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1. Introduction

The ironmaking blast furnace is a counter-current reactor, 
in which reducing gases and solid raw material travel in 
opposite directions and exchange heat and mass efficiently. 
Hence, gas permeability is crucial at all levels of a blast 
furnace. About 25% of the total (furnace) pressure drop 
occurs in the cohesive zone, which is due to the softening 
and melting of ferrous raw materials.1) This zone of poor 
permeability has a negative impact on the productivity of the 
furnace. The gas permeability in the cohesive zone can be 
increased by mixing nut coke (10–40 mm) with the ferrous 
burden of pellets and/or sinter.2–4) Furthermore, nut coke 
addition to the ferrous raw material has beneficial effects on 
enhancing the shaft permeability, lowering thermal reserve 
zone temperature and improving burden softening-melting 
properties.5)

Some studies were already performed to understand the 
influence of nut coke addition on the ferrous burden. For 
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example, Babich et al.6) reported the improvement in the 
shaft permeability, and therefore the furnace productivity 
was enhanced (1.5% to 2.5%) with the nut coke mixing (10–
20 wt%). Mousa et al.7–9) revealed that nut coke addition 
enhances reduction kinetics to avoid ‘reduction retardation’ 
phenomena that occur at ~1 250°C due to the formation of 
fayalitic (2FeO–SiO2) slag. The softening and melting of 
the ferrous burden are known to occur at high temperatures 
(1 250–1 450°C).2,10) Since these studies were performed at 
a relatively low temperature (below 1 250°C), no informa-
tion was obtained on the effect of nut coke addition on the 
softening-melting temperatures. Additionally, when ferrous 
burden in the blast furnace reaches the cohesive zone, a 
massive pile of the burden rests on the top of raw material 
bed in this zone; inevitably this will have an impact on the 
physical properties of this area of the furnace.11,12) Since the 
loads were absent in those studies, test condition was not 
representative for the blast furnace and only rudimentary 
understanding was established.

Song2) incorporated the gases, temperature, and load 
conditions to simulate the burden behaviour inside the blast 
furnace. Former studies2,13) reported an increase in soften-
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ing and melting properties of the ferrous raw material when 
mixed charged with the nut coke. However, these studies did 
not include the variation in the added nut coke concentra-
tion (performed only with 20 wt%), and in-depth analysis 
is not provided.

Mostly, nut coke utilisation is driven by its generation 
during the coke making process. Despite being beneficial in 
the iron making process, nut coke is utilised in limited quan-
tity (less than 23 wt%).5) It was also reported elsewhere that 
nut coke addition may bring a negative impact on the overall 
gas permeability due to the regular coke layer thinning.1,14)

Therefore, considering the idea of nut coke use as the 
replacement of regular coke, it is of utmost importance to 
understand its impact on the gas permeability, when regular 
coke layer is thinned due to the higher replacement ratios 
(more than 20 wt% of the regular coke). It is clear from the 
literature that there is a lack of fundamental understanding 
on the bed behaviour at high temperatures when nut coke 
is added in higher concentration as a replacement of the 
regular coke.

The present work aims to comprehensively evaluate and 
quantify the effects of nut coke addition (as a replacement of 
the regular coke) on the physicochemical property changes 
of the raw material (pellet) bed under simulated blast fur-
nace conditions.

2. Materials and Method

2.1. Raw Materials
In the present study, commercially supplied olivine fluxed 

iron ore pellets with a size of 10–13 mm and nut coke with 
a size of 10–15 mm were used. The chemical analysis of 
the iron ore pellet sample, measured with XRF (X-ray fluo-
rescence, Panalytical, Axios Max) is given in Table 1. The 
schematic of the sample arrangement inside the graphite 
crucible is shown in Fig. 1. Due to the graphite crucible size 
limitation, coke with a size of 20 to 25 mm was utilised as 
regular coke in the study. In the case of a sample bed with-
out nut coke, a pellet layer was sandwiched between two 
regular coke layers (Fig. 1(a)), similar to the blast furnace 
layered structure. In the case of pellets mixed with nut coke, 
the regular coke was proportionally removed, and the coke 
layer becomes thinner (Fig. 1(b)). The regular coke was 
equally distributed between the top and bottom layers. To 

avoid critical thinning of the regular coke layer, experiments 
were performed up to a maximum of 40 wt% nut coke mix-
ing, the replacement ratio of normal sized coke (called “nut 
coke concentration” in this study). Nut coke concentration 
was altered from 0 wt% to 40 wt% at the interval of 10 
wt%. Experiments with each nut coke concentration were 
repeated twice to check the reproducibility. All experiments 
were carried out with a constant bed weight of coke (100 
g) and pellets (500 g), which represents a coke ratio of 300 
kg/t of hot metal (kg/tHM) in the blast furnace equivalent. 
And the blast furnace is supposed to operate with a PCI rate 
of 200 kg/tHM.

2.2. Experimental Conditions
The sample bed was heated in Reduction Softening and 

Melting (RSM) apparatus (Fig. 2), under simulated blast 
furnace conditions. During the experiments the thermal and 
gas profiles followed the previously measured conditions of 
an operating blast furnace,15) and are given in Table 2. The 
mass flow controller of the respective gases (CO, CO2, H2 
and N2) were employed to control the gas flow rate. These 
gases were pre-mixed in the gas mixing station through 
mass flow controller then passed to the preheating furnace. 
Thereafter, the gas mixture flows upwards inside the reactor 
tube of the high temperature furnace from the inlet present 
at the bottom flange. Then, this mixture enters the crucible 
(height of 270 mm; internal diameter of 64 mm) from six 
holes and a nozzle located at the bottom of the crucible. 
For all experiments, a graphite nozzle of 5 cm high is fitted 
at the bottom of the crucible for the gas distribution. After 
interaction with sample, the gas chemistry was analysed 
and recorded.

The gas velocity inside the crucible is presented in Table 
2. It is estimated by gas flow rate to the inner cross-sectional 
area of the crucible. In the blast furnace, the gas velocity is 
expected to change with the temperature and bed porosity. 

Table 1. Chemical analysis of the olivine fluxed iron ore pellets.

Species Fe (total) SiO2 MgO Al2O3 CaO MnO TiO2 B4 (Basicity)
Weight% 64.94 3.70 1.21 1.06 0.37 0.30 0.26 0.33

Fig. 1. Schematic of the sample bed arrangement inside the 
graphite crucible.

Table 2. Thermal and gas profile followed during the experiments.

Temperature range (°C) Heating rate  (°C/min) CO (%) CO2 (%) H2 (%) N2 (%) Gas flow rate (l/min) Real gas velocity range* 
x10 −2 (m/sec)

 20–400 7.0  0 0 0 100  5 2.7–6.2
400–600 5.0 25 20.5 4.5  50 15 18.6–24.1
600–950 5.0 30 15.5 4.5  50 15 24.1–33.7
950–1 050 1.2 33 12.0 5.0  50 15 33.7–36.5

1 050–1 550 5.0 42 0 8.0  50 15 36.5–50.3
1 550–20 5.0  0 0 0 100  5 16.8–2.7

*Assumed ideal gas behaviour in an empty crucible.
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The effect of temperature on the gas velocity is incorporated 
by assuming the ideal gas behaviour (Table 2). For the 
estimation of gas velocity, the crucible is considered empty 
(porosity, ε =  1). However, in the real blast furnace sce-
nario, the bed porosity will be much less than 1 due to the 
presence of raw materials for iron production. Additionally, 
bed porosity will change with the temperature. Especially 
during softening and melting of the ferrous raw materials, 
the bed porosity will decrease dramatically. Consequently, 
the gas velocity will increase to result in higher pressure 
drop across the pellet bed. Furthermore, the mass flow rate 
of the total gas within the blast furnace may also change 
due to reduction reactions and gasification of coke. Inside 
the blast furnace, the pressure also changes along the height. 
All these should be taken into account when calculating the 
real local gas velocities.

During the tests, a load of 9.8 N/cm2 was applied on 
the top of the sample bed (a total of 25 kg). To measure 
the sample bed contraction during softening and melting a 
displacement transducer (RDP, ACT2000C) was employed. 
The pressure difference across the sample bed was mea-
sured by a differential pressure transducer (Honeywell, 
KZ). Sample bed temperature was measured by the B-type 
thermocouple. The gas analysis, pressure drop and bed 
contraction were logged every 10 seconds and recorded in 
the datalogger (Atal, ATM05). More information about the 
experimental set-up, the crucible, the test procedure and 
conditions can be found in the references.2,13) The thermo-
dynamics software ‘Factsage 7.0’ was utilised to estimate 
the carbon concentration in the formed iron metal, produced 
from the above mentioned iron ore pellets.

3. Results and Discussion

3.1. Bed Displacement
The sample bed contraction as a function of temperature 

for all the experiments shows similar trends. Figure 3 sche-
matically illustrates the various stages of the bed contrac-
tion, and different parameters are defined in Table 3.

3.1.1. General Characteristics of Pellet Bed Contraction 
Behaviour

In the sample bed, three distinct stages of contraction 

occur (Fig. 3, Table 3). Under blast furnace conditions, the 
sample layer always evolves through these three stages.11) 
Generally, the three principal phenomena responsible for 
bringing these three stages are indirect reduction, softening 
and melting. The complete list of different physicochemical 
phenomena which occur at these stages is given in Table 4.

In the first stage, marginal bed contraction occurs (Fig. 
3). Stage 1 occurs primarily due to shrinkage of individual 
pellets as a result of gaseous (indirect) reduction. Pel-
lets shrink due to the loss of the oxygen and sintering of 
gangue minerals.16) Then the metallic iron forms during 
the complete reduction of the iron oxide (pellet). Due to 
topochemical reduction reactions the iron forms first at the 
pellet periphery and grows into a shell.11,17) This thin iron 
shell becomes dense due to the sintering under the load 
which makes difficult for the reducing gases to reach the 
pellet core. Subsequently, with an increase in temperature, 
partially reduced pellet core (rich in FeO) and other oxides 
(SiO2, CaO, MgO, and Al2O3), start to melt and forms a pri-
mary slag. This molten slag slowly fills up the micro-pores 
present in the pellet to cause softening start of the second 
stage of bed contraction and further hinders the reduction 
reactions to proceed. Along with softening, due to the close 
contact among the pellets, sintering takes place to result in 
bed contraction.11,18) At the start of the second stage, the rate 
of displacement is high which later on decreases due to the 
depletion of the micropores (Fig. 3). Simultaneously, the 
pellet shell (iron) carburises by the CO gas19) and carbon 

Fig. 2. Reduction Softening and Melting (RSM) apparatus.

Fig. 3. Three stages of the sample bed contraction as a function of 
temperature.
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from regular coke present in the close vicinity.20) Due to 
the close contact between the pellets and regular coke at 
the layer interface, the iron carburisation degree is large. 
Based on the carburisation degree achieved in the iron shell, 
melting occurs. Consequently, the pellet deforms and melt-
ing start to mark the start of stage 3. As the first layer of 
pellets melts away, the regular coke layer moves to the next 

pellet layer to carburise and thereafter melting proceeds. 
This continues layer-wise till all the pellets get molten and 
drained out. Because of the shell melting, the liquid present 
at the core gets released, formed before or during the shell 
carburisation. Once this liquid (metal and slag) starts to 
flow over the coke, metal rich portion picks up the carbon 
and slag (rich in FeO) is reduced first (direct reduction) and 
subsequently carburised. At the end of stage 3 due to the 
draining of liquid, the bed height becomes constant.

3.1.2. Effect of Nut Coke Addition on Pellet Bed Contrac-
tion

The sample bed contraction recorded as a function of 
temperature is shown in Fig. 4. Influence of nut coke addi-
tion on the sample bed shrinkage is discussed in detail in 
the sections below.

(1) Effect of Nut Coke Addition on Stage 1 Behaviour
Iron ore pellet swelling is known to occur around 1 000°C, 

which is inside the first stage.11,21,22) However, in the pres-
ent case due to the load (9.8 N/cm2) on the top of sample 
bed, limited swelling in the sample bed is observed (Fig. 4). 
The point T1 which represents the start of pellet softening, 
shifts to a higher temperature as a result of an increase in 
the reduction degree with nut coke addition. Consequently, 
less liquid (slag) formation and limited sintering among the 
pellets occur in bed mixed with more nut coke (Figs. 4 and 
5). Additionally, due to extended stage 1 regime, the indirect 
reduction of the pellets further enhances. The first stage end 
temperature (T1) linearly increases from 1 149°C to 1 165°C 
up to 40 wt% nut coke addition (Fig. 5). T1 increases by 

Table 3. Parameters of the sample bed contraction.

Symbol Notion Unit
Stage 1 Individual pellet shrinkage due to reduction −

Stage 2 Softening, sintering, and iron carburisation −

Stage 3 Melting of ferrous burden and melt dripping (molten 
iron and slag)

−

T0

=1 000°C, This temperature is defined as end tempera-
ture of the thermal reserve zone in the blast furnace,19) 
and is taken as 1 000°C.

°C

T1

First stage end temperature. Identified by the intersec-
tion point of tangents drawn to stage 1 and stage 2 
behaviour. T1 represents the start of pellet bed softening.

°C

T2

Second stage end temperature. Identified by the inter-
section point of tangents drawn to stage 2 and stage 3 
behaviour. T2 represents the start of individual pellet 
melting in the bed.

°C

T3
Third stage end temperature. Identified as the point after 
which no further bed contraction occurs. °C

ΔTa
(T1 −T0), the temperature interval between the thermal 
reserve zone and the end of stage 1. °C

ΔTb
(T2 −T1), the temperature interval of stage 2. Softening 
temperature range. °C

ΔTc
(T3 −T2), the temperature interval of stage 3. Melting and 
dripping temperature range. °C

D0
Sample layer contraction at the start of an experiment 
(=  0%). %

D1

Bed contraction at the end of stage 1. Identified by the 
intersection point of tangents drawn to stage 1 and stage 
2.

%

D2

Bed contraction at the end of stage 2. Identified by the 
intersection point of the tangents drawn to stage 2 and 
stage 3.

%

D3
Bed contraction at the end of stage 3. Identified as the 
point after which no further contraction occurs. %

ΔDa
(D1 −D0), bed displacement in stage 1, occurs due to 
indirect reduction. %

ΔDb
(D2 −D1), bed displacement in stage 2, occurs due to pel-
let softening. %

ΔDc
(D3 −D2), bed displacement in stage 3, occurs due to 
melting and draining. %

Table 4. Physicochemical phenomena and stages of the pellet bed 
contraction.

Physicochemical Phenomena Stage 1 Stage 2 Stage 3
Swelling of individual pellets ✓ – –

Indirect reduction (gaseous reduction) ✓ ✓ –
Metal (iron) formation ✓ ✓ –

Shrinking of individual pellets ✓ ✓ –
Softening of the pellets – ✓ –
Sintering of the pellets – ✓ –

Pellet Fe shell carburisation (in solid state) – ✓ ✓

Pellet deformation and collapse – – ✓

Iron carburisation (in liquid state) – – ✓

Pellet melting and dripping – – ✓

Direct reduction – – ✓

Fig. 4. Effect of nut coke addition on the sample bed contraction.

Fig. 5. Effect of nut coke mixing on stage 1 of bed contraction 
(individual pellet shrinkage) and start of pellet softening.
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~4°C for every 10 wt% nut coke addition in the pellet bed.
Despite higher reduction achieved in the presence of nut 

coke, the sample bed contraction degree decreases margin-
ally, i.e. by ~2% for 40 wt% nut coke mixing (Fig. 5). 
Additionally, the variance in the first stage displacement 
is observed to be high, which is possible due to the shape 
factor of the added material in the bed. Although the par-
ticle size is in close range, the shape of the sample varies, 
especially for the nut coke. This could bring fluctuation in 
the first stage of bed contraction. Now considering the trend 
and magnitude of the variance in the measured data for two 
experiments, a linear relationship is assumed between the 
nut coke addition and the first stage of displacement.

(2) Effect of Nut Coke Addition on Stage 2
Nut coke addition has a substantial effect on stage 2 (Figs. 

4 and 6), which is also known as softening stage. The stage 
2 end temperature (T2), which represents the start of indi-
vidual pellet melting and collapse, decreases linearly from 
1 480°C to 1 436°C upon the addition of 40 wt% nut coke 
in the pellet bed (Fig. 6). Consequently, the temperature 
difference between the start (T1) and end of second stage 
(T2) decreases drastically, i.e. by 15°C with every 10 wt% 
nut coke addition in the pellet bed. The bed contraction in 
stage 2 (D2) decreases linearly from 70% to 44% (Fig. 6). 
D2 decreases by 6.5% for every 10 wt% nut coke mixing 
in the pellet bed.

One of the primary reasons for the bed contraction in the 
second stage is the sintering among the pellets.11) Sintering 
not only results in higher bed contraction but also slows 
down reducing gases in reaching the unreduced portion of 
the pellets which melts (2FeO. SiO2) along with gangue at 
a relatively low temperature and causes reduction retarda-
tion.7,23) These in-situ melt formation decreases the strength 
of the pellet to cause the softening. However, under mixed 
charge condition, nut coke hinders the sintering among the 
pellets and also facilitates the gases with a high reduction 
potential to reach the pellet core so as to minimize the 
reduction retardation.7) Consequently, the pellet strength and 
softening temperature increases.

Furthermore, direct contact between coke and pellet 
(shell iron) enhances the kinetics of iron carburisation and 
thus decreases the melting point of the pellet shell (Fe–C). 
As a result, a decrease in starting temperature of the pellet 
melting is observed (Figs. 4 and 6). It is also evident from 
the iron-carbon phase diagram that with the increase in the 

carbon concentration in iron, the melting temperature (liq-
uidus) decreases.24) The kinetics for the reduction reactions, 
the rate of metal (iron) formation and iron carburisation are 
observed to enhance with nut coke addition in the pellet bed.

(3) Effect of Nut Coke Addition on Stage 3
Stage 3 ends with melting and dripping of the ferrous bur-

den, when maximum possible bed contraction is achieved. 
The stage 3 end temperature (T3) is observed in the range 
between 1 505°C to 1 520°C for the pellets mixed with and 
without nut coke (Figs. 4 and 7). It shows that T3 increases 
with the nut coke addition in the pellet bed. Due to the 
higher reduction degree achieved on the pellets, a thicker 
iron shell formed.18) This shell takes comparatively longer 
time and higher temperature for carburisation, melting and 
dripping.

As a result of nut coke mixing, the initial sample bed 
height (pellets +  nut coke) increases. Now during the 
experiment, the iron ore pellets melt and drain out to leave 
the unconsumed nut coke in the sample bed. Consequently, 
the final bed displacement (D3) decreases with the nut coke 
addition. A linear relationship is found between D3 and nut 
coke addition (Fig. 7).

(4) Bed Displacement and Temperature Range
From Figs. 8(a) and 8(b), it can be seen that the effect of 

nut coke addition is most significant in the stage of soften-
ing (second stage). Temperature range for the first (ΔTa) and 
third (ΔTc) stages increases with the nut coke mixing (Fig. 
8(a)). Nut coke being a source of carbon placed in close 
vicinity of the pellets (iron oxide) enhances reduction kinet-
ics. The second stage temperature range strongly depends on 
the kinetics of reduction and carburisation of the pellet shell 
(iron). Nut coke brings higher carburisation on the freshly 
reduced iron, present at the pellets periphery. This results in 
the earlier melting of the shell (Fe–C) to shorten the second 
stage temperature range (ΔTb) by 60°C upon 40 wt% nut 
coke addition. In the softening stage, the nut coke hinders 
the direct contact between the pellets and therefore slows 
down sintering among the other pellets to decrease the bed 
contraction. Nut coke also acts as a skeleton in the softening 
pellet bed to resist the load on the top. Consequently, in the 
second stage, the bed displacement decreases substantially, 
i.e. by 24% upon 40 wt% nut coke addition (Fig. 8(b)).

In the presence of nut coke, ΔTa increases due to the delay 
in the softening of the pellets, which is induced by the less 
liquid slag formation and limited sintering among the pellets 

Fig. 6. Effect of nut coke addition on stage 2 of bed contraction at 
the end temperature of softening.

Fig. 7. Effect of nut coke mixing on the third stage of bed contrac-
tion at the end temperature of the melting.
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(Fig. 8(b)). And, in the third stage, displacement occurs due 
to the melting and draining of ferrous material from the bed. 
Therefore, before reaching the third stage, due to softening 
and sintering the maximum possible compaction has already 
been achieved in the bed. Now with the nut coke addition, in 
the third stage, a marginal increase in the bed displacement 
was observed. The higher utilisation of added nut coke in 
the bed for iron carburisation and reduction of FeO rich slag 
in the liquid state would bring this change in the third stage.

As discussed earlier, a thicker layer of iron forms at the 
pellet periphery in the presence of nut coke.18) To carburise 
and melt this thick iron (Fe–C) layer more time and higher 
temperature range are required. Therefore in the third stage 
for only ~30% displacement (Fig. 8(b)), a relatively longer 
temperature interval means a sluggish rate of bed contrac-
tion (Figs. 4 and 9). Slower rate of bed contraction is evi-
dent from the third stage slopes, which is compared for two 
extreme cases in Fig. 9. Additionally, nut coke being solid 
at the time of pellet melting supports the bed structure to 
slow down the collapse.

3.2. Gas Permeability
3.2.1. General Characteristics of Gas Permeability Across 

the Pellet Bed
A steady pressure difference between the gas inlet and 

outlet means that a large density of pores are available in 
the sample bed for the gas flow. As described in the earlier 
section, due to the liquid formation pellet softening occurs 
(second stage of bed contraction). The formed liquid is 

mostly entrapped in the pellet core and in the micro-pores 
present on the pellet. As the iron shell melts and breakout 
occurs, this liquid slag and metal comes out and starts to 
fill up the interstitial voids. Consequently, the pressure drop 
increases drastically across the sample bed. Therefore, the 
temperature at which the pressure drop start to increase 
sharply from the base value (PBase) is considered as the 
melting temperature for the sample bed (Tm) (Fig. 10). After 
that, flowing liquid floods the bed to cause the maximum 
pressure drop Ppeak across the bed at Tf temperature. Then 
the downward flow of the melt starts and as a result, new 
space is available for the gas flow. Therefore, the pressure 
drop decreases after the flooding point (Tf).

Now in the case of pellet bed without nut coke, the pres-
sure drop continues to remain high due to the layer wise 
melting and presence of liquid in the bed. Once this liquid 
drains out sufficiently, the pressure drop recovers back to 
the base value (PBase, Fig. 10). The temperature at which 
the pressure drop returns to the base value is defined as the 
dripping point (Td).

3.2.2. Effect of Nut Coke on Gas Permeability
Nut coke addition affects the gas permeability and key 

temperatures (Tm, Tf and Td) of the sample bed (Fig. 11). 
The pressure drop curves recorded during the experiments 
with and without nut coke is shown in Fig. 11.

The principal observed effect of nut coke addition in the 
pellet bed are quantified and discussed in the section below.

(1) Pressure Drop and S-value
The pressure difference between the gas inlet and outlet 

through the packed bed increases due to the resistance 
provided by the ferrous raw material during softening and 

Fig. 8. Effect of nut coke on bed displacement and temperature ranges of different stages.

Fig. 9. Effect of nut coke addition on the slope of the third stage of 
bed contraction (melting and dripping).

Fig. 10. Typical pressure drop curve during softening melting and 
dripping of the sample.
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melting phenomena.10) Therefore, the complete area under 
the pressure drop curve is a measure of total resistance pro-
vided by the raw material during the softening and melting 
phenomena. It is represented as ‘S-value’ (Table 5 and Fig. 
10). At the point of highest pressure drop (Tf), a low density 
of voids are available for the gas flow. Thus, the higher 
the magnitude of pressure drop, the lower number of pores 
available for the gas flow (Figs. 10 and 11).

The peak pressure drop (Ppeak) and S-value decrease 
with the nut coke addition (Figs. 12(a) and 12(b)). Nut 
coke remains solid under the blast furnace cohesive zone 

temperature conditions. These provide additional micro (on 
nut coke), and macro (interstitially) pores for the gas flow 
to result in a comparatively lower pressure drop during the 
melting process (Fig. 12(a)). Melting and breakout of fer-
rous raw material occur in the third stage of bed contrac-
tion. As evident from stage 3 slope (Fig. 9), the rate of bed 
contraction decreases with the nut coke addition in the bed. 
Thus at any instant, the melt volume is comparatively small 
to fill up the open pores. Therefore a lower pressure drop is 
observed in the pellet bed mixed with the nut coke.

The decreasing trend of the peak pressure drop (Ppeak) 
height with the nut coke addition is evident from Figs. 11 
and 12(a). A large variance suggests that the internal sample 
arrangement also has a strong influence on the pressure drop 
peak (Ppeak) height (Fig. 12(a)). Nevertheless, the permeabil-
ity (represented by Ppeak and S-value) was found to improve 
exponentially with the nut coke addition (Fig. 12).

(2) Effect of Nut Coke on Pellet Bed Melting, Flooding 
and Dripping Temperature

The temperatures of the pellet bed melting (Tm), flooding 
(Tf) and dripping (Td) are examined according to the defini-
tion presented in Fig. 10 and Table 5. Tm, Tf and Td decrease 
linearly by ~4°C, 6°C, and 11°C, respectively for every 10 
wt% nut coke addition in the pellet bed (Fig. 13). The range 
between the bed melting temperature (Tm) and dripping 
temperature (Td) decreases by 28°C with the addition of up 
to 40 wt% nut coke.

The prime cause of the decrease in pellet bed melting 

Fig. 11. Effect of nut coke addition on the gas permeability (repre-
sented by the pressure drop).

Table 5. Process parameters of pressure drop in the sample bed.

Symbol Notion Unit

Tm 

The melting point of the sample bed, the temperature 
at which pressure drop in the bed starts to increase 
steeply.

°C

Tf

The flooding point, the temperature at which the pres-
sure drop reaches the maximum and the melt starts 
dripping out of the bed.

°C

Td

The dripping point, the temperature at which pressure 
drop value reaches back to the base value as before 
the softening and melting.

°C

PBase
The base value of pressure drop before melting phe-
nomenon. Pa

PPeak
The peak value of pressure drop, the maximum 
pressure drop value during softening and melting. Pa

Svalue

The area under the pressure drop curve, being a mea-
sure of resistance offered by the sample to gas flow 
during softening and melting.

kPa.°C

Fig. 12. Effect of nut coke addition on (a). Pressure drop peak (Ppeak) and (b). S-value.

Fig. 13. Effect of nut coke addition on the bed melting (Tm), flood-
ing (Tf) and dripping (Td) temperature deduced from the 
pressure drop curve.
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temperature (Tm) is the high degree of iron carburisation 
achieved on the iron shell induced by the presence of nut 
coke. The nut coke promotes the reduction kinetics and 
carburisation of the pellets due to its larger surface area and 
close contact with the pellets.18)

3.3. Eff ect of Nut Coke Addition on Pellet and Bed 
Melting

In the case of sample mixed with nut coke, the pellet bed 
(bulk) melting temperature (Tm, Table 5) is diff erent from 
the individual pellet melting (T2, Table 3). The stage 2 end 
temperature (T2) represents the start of the individual pellet 
melting, and the bed melting (Tm) denotes the temperature 
at which the melt has spread to the bed to pose a substantial 
resistance to the gas fl ow. As explained earlier, nut coke 
remains solid at the time of pellet softening and melting to 
provide interstitial space (macro-pores) to accommodate the 
deformation and melts from pellets. As a result, the tempera-
ture diff erence between T2 and Tm arise (Fig. 14). A linear 
relationship is found between the nut coke addition and the 
diff erence between these two melting temperatures (Tm and 
T2). The diff erence in melting temperatures increases by 6°C 
for every 10 wt% nut coke addition.

3.4. Eff ect of Nut Coke on Softening and Melting Tem-
perature Range

In the blast furnace, the cohesive zone starts with soften-
ing of the ferrous burden and ends with the dripping of the 
liquid melt.19) In the related temperature range, the burden 
is known to exert substantial resistance against the gas 
fl ow. Therefore, it is desired in the blast furnaces to have 
this zone as narrow as possible.10) During the experiments 
under simulated blast furnace conditions, the cohesive zone 
temperature range is represented by the diff erence between 
the starting temperature of the softening stage (T1) and drip-
ping temperature (Td). It is observed from the experiments 
that this temperature interval decreases substantially, i.e. up 
to 64°C upon 40% nut coke addition. The T1 and Td tem-
peratures along with the diff erence are plotted in Fig. 15.

3.5. Eff ect of Nut Coke on Iron Carburisation
It is well known that carburisation can lower the melt-

ing temperature of the iron-carbon alloy below 4.3 wt%. 
Under blast furnace conditions, the iron forms at the pellet 

periphery and is carburised by the CO gas19) and carbon 
(nut coke) present in the close vicinity.20) At a certain tem-
perature, the pellet shell (iron) melts due to the increase in 
the carburisation degree. As a result, a breakout occurs to 
release liquid from the pellet core. Mixing the nut coke into 
ferrous burden results in a larger interface area of solid car-
bon with the pellets. Also, the relatively high permeability 
of the burden (voidage) creates a large gas-pellet interfacial 
area. Therefore, the carburisation degree of the pellet shell 
is expected to be higher with a burden of nut coke mixed 
charge. Correspondingly, pellet melting (T2) and dripping 
(Td) temperature will be lower with higher nut coke amount.

It is generally referred that under the blast furnace con-
ditions the reactions evolve close to the equilibrium.19) 
Therefore, the carbon present at the point of melting can be 
estimated using the iron-carbon equilibrium phase diagram. 
If we assume the pellet melting temperature (T2) to be the 
liquidus temperature of the iron-carbon alloy, the equilib-
rium concentrations of the carbon in solidus and liquidus 
iron at T2 can be estimated using Factsage 7.0 (Fig. 16). 
Notably, a steep increase in the liquidus carbon concentra-
tion is noted from 0.7 to 1.3 wt% upon 40 wt% nut coke 
addition (Fig. 16). As it is shown, the increase of carbon 
concentration leads to the linear decrease of pellet melting 
temperature.

Theoretically, once the carbon concentration of the pellet 
shell distributes within this range, the shell melting occurs. 

Fig. 14. Diff erence between the pellet bed melting temperature 
(Tm) and individual pellet melting temperature (T2).

Fig. 15. Eff ect of nut coke addition on the softening and dripping 
temperatures (represents the cohesive zone temperature 
range in the blast furnaces).

Fig. 16. Estimated eff ect of nut coke addition on the solidus and 
liquidus carbon concentration by using FactSage software.
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Moreover, it can also be predicted that to have sufficient 
fluidity for the deformation and liquid flow, the present 
carbon concentration might be close to its liquidus value 
rather than to the solidus concentration at the time of pellet 
melting (T2).

Based on the series of experiments, the effect of nut coke 
addition on the various process parameters were studied in 
detail. These key relationships are summarised in Table 
6. As discussed earlier, for temperature and displacement 
parameters the effect of nut coke addition is linear either 
with the positive or negative slope. Gas permeability (Ppeak 
and S-value) is observed to increase exponentially with the 
nut coke addition.

4. Conclusions

The impact of nut coke addition (0–40 wt%) on an olivine 
fluxed iron ore pellet bed was studied in a reduction soften-
ing and melting (RSM) apparatus. Based on the series of 
experiments, the following conclusions can be drawn.

(1) Three distinct stages of bed contraction were 
observed during the pellets heating under simulated blast 
furnace conditions. In the first stage, indirect reduction 
of the iron ore pellet takes place. Sintering, softening and 
carburisation of the iron shell evolves in the second stage. 
Thereafter in the third stage, pellet melting and dripping 
occurs.

(2) Nut coke mixing with the iron ore pellet affects all 
three stages. The second stage get affected the most, which 
is shortened due to the enhanced reduction kinetics, limited 
sintering, lower softening and high degree of carburisation 
occurred on the pellet shell (iron). In the second stage, the 
bed displacement and temperature linearly decrease from 
70% to 44% (6.5% per 10 wt% nut coke mixing) and 1 480 
to 1 436°C (11°C per 10 wt% nut coke mixing), respectively 
by mixing of 40 wt% nut coke.

(3) The pellet bed melting (Tm), flooding (Tf) and drip-
ping (Td) temperatures, decrease linearly by 19°C, 25°C and 
47°C, respectively upon 40 wt% nut coke addition.

(4) The cohesive zone temperature range (T1 to Td) 
shortens by 64°C by 40 wt% of nut coke addition.

(5) The nut coke addition exponentially increases the 
gas permeability (represented by pressure drop peak and 
S-value) in the pellet bed (examined up to 40 wt% as 
replacement of regular coke).
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Table 6. Relationship summary on the effect of nut coke addition in the pellet bed.

Parameters Unit Relationship Equation x=  nut coke concentration (wt%) R2

Stage 1 temperature (T1) °C Linear 0.42x +  1 150 0.99
Stage 1 displacement (D1) % Linear 0.07x −  17 0.53
Stage 2 temperature (T2) °C Linear −0.99x +  1 477 0.96

Stage 2 displacement (D2) % Linear 0.66x −  70 1.00
Stage 3 temperature (T3) °C Linear 0.27x +  1 506 0.59

Stage 3 displacement (D3) % Linear 0.61x −  96 0.85
Bed melting temperature (Tm) °C Linear −0.41x +  1 477 0.87

Flooding temperature (Tf) °C Linear −0.60x +  1 494 0.94
Dripping temperature (Td) °C Linear −1.08x +  1 532 0.96

(Tm −T2) °C Linear 0.59x +  0.20 0.98
Pressure drop peak (Ppeak) Pa Exponential 1 590e − 0.03x 0.97

Permeability (S-value), kPa.°C Exponential 33e − 0.06x 0.93




