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ABSTRACT

With the advent of alternative smelting-reduction processes of ironmaking like COREX® and FINEX®, the
demand for non-coking coals as a major raw material has increased. In these processes, char is formed
from non-coking coals inside the melter-gasifier (MG) by pyrolysis. This char, either in lumpy or
briquetted form, is the major reductant and fuel of the smelting-reduction process. Just like the coke
in blast furnace, the char should also have certain chemical and mechanical properties suitable for
operational requirements of the MG. However, there is a lack of systematic works related to the
properties of chars from non-coking coals for ironmaking. This work aims to define a standardised
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testing method to determine the reactive and mechanical properties of lumpy and briquetted chars
comparable to existing ISO norms. It also demonstrates the effect of different operational conditions
on char properties. The testing method described in this work should be useful to the industry
personnel to evaluate the quality of chars from non-coking coals for their usage in the MG.

Introduction

In the past decades, the steel industry has witnessed significant
advances in the field of alternative ironmaking processes.
Although well-defined and widely standardised raw material
testing methods have been established for the blast furnace
process extensively, there exists an absence of systematically
standardised and widely accepted norms in case of different
alternative ironmaking processes. Internal standards of different
companies for COREX® coal testing vary significantly and can
sometimes cause ambiguity. COREX® and FINEX® have estab-
lished themselves as commercially successful smelting-reduction
processes in the last couple of decades [1-3]. The main reduc-
tant for COREX® and FINEX® is non-coking coal. Although non-
coking coals have much inferior properties than the traditional
blast furnace coke, they must also have certain chemical and
mechanical properties under operational conditions [3]. A suit-
able type of solid reducing agent should not exceed a certain
degree of reactivity (when affected by reactive gases) when it
descends through the bed of the melter-gasifier (MG) and
must also have satisfactory mechanical properties to support
the load of the burden in the lower part of the furnace. The
present work is related to the evaluation of the behaviour of
non-coking coals under different simulated process conditions
of the MG. The major aim of this work is to suggest a standard
test method to determine the reactivity and strength indices
of chars (both lumpy and briquetted) from non-coking coals
keeping analogy with internationally accepted test norms. In
case of briquettes, influences of different binders and coal
blends have been examined additionally. A standard blast
furnace coke was chosen for the purpose of comparison.

Coal and char in the MG

The MGs of both of the COREX® and FINEX® processes are
principally identical. Any discussion pertaining to the MG

will refer to both COREX® and FINEX® process. Non-coking
coal is charged directly into the dome of the MG, along
with DRI and fluxes [4]. As the temperature of the dome
varies between 1000-1100°C, the coal experiences a
thermal shock directly upon entering the MG and the pyrol-
ysis is started at once. Smaller coal lumps are converted to
char as it becomes devolatilised on its way through the free-
board zone until it reaches the fixed bed. Coarse lumpy coal is
mainly devolatilised in the upper region of the fixed bed. In
actual process, the coal undergoes in-situ pyrolysis in the
MG while being attacked simultaneously by reactive gases
like carbon dioxide (CO,) and small amount of steam. The
solid carbon structure derived by the devolatilisation of coal
is called char. The char bed provides support to the burden
inside the reactor. A solid column of char similar to the
Dead Man's zone of blast furnace is also formed at the
lower zone of the MG (Figure 1).

Reactivity and strength tests

Only very few publications have dealt with the experimental
procedure for the determination of the reactivity and strength
of chars in MG [4,5]. However, the processes have not been
explained in detail. The internal norms of various companies
(which are confidential by nature) also differ from each
other. The authors of the present work communicated an
attempt to measure the reactivity and strength of chars at
the very basic stage of this work in 2014 [6]. The authors
here aim to suggest a detailed standardised test method for
the determination of the reactivity and strength of chars,
which would be comparable to the internationally available
standards. Two slightly different methods are explained, one
for lumpy specimens (mentioned hereafter as Standard L)
and the other one for briquetted specimens (mentioned here-
after as Standard B).
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Figure 1. Schematic section of the MG.

Standard L

The test would be performed in two steps, namely the
following:

Step 1 - Preparation of char from coal samples

A retort furnace for the purpose of pyrolysis is heated at
1000 °C under N, atmosphere. The coal sample (+16-20 mm
size fraction, 300-400 g mass) is directly charged into the
heated furnace (at 1000°C). It is kept at this temperature for
60 min. The way of charging the coal sample into the pre-
heated furnace simulates the thermal effect on coal due to
the rapid heating condition after entering the MG. After
60 min, the char is pushed out from the furnace into a
qguench-box and cooled to room temperature under N, flow.

Step 2 - Reactivity and strength tests

The experimental determination of the reactivity of the
char samples is based on the standard technique of the
‘Determination of coke reactivity index (CRI) and coke
strength after reaction (CSR)’ (ISO 18894) [7]. As the reaction
conditions inside the MG are not very much different from
the conditions of the blast furnace, this test procedure has
been implemented with a few modifications. The following
terms will be used instead of CRI and CSR as the material dis-
cussed here is not coke.

ChRI — Char Reactivity Index

ChSR — Char Strength after Reaction

These parameters and the test conditions are
analogous but not identical to Rl (Reactivity Index) and
RSI (Reaction Strength Index) used in the COREX® coal
specification by Primetals Technologies. Some deviations
from various currently existing methods were required
for enhanced compatibility with I1ISO 18894. The error
margins and repetition conditions were kept similar as
ISO 18894 [71.

For the ChRI test, the char has to be crushed to a size of
+5-10 mm. This is a mentionable deviation from ISO
18894. The charged coal suffers more abrasion and breakage
in the MG compared to the blast furnace coke and therefore,
the mean particle size [8] is much lesser than the standard
blast furnace charge. As a result, the average lump size of
coal in MG is lesser than BF cokes. Also, the selected size
range represents a broad size variation of the specimen
inside the MG. The largest lump in the sample mass is
doubly bigger than the smallest lump in this sample size
range. This deviation was incorporated aiming for a closer
process simulation.

A homogenised sample having a mass of 200 + 3 g is filled
into a steel retort designed as per ISO 18894 and then heated
up to 1100°C while the sample is held under an unreactive
atmosphere of N, flowing at 10/min. When 1100°C is
attained, the temperature is allowed to stabilise for 10 min.
The atmosphere is then changed by purging CO, into the
retort with a flow rate of 5I/min. The char is gasified by
forming carbon monoxide (Boudouard Reaction). This



reaction is endothermic [9].

C(s) + CO, — 2CO(g)AH®

rxn

= +172.67 kJ/mol

Although the internal standard of Primetals Technologies
uses a reaction time of 1 hour, in this work it was modified
and standardised to 2 hours for better comparability with
ISO 18894. After 2 hours of exposure to CO, the test is
stopped and the retort is cooled down to room temperature
under N, (5 I/min). The experiments are repeated to check
the reproducibility as per norm. For detailed experimental
setup, the standard ISO 18894 is to be consulted.

The ChRI is calculated as

my

ChRI = 100 x TH— M2
m

M

where

m; =mass of char before the reaction

m; =mass of char after the reaction

After reaction, the reacted sample mass is taken out from
the retort and tumbled in the standard tumbler made accord-
ing to ISO 18894 at 20 rev min~' for 30 min. Afterwards, the
sample is sieved using 5mm and 3.15 mm mesh sieves.
Therefore, two different ChSR values can be obtained.

ChSR is defined as

ChSR = 100 x -2 2)
Wy
where
w, = mass after reaction
W, =mass > x mm (after tumbling)
where, x=5 mm or 3.15 mm
ChSR is to be expressed as ‘ChSR > x’ while reporting.

Variations in process conditions

Other than the standard test conditions, the following process
parameters were varied for all char samples to find their
effects on the reactivity and strength.

e Gas composition
e Temperature
o Particle size

Table 1 shows a list of parameters which were varied along
with corresponding test details.

Standard B

This special standard would be more useful industrially as
most of the MGs in modern days are charged with briquettes
as the coal source. The advantage of this method is to be able
to evaluate the properties of whole briquettes eliminating the
need of breaking them. Here, an additional step related to the
production of briquettes will be mentioned.

Step 1 - Briquette Production

Table 1. Test parameters.

IRONMAKING & STEELMAKING (&) 909

The coal is crushed and screened to produce the feed for
making briquettes. The particle size of coal fines used for bri-
quetting is <4 mm. Water and certain binders (e.g. molasses)
are added to the crushed coal and then mixed thoroughly in
an industrial mixer. Coal briquettes are produced from this
mixture using a roller briquetting machine. The closest geo-
metric analogy of the produced briquettes could be con-
sidered as an approximate ellipsoid. The average
dimensions of a single briquette are: 46 mm (major axis) x
34 mm (minor axis) x 25 mm (maximum thickness). The
average volume is around 20cm?>. The briquettes thus pro-
duced are sieved to desired size by removing broken speci-
mens and residual crushed coal.

Step 2 - Preparation of Char Briquettes

In this case, whole coal briquettes are charged into the
heated pyrolysis furnace. Otherwise, the charring and
cooling process of briquettes is similar as explained before
in chapter 3.1.

Step 3 - Reactivity and Strength Tests

For briquettes, certain conditions should be slightly
deviated from Standard L. In this case, whole briquettes
should be charged in the reaction retort. The mass of each
charred briquette varies in the range 9-12 g. Therefore, the
mass input in the retort is changed to 200+ 6 g. Certain
semi-coking coals show strong caking properties, resulting
cracked and broken briquettes after pyrolysis. In this case, if
whole briquettes are not available, broken briquette pieces
in the size range of 34-46 mm are to be accepted to remain
closer to the actual geometry. The ChRI and ChSR are to be
determined in the similar way stated before.

Sample selection

Two coal samples of different origins, which are actually
used in the smelting-reduction process, are used for most
of the investigations. One of them was mined from Austra-
lia (C1) and the other one is from Czech Republic (C2). Two
homogenised batches have been selected for tests and bri-
quette productions. A third variety of semi-coking coal (C3)
of Australian origin was used for property enhancement for
certain briquette types and it was used only as an
additional constituent in certain briquette types. The
chars from these coals will be represented as Ch1, Ch2
and Ch3 respectively. Their compositions are shown in
Table 2.

A standard blast furnace coke (Sample code: CK) from a
German steel plant was used for comparison. The compo-
sition is shown in Table 3.

Variations in briquetting process

The briquettes were produced with different types of binders
(molasses and carbon based) and coal sorts to examine their

Table 2. Proximate analysis of coals and chars (all values are in mass- %).

#  Testname  Size [mm] Gas Temperature [°C] Type Moisture Volatile matters Fixed carbon Ash
1 Standard L 5-10 CO, (5 I/min) 1100 1 Coal 4.55 26.08 61.09 7.47
2 COyN, 5-10 CO,, N (2.5+ 2.5 I/min) 1100 Char (Ch1) 0.36 1.02 85.92 12.07
3 COH,0 5-10 CO,, H,0 (4 + 1 I/min) 1100 (@] Coal 4.93 24.65 63.25 7.7
4 VarT1000 5-10 CO, (5 I/min) 1000 Char (Ch2) 0.10 1.50 84.51 13.89
5  VarT900 5-10 CO, (5 I/min) 900 a Coal 24 245 63.52 9.58
6 VarS 19-224 CO, (5 I/min) 1100 Char (Ch3) N/A N/A N/A N/A
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Table 3. Proximate analysis of coke (all values are in mass-%).
Type Moisture Volatile matter Fixed carbon Ash
cK 0.74 0.19 85.71 10.70

effects on briquette properties under certain conditions. The
binders used here are molasses and another carbon-based
binder (CBB). The master table of briquette types along with
the test results is provided in chapter 5.2.

Results and discussions
Standard L tests

The standard tests reveal that C1 has the highest reactivity
and lowest strength while, as predicted, the coke sample CK
has the lowest CRI value and the highest CSR. C2 has inter-
mediary values. For the sake of comparability, the coke
sample was also tested with the same size fraction as chars
(5-10 mm). Figure 2 shows the difference between standard
properties of all the samples.

The test results for Ch1 and Ch2 under all test conditions
are demonstrated in Table 4.

Changing the gas composition to a 1:1 mixture of CO, and
N, (Test CO,N,) keeping the flow rate constant results in lower
reactivity and higher strength in all cases, whereas experiments
under steam and CO, mixture (Test CO,H,0) gives rise to much
higher reactivity values and corresponding lower strength
indices compared to Standard L. Experiments conducted at
different temperatures show significant lowering of reactivity
indices at 1000°C and subsequently lower temperatures.
ChSR increases as the reactivity decreases. ChSR indices at
1000°C and 900°C interestingly show slightly higher values
for Ch1 than Ch2. However, the differences are very small in
comparison and the values can be considered almost equal.
Change of particle size range to 19-224 mm (Test VarS)

80
70
60
50
40
3

o

2

o

1

o

0

Chi

m ChRI (or CRI)

Figure 2. Reactivity and strength under standard test conditions.

Table 4. Test results under different conditions for lumpy chars.

m ChSR (or CSR) > 3.15 mm

showed significant lowering in reactivity for Ch2. It was
observed that Ch1 is so strongly reactive that it demonstrated
much lesser change in ChRI compared to the other samples
even when experimented at a larger particle size. When
screened using a 10 mm sieve after tumbling as per 1SO
18894, it exhibited an almost insignificant ChSR value.

Comparative reactivity and strength indices of char
samples under variable process conditions are summarised
in Figures 3-5.

Standard B tests

The master chart of all the briquette types with their descrip-
tions and test results is shown in Table 5.

C2 showed the properties of a semi-coking coal. When
devolatilised, the briquettes made of C2 coal showed long
cracks and breakage along the cross section. No single C2 bri-
quette was retained in whole shape as it was before charging.
Therefore, the size selected for the tests are sieved as men-
tioned in the description of Standard B.

The following observations could be summarised from the
results

e (1 shows better reactivity in the basic briquetted format
(B1) compared to lumpy char (Standard L). However, the
strength after reaction decreases substantially.

e When used as a binder, CBB results in better properties for
C1 (B2).

¢ (2 shows more or less consistent properties in all cases (B5
and B6). The ChSR values are slightly better when using
CBB.

¢ The briquettes with best properties are made using a blend
of C1 and C3 (B3 and B4). B4 shows the best combination of
strength and reactivity.

N
I .
|
. |

m ChSR (or CSR) > 5 mm

Ch1 Ch2
ChSR (%) ChSR (%)
Test name Size [mm] Gas Temperature [°C] ChRI (%) >3.15 mm >5 mm ChRI (%) >3.15 mm >5 mm

1 Standard L 5-10 CO, (5 I/min) 1100 74.9 36.7 26.0 543 534 40.6
2 CO,N, 5-10 CO,+ N, (2.5+ 2.5 I/min) 1100 59.9 53.6 404 424 62.5 51.4
3 CO,H,0 5-10 CO, +H,0 (4+ 1) I/min 1100 79.6 29.8 163 61.3 49.7 324
4 VarT1000 5-10 CO; (5 I/min) 1000 474 65.4 47.3 27.2 74.6 63.7
5  VarT900 5-10 CO, (5 I/min) 900 9.5 87.2 76.4 7.2 84.1 77.6
6  VarS* 19-22.4 CO; (5 I/min) 1100 729 1.5 (>10 mm) 46.0 31.4 (>10 mm)

*

Sieve used after tumbling: 10 mm.
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Figure 5. Comparison of ChSR (>5 mm) values.

e (BB is suggested to be the binder implementing best
properties.

Comparison of Standard L and Standard B

A comparison of Standard L and Standard B tests are shown in
Figure 6. The basic molasses bonded briquettes have been
used for comparison. The betterment of reactive properties

(i.e. lower ChRI) is evident. However, for a weaker char like
Ch1, the strength index would be significantly lower as the
briquette will tend to abrade more during the tumbling
process.

It is also important to note that for all practical industrial
purposes, the sieve size 3.15 mm is recommended to report
the final ChSR values. However, the screening through
5 mm sieve indicates the mechanical stability of bigger coal
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Table 5. Test results of briquettes (Standard B).

ChSR

Remarks
Briquette type Coal type Binder ChRI >3.15 mm >5mm
B1 a Molasses 60.6 49 17 Negligible strength
B2 a CBB 57.9 21.0 184
B3 70% C1+30% C3 Molasses 65.5 1.6 8.6
B4 70% C1+30% C3 (BB 55.7 379 36.6 Best combination of reactivity
and strength
B5 Q Molasses 535 283 269
B6 (@) CBB 54.3 29.9 28.5
80
70 -
60 -
50 -+
40 - EChl
H Ch2
30 -
20 -
10
0 -

ChRI(StdL)  ChRI>3.15(StdL)

Figure 6. Comparison of Standard L and Standard B.

lumps in the charge and is also advised to perform when
required by the operator.

Conclusion

In the current work, a standardised procedure has been
suggested for the experimental determination of the reactivity
and strength of chars from non-coking coals under MG con-
ditions. Both lumpy and briquetted chars have been taken
into consideration. This test method is also modifiable if
there is a mixed charge containing both lumps and briquettes.
In that case, the input material could be modified to the actual
charge ratio of lumps and briquettes in the real process. The
effect of different process conditions on the strength and reac-
tivity of lumpy chars has been studied. The influence of various
additives and binders on briquettes has also been investigated.
A comparability check with existing standards has also been
taken into consideration. As a corollary, the Standard B pro-
cedure opens up a greater scope of further research activities
in the domain related to the optimisation of briquetting par-
ameters (coal blends, binders, etc.) suitable for MG operations.
The authors believe that this testing procedure would be useful
as a standard test method for the quality evaluation of chars
from non-coking coals under COREX®/FINEX® conditions, pro-
viding more insight on the coal/char quality to the industry per-
sonnel for a more effective and optimised process operation.
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