimum in view
of its high productivity and good shatter size stability (although de-

creased somewhat compared to higher range of return fines used).

Effect of variation of basicity (Table No.4. 14)

Taking water, coke, return fines at 16%, 3% and 20% respec-
tively as their optimum values, the basicity was varied from 1.3 to
2.5. However test 8 conducted at 3% coke was found to contain lot of
fines and % 9.6 mm was thus very low. Hence coke was increased to
3.5%. However at increased basicity, i.e. atb = 1.8, sinter was all
fused, hence the coke was decreased to 3.25%. Further tests at
b=1.8, 2, 2.2, 2.5 showed that at increased basicity (b 2) the return
fines were more. Hence b = 1.8 was taken as the optimum in view of
higher productivity, good shatter size stability.

Mixed firing studies (Table No.4.15)

The purpose here was to decrease the amount of coke input to
ths sinter mix and thus avoid troubles attendant with increased ash
content of coke in the mix.

The ¢ >ke was decreased gradually from its optimum value of
3.25% at stages by 0.25% and the deficit in heat input due to lesser

coke employed in each case was made up by passing coke oven gas of
squal heat valae,

As before, the ignition was made for 2 minutes and then instead
of stopping the gas flow at this stage, it was continued but at alesser
rate, so that there was no fusion as would have happened with higher
flow rate.

The tests wers conducted at a constant basicity of 1.8, the
optimum value. With increase in replacement of coke by the gas, ths
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productivity decreased. But however, it was seen that coke can be
replaced to an extent of 15.39% where a good strength of sinter is
obtained at a little sacrifices of productivity.

Weathering test

A portion of + 9.6 mm sample (basicity = 1.8) was allowed to
stay in atmosphere and it was screened at regular intervals (4 hrs)
to find -9.6 mm produced. However, it was found that no-9.6 mm
size was produced even after 24 hrs, showing that there is no excess
free CaO to slake.

Table 4.16: Weathering test (basicity ratio = 1.8)

50.8 + 9.6 mm 3,440 kg % -9.6 mm
-3,.6 mm 0.029 kg 0.8429
-9.6 mm 0.040 kg 1.162

Chemical analysis:

Chemical analysis of some typical sinters are recorded in
T able 4.17,

PETROLOGICAL STUDIES ON SINTERS

Megascopic Observations

The self-fluxed sinters formed from the preballing of the con-
centrate obtained from the magnetic separation treatment after low
temperature reduction roasting of the R. O. M. ore were black in
colour with less glaze, feebly magnetic, comparatively less porous
and friable having good physical strength. Occasional white inclusions
on the surface of unreacted lime were present around the sinter
masses.

Microscopwc Characteristics

Microscopic examination of the various polished specimens of
the sinters of different basicities and their powder mounts revealed
that they consisted essentially of magnetite crystals (Fig.4.1) which
were formed by re-crystallization while in plastic state of the earlier
formed magnetite during reduction roasting operation of the ore.
Minor amounts of maghemite and hematite were present due to oxida-
tion of magnetite. The large amount of magnetite in the pellets faci-
litated its reaction with lime and silica during sintering resulting in
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Table 4.17 - Chemical analysis of typical sinters (%)

Tast  Basicity Fe FeO 810, A0, a0 MO
No' — U —

1 1.8 ¥6.58  le 2 1454 5.90 2563 1%
12 2 .82 10 10 1y a7 2150 L e
14 2.8 3596 8 95 120 s 92 28 43 o 90

calcium olivines and lesser calcium ferrites which formed the matrix

and act as bonding. Some minor amounts of hercynite and fayalite
were also observed.

Conclusion

Thus it is seen that sintering of preballed fine magnetic corn -
centrate (used for pelletizinf work) with limestone and ¢ oke gives a
productivity of 20 - 22 T/m¢/day. Optimum conditions found are
water 16%, R/F 20%, Coke 3.25%, b = 1.8 and coke replaced by coke
oven gas to an extent of 15. 39%. But, however, it is to be noted that
because of fineness of concentrate, greater quantity of water is
required than it is normally practised (i.e. 6 - 8% water). The
sinter is found to be independent of weathering action.
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PRE-REDUCTICON

STATIC BED REDUCTION TESTS

In order to get an idea of the retention time, temperature at
which and the extent to which the ore can be reduced and the amount of
reduction under the given experimental conditione, a few static bed
reduction tests were carried out with Asswan [ron Ore, green and
heat -hardened pellets, with non-metallurgical coals,

The experiments were conducted by heating the pellets and coal
(layer charged)in a furnace upto the requisite temperature (900-1150°C)
and maintawning it at that temperature for a pre-determined period
(45-150 minutes). It was observed that at 1000°C, 94% of the re-
movable oxygen in the pellets could be removed, in the first 45 minutee
of heating and the balance in the subsequent 15-30 minutes.

Some experiments were also conducted with the addition of
limeetone to the fluxed pellets and coal. It was observed the addition
of limestone causes a decrease in the rate of reduction. A more
important feature, however, was the considerable agglomeration of the
pellets during the reduction.

The results of the above experiments are shown in Table 5. !
from which it can be seen that:

(1) above 96% reduction could be obtained in 60 minutes
without limestone addition.

(i1) in the presence of limestone, the reduced pellets showed
agglomeration, the degree of which increased when the
temp. reduction was raised from 1000°C to 1150°C.

From the results it may be inferred that if the rotary kiln is
operated at temperatures above 1000°C, agglomeration of the reduced
pellets would cauee considerable difficulty in the kila operation,

Pre-reduction of the green pellete was conducted in the rotary

kiln deecribed in Chapter 4 using Wardha Valley coal (Ghugus colliery)
as eolid reductant. Unfluxed pellets (Chapter 4) made from Asswan
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ore magnetic concentrate with 1% bentonite constituted the feed to the
rotary kiln. The chemical and sieve analyses of the pellets are re-
corded in Tables 5.2 and 5.3 respectively.

Table 5.2 - Chemical analysis of pellets

Constituent Percentage

Fe

Al, 0O,
CaO

2
Sio, L2
3
6

MgO L2
MnO .78
TiOZ .38
P

S

Table 5.3 - Sieve gnwg._lysia__c.ipelleta

Size LAY :'./f_
+12 mm 6.3
12 mm + 9 mm 23.7

-9 mm + 6 mm 56.2

-6 mm 13.3

100, 0

The chemical and sieve analysis of the Wardha valley coal are
recorded in Tables 5.4 and 5.5 respectively. The coal was crushed

to 18 mm and the -6mm fraction was screened out before charging into
the furnace.

The process:

The process consisted of forming green pellets th a conventional
manner using disc pelletizer and charging green pellets into a rotary
kiln along with coal. The rotary kiln was heated at the discharge end
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Table 5.4 - Chemical analysis of coal

Fixed C 42.6%
Volatile matter 32.46%
Ash 20.37%

Moisture 4.57%

Table 5.5 - Sieve analysis of the coal

Size

+18 mm
-18+412 mm

-1246 mm

-6 mm

with a single inspirating type oil burner. The inclination of the kiln
was 6° from the horizontal position, the r.p.m. was kept at 0. 5. Four
thermocouples, T1, TZ, T3 and T4 were fitted on the kiln at various
distances from the burner end for continuous measurement of tempera-
ture inside the kiln. The gsecondary air to the furnace was kept at the
minimum so that only slight positive pressure existed within the kiln at
all times. A retaining ring was used at the discharge end to increase
bed depth and retention time for reduction. The kiln discharge was by
gravity through an air-tight chute in air-tight water-jacketed 200 litre
drums held tightly against the chute bottom so as to prevent air ingress
into the kiln. The drums were partially cooled in a small water bath
while being filled and when filled, transferred to a larger bath for
further cooling. Physical tests of pre-reduced pellets consisted of
determining compression strength and tumbler index. The kiln dis
charge, when cool, was subjected to magnetic separation for the re-
moval of char, ash etc. as a non -magnetic product and then screened
over a 6 mm screen to remove any fines produced during the reduction.

Experimental Results

The rotary kiln was operated continuously during the campaign;
the operational data for the entire campaign is recorded in Table 5.6.
The ratio of pellets to coal was maintained at 1:1 to compensate the
losses of reductants as char, flue dust, exertion to the furnace wall
etc. The raw material feed rate was kept at 150 kg of pellets and
150 kg of coal per hour.
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The results indicated that the pre-reduction attained throughout
the entire operation of the kiln was satisfactory. The waste gas
analysis of the rotary kiln is recorded in Table 5.7.

The compression strength is the ability of a pellet to withstand a
compressive load before cracking and was determined with a Amsler
Universal testing machine. The tumbler test consisted of tumbler test
congisted of tumbling 5 kg. of +4 mesh pellet in a standard ASTM drum
for 200 revolutions at 24 r.p.m, The drum, 914 mm dia by 437.2 mm
long was fitted with two diametrically opposite 50.8 mm lifters to
exaggerate cascading of the contents. +8 and -28 mesh fractions
obtained after screening defined as tumble and abrasion indices res-
pectively, Metallisation, the percentage fraction of metallic to total
iron, was determined from chemical analyses.

Table 5.7 - E}i‘j“ analysis from the rotary kiln

Vol., %
OZ CO

CO,

12,6 .2 3.6
13.8 1.8 2.0
14,22 .18 2.75
13.77 .36 3. 1%
14, 44 .2 3.8

Average CO,/CO ratio of exit gases = approx. ¢

Table 5.8 - Additional data

Chemical analysis of flue dust,

Per cent

Fixed C 3.76
Ash 91.2

Volatile matter 4.28

Analysis of ash Per cent
Fe 49.28
§i0, 14. 80
Al, 04 7. 40
CaO 3.93
MgO 2.01




Table 5.9 - Sieve

analysis of flue dust

Size

+100 mesh
1004150 mesh
1504200 mesh
<200 4250 mesh
-250 mesh

Per cent

2.0
1.0
1.0
1.5
94. 5

100.0

Table 5.10 - Chemical analysis of char

Constituent

(i) Fixed C

Ash

Volatile matter

Moisture

Analysis of Ash

Fe
$i0,

Al, 0,
Cal
MgO
S

P

Per cent
54.73
38. 4
5.56
1.30

Table 5.11 - Sisve analysis of char

Size

+18 mm
«18412 mm
«12+46 mm

-6 mm

wt, %

0.2
.1




The operation wae evaluated on the following factors: (a) average
compression strength of the pre-reduced pellets, (b) size indices from
tumbling test, (c) abrasion index, (d) extent of metallization, (o)
efficiency of iron recovery and the material balance, (f) heat balance
and efficiency of the furnace, and (g) the quantity of accretions formed
on the kiln wall.

The recovery was calculated from the proportion of iron re-
porting in the pre-reduced pellets as compared to the total amount of
accounted iron. This included, apart from the pellets, -t mesh
material produced after screening of the magnetic product, accretions
removed from the kiln walls after the end of operation, flue dust and
the unreduced iron oxide associated with the char.

The ideal operational efficiency would be to produce pellets with
high compression strength and tumble indices and optimum metallisa-
tion during pre-reduction. The results are recorded in Table 5.12.
No universal standards exist for stipulating physical properties of
indurated pellets but a tumbler abrasion index of 97 per cent and a
100 kg minimum compression strength were considered as being
satisfactory.

Table 5.13 - Test results and physical properties of pre-reduced pellets

Ne. of Crushing ___Tumnbler Test Total Metallic % Degree of

test strength +8 mesh -28 mesh Fe Fe metallisation
con- kg /pellet
duced

1 108

2 202
205
192
198

198

The iram recoveries, recorded in Table 5.13 were determined
after the end of the operation and treatment of the discharge material
by magnetic separation and screening, collection of stack dust and
accretion formed in the wall of the furnacs.




Table 5.13 - Iron recovery in pre-reduced pellets

Product wt, % Assay % Distribution %
Fe Fe

Pre-reduced pellets 76.5 62.2 92.4
of 85% metallization

Flue dust 1.4 49.3 1.3
-6 mesh fines 1.2 31.3 0.7
Accretion 1.5 . 1.4

Char 19.4 11,2 4.2

Heac (calc.) 100.0 51.54 100.0

The iron recovery could be improved by reclaiming the char
and re-circulation of stack dust and -6 mesh screened product.

Material balance Basis one hour
Total wt,

Input Iron ore pellets containing 150 kg.
14% moisture

Coal containing 32. 469
V.M. 4.57% moisture 150 kg.

Pre reduced pellets

Flue dust

-6 mesh fines

Accretions

Char

Other losses (e.g. flue gases etc.) 148.7 "

T 300.0 kg.

Heat Balance

Basis | hour,

The calorific value of the fuel oil is 11,700 Kcal/kg snd for the
volatile matter, it has been estimated at 9,700 Kcal/kg. The calorific
value of carbon is 8,120 Kcal/kg.




(a) Heat input
Kcal

(1) Combustion of 53. 6 kg, carbon 434,000

Combustion of 48. 7 kg. of
volatiles 48,600

Combustion of 6. 4 kg. of
fuel oil 75, 000

557, 600

(b) Heat output
(1) Reduction of oxides 122, 700

(il) Sensible heat of storage
upto 1030°C 69, 000

(iii) Evaporation cof water 16,500

(iv) Sensible heat of flue gases at
280°C and chemical heat of
flue gases 195, 400

Radiation loss from kiin shell 154, 000

557, 600

Thermal efficiency of kiln - 22,0+ 12,4+ 0.7 = 35 1%

PETROLOGICAL STUDIES ON PRE-REDUCED PELLETS

Pellets from the kiln discharge end:

Megascopic Observations

The discharged pellets from the kiln were found magnetic when
tested with a hand magnet. They had brownish grey colour. The
pellet shape was generally distorted in some cases, perhaps, during
their movement through the kiln. Their surface was not very smooth
in all cases with some adherent material sticking around resulting in
a rough surface., The pellets were hard with no surface cracks.

Microscopic Characteristics

Microscopic examination of the pellets revealed that in cases
where reduction was advanced, they consisted of metallic iron grains
followed by wustite and magnetite and traces of hematite in a homo-
geneous non-metallic bond consisting of calcium ferrites, fayalite and
iron cordierite (Fig. 5.1).
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The reduction stage had not been much advanced in some cases
with the result that only scanty appearance of metallic iron grains
had resulted (Fig. 5.2) with some amount of magnetite followed by
wustite in a matrix consisting mostly of faylite and iron cordierite.
The magnetite was seen recrystallized resulting as very fine cubic
grains along with wustite and fine metallic iron grains. Some re-
oxidation of magnetite to hematite was also observed in the form of
very thin rims around big holes.

PETROLOGICAL STUDIES ON DIRECT REDUCTION OF LUMPS
Megascopic Observations

The colour of the reduced lumps varied from black, dark grey
to whitish grey and different from lump to lump depending on its
inherent mineralogical nature. Some of them were quite strong and
offered some resistance and attained metallic lustre when ground
against grinding wheel, whereas some other were absolutely weak and
powdery and crumpled. The former were highly magnetic while the
latter were very feebly magnetic when tested with a hand magnet.

Microscopic Characteristics

Microscopic examination of the polished sections of the reduced
lumps indicated that direct reduction into metallic 1ron stage was
there. But the extent and degree of reduction varied from lump to
iump depending on their original mineralogical nature. Thus the high
grade ollitic variety had showed the highest extent of metallisation both
in the oolite body and the interstitial matrix even though non-uniformity
of grain size of the metallic iron grains ranging from 0.05 mm to
0.002 mm and averaging 0.024 mm was noticed (Fig. 5.3). Further
the core of some of the colites showed progressive reduction stage
wherein the oxides of iron (magnetite-wustite complex) and metallic
iron grains were present side by side (Fig. 5.4). In another lump of
low grade oolitic variety sluggishness f reduction both in the oolite
bodies as well as in the matrix resulting in very fine metallic iron
grains of 0.001 to 0.008 mm, averaging 0. 004 mm distributed at
random was noticed (Fig. 5.5). Very poor degree of reduction was
obeerved in the ferruginous sandstone variety lumps wherein minimum
nurber of metallic iron grains of very fine size ranging 0.012 mm to
0.002 mm, averaging 0.002 mm were found in the interstitial matrix
(Fig. 5.6). In other lumps, which were very feebly magnetic, the
presence of the oxides of iron or metallic iron grains wae very meagre
and insignificant.

Conclusions

From the above studies it was once more aecertained the varied
mineralogical nature of the ore which had directly reculted in varying
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degree of metallization in the different lumpe on direct reduction.
Further the grain size of the metallic iron grains ranged from 0.05 mm
to 0,001 mm which further indicated the absolutely fine grained inter -
locking nature of them with the associated siliceous gangue matrix.

The very high degree of reducibility to metallic iron stage was a
welcome sign of the behaviour of the ore to direct reduction but the
very fine grained nature of the resulted metallic iron grains would lead
into much difficulty for their effective separation from the associated
gangue by magnetic separation. As such obtaining of a much cleaner
iron-rich magnetic concentrate of very high grade with minimum ot
siliceous gangue may be a difficult proposition.




CHAPTER 6

ELECTRIC SMELTING OF ASSWAN

IRON ORE PELLETS

Trials were conducted on heat hardened and pre -reduced pellets
of Asswan lron Ores, prepared as described earlier, ina 500 KVA
submerged arc furnace, to study their behaviour during el@tric
smelting. Parameters to be particularly evaluated were the slag
metal ratio, production rate, coke rate, and power consumption as
functions of the degree of pre reduction

Plant and Equipment Used

A sub-merged arc furnace of BIR] FFCO make having a capacity
of 500 KVA was used for the smelting trials of the processed Asswan
Ores. This sub-merged arc furnace 1s energized through a three
phase transformer rated at 500 KVA with an operating range of 55
volts to 100 volts in steps of 7.5 volts. The furnace is open type and
equipped with arrangements for three 200 mm pre -baked graphite
electrodes, a suitable fume extraction and dust collection system.
Water cooling arrangements are also provided.

Furnace shell diameter is 2. 40 meters (internal) with a lining
thickness of 425 mm. Suitable temperature measurement devices
linked up with a central control panel are also installed at appropriate
points.

The facility is fully equipped with all the necessary ancillaries
such as conveying and handling systems, weighing machines, tapping
and casting arrangements, etc.

Raw Materials

Aswan [ron Ore’

Processed Asswan iron ore in the form of heat hardened pellets
and pre-reduced pellets of varying degree of pre -reduction formed the
basis of the blended burden fed into the submerged arc furnace.

The pre -reduced pellets were received from the kiln in a large
number of batches of varying degrees of pre -reduction. These were
blended to form three lots, one each of 80%, 70% and 50% degree of
metallization.




The heat hardened 1ot of pellets, and the three graded lots of
pre-reduced pellets were mixed with calculated quantities of screened
pearl coke, limestone and dolomite to form a furnace burden of accept-
able porosity and material content.

The chemical analysis of the heat hardened pellets and the
various pre-reduced lots are presented in Table 6.1 followed by the
screen analysis of these materials in Table 6. 2.

Table 6.1 - Chemical analysis of heat hardened and
pre -reduced peliets

Heat Pr_e -reduceﬁ_Pglleu

hardened R0%
Rglletl

507%

Fe Total 51,00 -
Fe Metal -
FeO

SiO,

A1,0,

CaO

MgO 1.30
S 0.14
Phos 0.90
MnO Trace
TiO, 0.34
LO) 2,00

Table 6.2 - Screen analysis of 'leat hardened and pre -reduced pellets

Size Heat hardened  Pre-reduced pellets

pellets 80% 70% __ 50%

+12.7 mm 42,32 18.18 19,82 2.23
-12.7+ 9.5 mm 17.84 40. 91 44.24 58. 72
- 9.5+ 6.3 mm 19.21 27.217 22.10 24.47
- 6.3+ 3.2mm 13,64 13,84 11.58




Reduc in_ijW[entl

The reducing agent utilized in these electric smelting trials was
pearl coke supplied by Hindustan Steel |.imited, India,

The chemical analysis of the peari coke 1s presented in Table
t.3 and the s« reen analysis in Table ¢ 4.

Table .3 . Chemical analys:s of pearl coke

Percent

Fixed carbon
Volatile matter
Moisture

Ash

A sh 'a‘r)aly_s’lﬁﬁ
510

Al,Oy

MgO

CaQ®

5

lable -+ - Soreen analvsis of pearl coke

Percent

Size

19.05 + 12,7 mm
12,7 + 4.52 mm
- 9,82 +16.35 mm
S 6.35 <318 mm

Total

Fluxes

Two fluxing agents were utilized (i) limestone from Asswan;
and (ii) dolomite - to neutralize the effect of the high alumina in the
pellets.




The chemical analyses of the Asswan limestone and the Indian
dolomite utilized are given in Table t.5 and their sieve analysis in
Table 6.6.

Table 6.5 - Chemical analysis of Asswan limestone & Bihar dolomite

e oo e S~ i . A i L o . e . o e o o e

Oxide __ Limestone (7]

_Dolomite (%

CaO 50.4 2B.67
Si0, 2. 06 2.0
MgO 2.6l 21,00
Al20, 1,12

Fe,03 0.

CcoO,

SO3

Phos

L.LO}

Others

‘“creen analysis of fluxes

amesgtone Dolomate

-50.8 + 25.4 mm Cona 0. 602%
225.4 + 19,0 mm L2007 47.84%
19,0+ 12,7 mm ' 23 . 24%
-12.7 46,3 mm & 27.95%

Furnace Burden

The furnace burden was prepared using calculated quantities of
raw materials. The basic iron source material consisted of the heat
hardened peliets and the three (ots of pre reduced pellets of varying
degrees of pre-reduction described earlier.

This source material was lended with pear! coke, limestone

and dolomite to form individual « harging lots which were fed into the
furnace called for by process conditions.
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The pellets were normaily screened to remove fines (-3 mm)
which were present upto 15% . This step wae taken to ensure good bed
porosity and to facilitate burden descent in the furnace.

E}u!den (“alcmulg;iono

For calculating the burden, the f.llowing chemical reactions for
the reduction of various elements have heen considered.

Fe,O03 ¢ 3C : 2Fe + 3CO

FeO + C 5 Co

S0, 2C

MnQO ’ - o

P05 0 50 , 2P 5CO

The following assumptions have heen made while calculating the

burden on the hasis of previous operating experience for the produc -
tion of pig iren by electro -thermic smelting in the 500 KV A furnace-

a! lhe distribution of elements in the metal and elag is shown

-

in lTahle &, 7.

Fahle #». 7 7 Ihstribution of eiements to the metal, slag and fumes

Clement  Tometal  Toeiag To fames

fron 99,5 0.5

Silicon 20, 70.0

0
Manganese 80.0 10,

Phosphorous

The pig iron to contain 3.5% carbon.

The basicity of the slag to be maintained at 1.2 not taking
MgO 1into consideration.

MgO 1n the slag to account for 5% by weight of slag.

Approximately 25% of exceess carbon to account for oxidation
losses in the open top emelting furnace (including the carbon
necessary {or the reduction of SiO; and iron oxides arising
out of the coke ash),




About 10% of the iron oxides reduced by (O while the
furnace is in operation with iron ore or its agglomerates
while no such reduction to take place when the mater:a!
being charged in pre reduced condition.

Calculations are as follows

a) The coke requirement for reduction of 100 kg of Asswan
lron Ore (heat hardened pellets) allowing for 25% excess
coke and 68, 2047% active carbon in the coke has been
calculated as 33 .46 kg,

5 kg of dolomite to be added to each charge for maintaining
MgO content around 5" 1n the slag.

The basicity (Ca0O /510, of the slag tobe 1 2 to reduce

the sulphur during the melting process, since the limestone
and the ore contain high sulphur viz. 0.20 and 0. 14 res.
pectively. The limestone needed to be added to the charge
will be

" From 100 kg From 33,46 kg From 5.0 kg Total
ore coke . _dolomite

CaO 3. 42 0.187 1.434 5. 041

510, 12,00 4 868 0.135% 17.003

S$iO, goin to slag will be 17 003 x 0.7 1. e. 11.902 kg.

Net CaO required at a basicity | .2 wi'l be 11. 602 x 1.2 5 041 1. e,
9.421 kg.

Available lime in Asswan limestone will be 50 4 - 2 06 x 1 2 x 0.7
i.e. 48.670 kg per 100 kg of limestone.

Limestone needed per charge will therefore be approx. 19.0 kg.
Hence the average charge composition with the Asswan iron ore agglo-
merate (heat hardened) is as follows -

Agglomerate 100 kg
Durgapur pearl coke 33 kg
Asswan limestone 19 kg
Dolomite 5 kg

The slag: metal ratio under these conditions may be expected to
be 0. 72 and the basicity as Ca0O/Si0O; ratio will be 1. 204. The
material balance for the specific composition of charge while smelting
will be as shown in Table 6.8,
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Table ¢+ R® Material balance

{}‘\Put . Uutput

Apglorerate Metal
Frarl « oke RS Slag

Limestane e l.ossen as furmes, etc.,

by difference)

Trostoirriate

SMELUING TRIALS
tyeneral brocedure

Ite (leaned out refractory lined hearth was preheated gradually
hy tcans of snall coke heaps placed below each of the three elec-
trovtes [he tarnace load aas gradually increased to 200 KW over a
period of 772 hours to attan the required process temperature,

Tte prucess conditions were then stabilized by using a known
iron ore of Indian origin betore ~ormmencoing the charging of Asswan
rriaterial

Single tapping of metal and slay 2 as done at intervals of 2.5 to
P hours, Moetal slag separation aas a Fieved by permitting the slag

too overtlow inmto an alacent slag pot

The tretal wa- poured anto rmonlds and the cast pigs were

sarple  and analysis done. Slag dnaly=is a8 also obtained,
(ampaign ‘iequr'w e

The furnace was stabilized with a typical Indian ore and heat-
hardened pellets prepared fron the Asswan iron-ore were then
charged into it, This was followed by pre-reduced Asswan iron ore
pellets starting with the 80% pre-reduction grade, and followed by the
0% and 50% pre.-reduction grades,

Smelting of Heat Hardenw{ Asswan lron Ore PPellets

A typical charge consisted of

Heat hardened pellets 100 kg
PPear]l (oke 33k|
lLimestone 19 kg
Dolomite 5 kg




Charging was regulated to rmaintain a constant burden hetght  These
heat hardened pellets were run tor a total of 18 hours, involving

25 charges and 5 tappings. A toral ot 1291 kilos of metal and 617
kilos of slag were tapped, aith a power consumption ol 4244 FWH
during this phase.

The slag to metal ratio sas 082

[he mietal analysed as

arvied over from presious phase:

The slag analysed as

CaQ)
S10,
Mg O

The secondary voltage roaintained was o0 Volts with an average
input of 4500 amps to the elc trodes.

The electrode penetr ati o cnd harden penetrdation «as poor e to
the lowe = burden permeabiiity Cising occastondl explosive s ortiw
at the top due to gas pocket for o ations o spite of constart pashan, o
crush breaking.

(bi Smelting of 800’0‘_}%9 redu. cd Asswan lron Cre (AL o p e llets

A typical charyge consisted of

B0% Pre-reduced AIO pelivts P00 ke
Pearl coke Tl kg
l.imestone PV kg
Dolomite Uk

These 807 pre-reduced AIO pellets were run for a total of In. /5
hours involving 32 charges and > tappings. A total of 26,07 kilos of
metal was tapped with the slay /11~ tal ratio being 0. 58. The power
consumution was 2674 KWIH during this phase.




metal analysed as:
2,70 to 3.29%
2.76 to 3.95%

1.05t0 1.19%
S 0.010 to 0.012%

The slag analysed as:
CaO 39. 76 to 44.18%
Si0; 26.60 to 33.80%

MgO 2.48 t0 4.51%
Al1,0, 20.80 to 23.84%

The average CaO/SiO; ratio in the slag was 1,30, Slag fluidity was
excellent,

The secondary voltage maintained was 62. 5 volts with an average
input of 4000 amps to the electrodes.

The electrode penetration (in the order of 45 to 50 cms) and the
burden descent were both good. Burden permeability was also

acceptable,

(c) Smelting of 70% Pre-reduced AIO Pellets

A typical charge consisted of:

70% Pre-reduced AlO pellets 100 kg
Pearl coke 13 kg
Limestone 17 kg
Dolomite 3 kg

These 70% pre-reduced AIO pellets were run for a total of
10. 25 hours involving 23 charges and 3 tappings. A total of 1221
kilos of metal was tapped, the slag/metal ratio being 0.65. The
power consumption was 3317 KWH during this phase.

The metal analysed as:

C 2.43to 3.02%

Si 2.88 to 4.44%

P 1.31 to 1,50%
0.040 to 0.044%




The slag analysed as:
CaO 33,76 to 35.96%

Si0; 33,00 to 34.90%
MgO 5.00 tu 6.54%
Al;0, 21.53 to 23.28%

The average CaO/SiO; ratio in the slag was 1.08. Slag fluidity
was good. The secondary voltage maintained was 62.5 volts with an
average input of 4000 amps to the electrodes.

The electrode penetration, burden descent and permeability
were good,

(d) Smelting of 50% Pre-reduced AlO Pellets

A typical charge consisted of:

50% Pre-reduced AlO pellets 100 kg
Pear}] coke 15 kg
Limestone 17 kg
Dolomite 3 kg

These 50% pre-reduced AIO pellets were run for a total of 15.5
hours involving 27 charges and 4 tappings. A total of 1770 kilos of
metal was tapped with the slag/metal ratio being 0. 68. The power
consumption was 3400 KWH during this phase.

The metal analysed as:

C 2.16 to 2.65%

Si 4.16 to 5.60
1.23t01.26%

S 0.0l to 0.03%

The slag analysed as:

CaO 35, 34 to 37.86%
Si0, 29.60 to 30.45%
MgO 6.54 t0 6.87%
Al,0, 21,80 to 27.33%

The average CaO/Si02 ratio in the slag was 1.21. Slag fluidity
was good.

The secondary voltage maintained was 62.5 volts with an average
input of 4000 amps to the electrodes.
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The electrode penetration and the burden permeability remained
good. The burden descent was however comparatively slower.

Results and Conclusions

The results obtained from the electric smelting trials of Asswan
iron ores are graphically presented in Figure 6. 1. Table 6.9 gives
a perspective of the comparative evaluation of various parameters
observed during trials with Indian iron ore and with the various types
of Asswan iron ore pellets.

Discussion

The submerged arc furnace was brought to stabilised operating
conditions by using a good grade of lumpy Indian ore in order to con-
serve the processed Asswan iron ore pellets. The Indian iron ore
required an average of 3109 KWH of power per tonne of metal pro-
duced at a basicity of 1.21 yielding a silicon content of 2. 8%. The
higher power requirements were a direct result of the high ash con-
tent of Indian cokes and the additional limestone required to be added
to the charge.

Heat hardened pellets were charged in the second phase of fur-
nace operation. It was observed that the specific power consumption
was higher at 4298 KWH. The slag/metal ratio was found to be lower,
slag viscosity higher, electrode penetration ant burden descent were
poor. These drawbacks may be ascribed to the varying oxidation
levels in the agglomerated ore ranging from magnetile to haematite.
The physical characteristics were also detrimental to process effici-
ency due to pellet disintegraticn and inadequate pellet size which
resulted in low permeability and poor burden descent characteristics.

Phase three of the furnace operation followed .th the charging
of reduced Asswan iron ore pellets in the order of 80% pre-reduction,
70% pre-reduction and finally 50% pre-reduction. The trend observed
has been graphically shown in Figure 6. 1. Power consumption showed
a noticeable drop with increase of the degree of pre-reduction. The
coke rate and slag/metal ratio also dropped with the increasing
degree of pre-reduction, while the smelting rate increased percept-
ably. The overall advantages of higher degrees of pre-reduction
would increase quantitatively in larger furnaces as the specific coke
losses due to surface oxidation and other disadvantages of 8 small
scale pilot plant operation would be considerably suppressed.

Phosphorus contents were 1 to 1. 5% increasing with coke rates

for lower degrees of pre-reduction. Silicon was also lower in the
case of higher degrees of pre-reduction.
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Concluswons

a)

It has been clearly established that pre-reduced pallets

made from processed Asswan iron ore are quite amenable

to electric smelting. The results obtained in these pilot
scale trials can be further improved upon when the smelting is
done on a bigger scale using pellets of controlled quality and
size,

A higher degree of pre-reduction is conductive to improve
smelting practice leading to higher yields and greater furnace
productivity, better quality product with low silicon and sulphur,
lower power consumption, lower coke rates, and lower slag/
metal ratios,

A basicity of 1.2 was found to be the most desirable,

The performance of heat hardened pellets was not encouraging
due to their poor physical characteristics, higher power re-
quirements, lower furnace productivity and other inherent
drawbacks such as higher coke rates, flux rates, slag volume,
etc,







CHAPTER 7

TECHNO-ECONOMIC FEASIBILITY

The results detailed in the preceeding chapters on the pilot plant
trials on the beneficiation, pelletization, pre-reduction and electric
smelting, have been taken as a basis for scaling up in order to study
the techno -economic feasibility of utilizing the Asswan Iron ores and
Asswan lime -stone for establishing a one -million tonne per year pig
iron making facility, especially making use of the cheap electric
power available from the Asswan High Dam in the Arab Republic of
Egypt. The present analysis is, however based largly upon condi.
tions currently prevailing in India, and is, therefore, subject to
extrapolation to conditions 1n Egypt

Flow -sheet and Materwal Balance

Flow -sheets drawn up on the basis of the pilot-plant trials, are
shown in Figs. 7.1 to 7.6. The major process operations taken into
consideration, and their overall operational basis, are as follows ' -

Crushing It hrs ‘day
Mixing 24 hrs day
Roasting -do -
Grinding -do -
Thickening -do -
Magnetic Separation -do -
Drying -do -
Pelletizing -do-
Coal Crushing/Preparation l6 hours
Pre -reduction 24 hrs 'day
Smelting in Electric Arc furnace -do -

The requirements of the run of mine (ROM) ore have been esti-
mated at 10, 000 tonnes /per day on the following basis

Fe content of ROM ore 41.2%
Handling losses 8% Fe
Tailings losses 5% Fe
Pre-reduction losses 3% Fe
Smelting losses 2% Fe
Fe content of Pig iron 93.5%




The capital investment for plant, equipment and installation for
the crushing of ore, mixing, roasting, grinding, and thickening of the
ore tines s produced!, apgrading by wet magnetic separation, filtra
tion and drving and pelietization processes, 18 estirmated at about
150 middbion Indian rapees tequivalent to about 20 mallion 'S dollare!

based o the ¢ orrent prices of the reqgured e anrrer s 0 i

Ire procesao o0 4t tor the s sdaction o green e liets troyy the
beneficiated ore, at e odt level of lahour ard raw rmateria s re
quired, in oindia, v e st b aprraxaately Boaeod O vaLent b
¥ UsSdollars: v arricing At thie cost tigure, the (oats of raw
materiais (excent trat ot the run of mine ore i, procesys water  lahour
and mupervisiorn, cledtric power, depreciation, consunat.le stores,
running and preventive maintenance, insurance ard interesat on invest
ment have heer taken into « onarderation [ro Indra, tie oo factor
contributing to this « 2et of henetici1ation and pelletization is the ¢ ost of
I D ooil, added tothe cre fines at the rate of 47 ot itw aeight, for the
process of redaction roasting, which has heen eatyrated «r b 30
L rsdotlarss cer tonne of dry pellets Sance the cost ot fuel o1l s
very much Toaer tean this prioce in the Arab Fepublic of Fgyvpt, cont

of benetir tation and pelletisation will be proportionately Tower

The capital investment on plant and equipment, including eng:
neering and installation tor the pre reduction and electric smelting
operations has heen estirmated at 340 mullion Indian rapees ‘approx
mately 47 mitlhion 'S dollars), This indludes requirements of «oal
crushing and handhing, plant including anailliaries, rotary kilns for
pre-reduction, <oolers, and clectric arc furnaces tar amelting ete.
as well as on such ancillaries as water storage and distribution,
compressed air, transport, electrical distribution sveterns, service

workshop and control laboratory, and erection

The operational cost of pre reduction and electri smelting of
the pellets produced traomm heneticiated jron ore has heen estimated at
3Ind Indian rupees (equivalent to 50 Us dollars) per tonne of pig iron
under Indian conditions.  This includes the costs of power required for
the operation of the pre reduction rotary kilns, and for the electric
arc furnace, fuel oil, coal, (oke Jimestone, dolomite, electrode
paste and ramrmung mixes, refractories, oxygen and lancing tubes,
labour and supervision, interest on investment, maintenance etc.

The cost of production of pig iron (from the crushing of the run

of mine ore to electric smeiting) can, thus be worked out to approxi.
mately Rs. 490 (equivalent to approximately 67 5 US dollars) as under:
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Cost of production per tonne of dry
pellets - Rs. 60.00 (US 8 8.00)

Convertirg this to per tonne of pig

iron (on the basis of 327, 62 tonne

of dry pellets producing 155,50

tonnes of pi1g tron) : (US $17.50

Cost of pre -reduction and
smelting per t nne of pig 1ron : 367 (US $50.00)

g7 50

This cost does not include the cost of the run of mine ore
delivered to the Steel plant.  The actual cost of production of pig iron,
may, however, be as low as 350 Indian rupees (or 48 US dollars) per
tonne of pig iron produced, depending on the actual cost of power,
fuel oil, coal and coke being commensurately lower in the Arab
Republic of Kgypt. The possible lower requirements of dolomite will
also bring down the cost, if the ash content of the coal/coke to be
used at Asswan, has a lower ash content than the high ash Indian coals
used in the pilot plant trials

It may thus he seen that the capital investment required for the
establishment of a one-million tonne per year pig iron plant based on
the Asswan Iron Ore supplied for the pilot-plant trials would be
approximately 490 million Indian rupees (or 67.5 million US dollars)
which 18 quite comparable with the investment requirements for a
conventional Integrated One million tonne per year pig iron plant in
India. The higher operational cost (Rs.490 per tonne of pig iron,
compared to approximately Rs.375-400 . per tonne in India) can be
accounted for by the additional cost involved in beneficiating the very
low grade (41.27 Fe)ore, as against the high grade ores (62 - 67%
Fe) used in India.







APPENDIX

Terms of Reference of UNIDO Contract

On 2nd July, 1970, the United Nations Industrial Development
Organisation (UNIDO) entrusted the National Metallurgical Laboratory,
Jamshedpur, India, with the responsibility of undertaking the lLabo-
ratory and Pilot Plant studies on the suitability of Asswan Iron Ores
in United Arab Republic for iron making. The contract No. 70/26
signed between the two organisations, namely the UNIDO and the NML
provides the following terms of reference.

(i) L.aboratory scale trials on the beneficiation of the iron ores
(lumps and ore fines) for the formulation of the optimum
and economic upgrading flow-sheet yielding the highest
possible iron recovery consistant with high quality con-
centrate.

Extensive pilot plant scale trials to obtain requisite data
for industrial scale implementation of the beneficiation
flow sheet.

Assessment of techno-economic aspects and coest
factors for the ore beneficiation.

Trials on the agglomeration of the ore concentrate suffi-
ciently comprehensive to formulate requisite data for
industrial scale implementation of the optimum agglo-
meration cycles based on:

(a) Production of sinter (self-fluxing and super -basic
sinters) of high quality;

Pelletizing of the ore fine (un -luxed and self-
fluxing pellets to yield high grade pellets);

Formulation of the optimum burden -mix for sinter -
ing and pelletizing test trials; and

Assessment of the techno -economic aspects of

sintering and pelletizing and the operational and
production costs.
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Trials on pre -reduction of the agglomerated (sinter and/or
pellets) burden in rotary reduction kiln using solid, liquid
or gaseous fuels or their optimum combination to obtain

a highly metallized product.

(a) Calculation of the raw materials burden to be aligned
to yield data for industrial scale implementation of
the pre -reduction treatment of the agglomeration
burden;

Assessment of operational and final production costs
of pre -reduction of the burden including their rela
tionship with industrial scale operations, and

Preparation of a full scale flow -sheet showing the
techno -economics of the industrial scale operations
of pre -reduction treatment of agglomerated burdens.

Trials on the electric smelting of the pre .reduced product
hot -charged continuously into the submerged-arc electric
furnace on a sufficiently comprehensive scale of operations
to yield to the following data:

(a) Power consumption for electric smelting of the pig
iron based on hot pre-reduced charge,

(b} Overall economics of the smelting operation and 1its
co-relation with industrial scale operational and
final production costs; and

(c) Relative advantages of the hot pre-reduced charges
in relation to cold charge operations.

The final report is to be submitted in 15 copies in Fnglish
based on the results of trials outlined above, integrating
and dovetailing one operation with the other with a view to
highlight the following:

(a) Material balance for each stage of operation;

Operational and production costs for each stage and
their interpretation to yield the overall costs from
the raw materials to the liquid metal. These costs
will have to be up-scaled to provide requisite data
for industrial scale operation both in relation to
capital costs and operational costs and should also
include full data about the several trial results as
relating to consumption of raw materials, ther mal
balance, chemical analysis of raw materials used
and of the products of each stage, power consump -
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tion and their co-relation with the overall economics
of integrated operations as well as the final recom-
mendations for the choice and implementation or

otherwise of the technological processes as outlined
above.

(viil) The final report is to be submitted in 8 months after the
receipt of the bulk iron ore samples.
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