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Abstract. In this paper, internal heat transfer process of vanadium titano-magnetite concentrate
carbon-containing pellets was analyzed in direct reduction at different temperatures. The thermal
conductivity of vanadium-titanium magnetite carbon-containing pellets at different temperatures were
determined under the condition of optimal process parameters taken from previous works. XRD was
used to examine the phases of various products at different temperatures in direct reduction.
Experimental results reveadled that change in thermal conductivity of vanadium titano-magnetite
concentrate was roughly the same as the common iron ore concentrate. The measured values of the
thermal conductivity were consistent with the changing trend of the theoretical thermal conductivity.
The thermal conductivity change within 0.06~0.12 W/m°C in the temperature range of 300°C-1150°C.
The thermal conductivity increase very rapidly when temperature exceeds 1000°C.

Vanadium titano-magnetite is an important ore, which contains diverse rare metals, such as
vanadium, titanium, and iron and so on. Therefore, it isessential to know, how to make use of these ore.
Traditionaly, blast furnace was used to smelt vanadium titano-magnetite. Recently, the rapid
development of direct reduction process formed enormous new direct reduction process, such as
Fastmet, Krupp-Codir, and Comet and so on, because the flaw of blast furnace affects both economical
and environment aspects!*®. Vanadium titano-magnetite concentrate is used to smelt hot metal and
titanium slag. Vanadium titano-magnetite concentrate carbon-containing pellet for iron making is one
of the new processes for smelting vanadium titano-magnetite concentrate. So far, a number of works
for the study of vanadium titano-magnetite concentrate carbon-containing pelletsfor iron making were
conducted by researchers all over the world *. It is said that vanadium titano-magnetite in China is
different from other countries, and it is extremely hard to deal with this kind ore **%. According to
enormous investigation on vanadium titano-magnetite concentrate, carbon-containing pellets were
studied by numerous researchers in china, and it was found that amost all of them focused on
investigation of direct reduction of the vanadium tiano-magnetite concentrate ™. However, the
investigation on thermal conductivity of vanadium titano-magnetite concentrate carbon-containing
was not conducted by them. And it is extremely important to understand the internal heat transfer of
pellets with the variation of external circumstances. Therefore, it is very important to improve
parameters of processin valid time.

The heat transfer performance of vanadium titano-magnetite carbon-containing pellets in direct
reduction is represented by its thermal conductivity. So, in this paper, internal heat transfer process of
vanadium titano-magnetite carbon-containing pellets was analyzed, and experiments for determining
thermal conductivity of vanadium-titanium magnetite carbon-containing pellets at different
temperature were conducted. After the experimental and theoretical analysis, change law of thermal
conductivity for vanadium titano-magnetite carbon-containing pelletsin direct reduction was acquired.
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Experiment

Raw materials
Vanadium titano-magnetite (provided by Huili in Sichuan Province, China) was used as raw
materials. The chemical composition and particle sizes of the raw materials are given in Table 1 and
Table 2, respectively. PVA and bituminous coal were used as the binder and reductant, respectively.
The chemical compositions and particle sizes of PVA and bituminous coal are given in Table 3 and
Table 4, respectively. Testing samples were composed of vanadium titano-magnetite, PVA, and

bituminous coal.

Table1 Thechemical compositions of vanadium titano-magnetite concentrate (wt%)

TFe FeO F6203 TIOg V205 S|Oz Aleg S CaO MgO P AS Cr203

56.00 2349 5451 1050 058 383 1.83 0.257 2263 2292 0.018 0.01 042
Table 2 Particle sizes of vanadium titano-magnetite concentrate

Sizelmesh  +80 -80~+100 -100~+120 -120~+200 -200
wt% 3.60 2.21 4.72 23.94 65.5
Table 3 The chemical compositions of pulverized coal (wt%)
Fixed carbon Volatiles Sulphfur Ash Heat ( KJ-Kg™)
79.33 10.62 0.69 9.36 28511
Table 4 Particle sizes of pulverized coal
Size/mesh +60 -60~+80 -80~+100 -100
wt% 2.55 21.67 3.07 72.71

Experiment apparatus
Figure 1 shows the test system for thermal conductivity of the sample in this study.
13 17

FalP =

|
=4
] ] 15
= ; . g | s
(O] [ 13
: L
|

19
11 12
o T e A e I —#
R IR

Fig. 1 Test system' for thermal conductivity of the samplein this study
1-Insulation of furnace body; 2-Thermal insulating blanket; 3-Calorimetric board; 4-Heat flow meter;

5-Calorimetric water bath; 6-Guarded hot water bath; 7-Semiconductor refrigeration piece; 8-Heat
shield panel; 9-Hot plate; 10-Heater element; 11-Furnace; 12-A specimen; 13-Hot face thermocouple;
14-Cold face thermocouple; 15-acylinder for protection of atmosphere; 16-aflowmeter; 17-Computer
real-time online control; 18-Thermoalstatic bath; 19-Control valve for water flow; 20-A flume
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Experimental procedure

Sample preparation

Process parameter in this experiment is one of the optimal process parameters, and the process
parameter has been chosen from previous work . Vanadium titano-magnetite concentrate obtained
by drying, grinding and sieving. Pulverized coal was weighed according to the mass ratio of 4:1.
Vanadium titano-magnetite concentrate and Pulverized coal were mixed well. Then, adding proper
amount of binder PV A with concentration of 10% and water to the mixture. The amount of PVA and
water which were added to the mixture were calculated according to theformulas[1] and [2]. Theratio
of raw material is given in Table 5. After mixing the raw materials, bulk samples were obtained by
DDJ50 type electro-hydraulic system at pressure of 10Mpa. Moreover, the sample were put into
drying cabinet for drying under isothermal condition of 120°C for 4 hours. After drying, the weight and
thickness of the sample was measured. Finally, the sample was putted into the DRS-III type thermal
conductivity tester in order to test its comprehensive thermal conductivity.

Mepa =(Mg +M¢) - Wy, / Cpy (1
MHZO:(MO-'-MC)'WHZO_MPVA+MPVA/CPVA [2]
Where, Mpya isthe mass of PVA, g; Mo is the mass of vanadium titano-magnetite concentrate, g;
Mcisthe mass of coal, g; Mpya isthe mass of PVA, g; Mo isthe mass of H,0O, g; and Cpya isthe
concentration of PVA, %.
Table5 Theratio of raw materials
V Ti-magnetite  Pulverized Water (Wpya)  Extrawater (g0 Binder (Wpyva) Binder
concentrate (g) coal (g) (Wt%) (Wt%) (g)

2000 500 8% 87.5 0.5% 125

Testing for thermal conductivity of sample

There is not a facility used for testing the pellet’s thermal conductivity. However, according to
reference [15], it can be concluded that, with the same ratio of the raw materials, and external
circumstance, diverse shapes of samples have the same therma conductivity. Therefore, spherical
sample was replaced by bulk sample in this experiment as shown in Figure 2.

V Ti-magnetite

Pulverized coal PVA Water
concentrate

|
]

Pressure
forming

Bulk sample

Testing for Weight and
thickness of sample

Testing for thermal
conductivity of sample

Fig.2 Theexperimental procedurein this study

Results and Discussion

Results
The diverse thermal conductivities of the sample with variation of temperature were obtained by
experiment, which were repeated three times. Figure 3 shows the relationship between the diverse
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thermal conductivities of the sample and variation of temperature and results of three sets of repeated
experiments were obtained. And errors among the three times repeated experiments were indexed by
using error bars, as shown in Figure 3.
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Fig.3 Therelationship between diversethermal conductivities of the sampleand variation of
temperature

Discussion

The change trend of thermal conductivity of common iron ore concentrate

The main direction reduction of iron oxides by coal are shown in Table 7. When temperature is
lower than 570°C, the reduction of iron oxides conforms to formulas (2) and (3). When the
temperature is higher than 570°C, the reduction of iron oxides conforms to formulas (2), (3) and (4).
Part of carbon oxides released from both the volatile and chemical reactions with iron ore, react with
carbon in the coal to produce more carbon monoxide via the Boudouard reaction (1). The phase
equilibrium diagram of iron oxides reduced by coal is shown in Figure 4.

Table6 thermodynamics on reduction of iron oxides by coal 1*®

Numbers Reactions AG’ (Jmol)
1) C+CO,=CO 170700-174.5T
) Fe,05+CO=2Fe;0,+CO, _52131-41T
?) 1/4Fe,0,+CO=3/4Fe+CO, -9832+8.58T
4 Fe;0,+CO=3FeO+CO, 35380-40.16T

(5) FeO+CO=Fe+CO, -22800+24.26T
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Fig. 4 Phase equilibrium diagram of iron oxides reduced by coal

So, direct reduction of the common iron ore concentrate will go through direct reduction of four

stages as follows:

Fe,0;—Fe;0,—FeO—Fe

Effects of varying temperature on thermal conductivity of metallic iron and iron-oxides can be seen
, and it may be deduced as follows:

from the Figure 51

(D Different iron-oxides have different thermal conductivity.

@The thermal conductivity of iron-oxides decline over time with increasing temperature.

1200 1400

(3 The metallic iron of thermal conductivity is far beyond the iron-oxides.

@ The total thermal conductivity increase over time with the direct reduction of iron ore

concentrate proceeding.
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Fig.5 Effectsof varying temperatureon thermal conductivity of metalliciron and iron-oxides

1000

The change trend of thermal conductivity of vanadium titano-magnetite concentrate

Direct reduction progress of vanadium titano-magnetite concentrate is mainly combined two steps
of direct reduction progress which contains the reduction of the iron oxides and iron-titanium oxides.
The main reduction of iron oxidesis the same as direct reduction of the common iron ore concentrate.
The main reduction of iron-titanium oxides by C and CO isshownin Table 8 and Table 9, respectively.
Figure 6 shows the AG' of the iron oxides and ilmenite reduced by C with increasing temperature.
Figure 7 shows the Phase equilibrium diagram of iron oxides and ilmenite reduced by CO.
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Table8 Thermodynamics on reduction of ilmenite by C'*”

Numbers Reaction AG’ (Jmol)
(6) FeTiOs+C=Fe+TiO+CO 190900-161T
@) 3/4FeTi03+C=3/4Fe+1/4Ti30s+CO 209000-168T
(8 2/3FeTiOs+C=2/3Fe+1/3Ti,0:+CO 213000-171T
9 1/2FeTiOz+C=1/2Fe+1/2TIO+CO 252600-177T
(10) 2FeTiOs+C=Fet+FeTi,05+CO 185000-155T
(11) 1/4F€TiOy+C=1/4Fe+1/ATIC+CO 182500-127T
(12) 1/3FeTiOz+C=1/3Fe+1/3Ti+CO 304600-173T

Table9 Thermodynamics on reduction of ilmenite by CO™?

Numbers Reaction AG’ (Jmol)
(13) Fe, TiOs+CO=Fe, TiO+CO, ~141097-20.79T
(14) Fe, TiOs+2CO=Fe+FeTiOs+CO, -50997+6.51T
(15) Fe, TiO+CO=Fe+FeTiOz+CO, -18900+27.3T
(16) 2FeTiOs+CO=F€Ti,05+Fe+CO, 1306.2+17.136T
(17) FeTiOs+CO=TiO,+Fe+CO, 21892+1.192T
(18) 3/5F€eTi,05+CO=2/5Tiz05+3/5Fe+CO, 45162.6+0.386T

AG" (kJ/mol)

100

(7) FeTiO,+C=TiO,+Fe+CO

-100

- (1) Fe,TiO_+C=Fe,TiO +CO
(2) Fe_TiO,+2C=FeTiO, +2CO+Fe
-200f (3) Fe,0,+C=Fe0+CO (1
(4) FeO+C=Fe+CO
L 1

(5) Fe,TiO,+C=FeTiO +Fe+CO
(6) 2FeTiO,+C=FeTi,0,+Fe+CO

(8) 3/5FeTi,0,+C=2/5Ti,0,+3/5Fe+CO|
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Fig.6 AG® of theiron oxides and ilmenite reduced by C with increase of temperature
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Fig.7 Phase equilibrium diagram of iron oxides and ilmenite reduced by CO

Inthe temperature range of 1000°C-1150°C, A G’ of reaction equation (6) to (12) are greater than
zero, thus, theoretically, these reactions were not be happened. At the same temperature range, AG’
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of reaction equation (2), (3), (4), (13) and (14) are less than zero, so, theoretically, these reactions
should happened.
In order to observe the reduction products in the temperature range of 800 — 1200°C, the starting

temperature of 800°C was chosen, which was used for phase analysis by XRD, as shown in Fig. 8*2.
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So, direct reduction progress of vanadium titano-magnetite concentrate is mainly combined two

steps of direct reduction progress in the temperature range of 300 — 1150°C as follows?”:
2) 3) (4)

F3203—}FE304—>F60—>FE,

£ Fe

Fe,0,-Ti0O, — Fe,TiO FeTiO
23 2(13) Sy 4 (14) 3

As can be seen from the two direct reduction progresses, Figure 3 and Figure 5, it may be deduced
that the thermal conductivity of vanadium titano-magnetite concentrate is roughly same as the common
iron ore concentrate with the increase of temperature. But the direct reduction progress of vanadium
titano-magnetite concentrate is much more different and complex than the common iron ore
concentrate.

Figure 3 shows that change in thermal conductivity of vanadium titano-magnetite concentrate
increases slowly (0.06~0.12 W/m"C) with in temperature range of 300 — 1000 °C. It may be caused by
the small changes of the thermal conductivity of different reduction products. When the temperature is
higher than 1000°C, the thermal conductivity raise sharply. It may generate enormous metallic iron,
because the thermal conductivity of metallic iron is far more than the iron-oxides.

Conclusions

Following conclusions can be drawn from above conducted experiment.

(1) The change in law of thermal conductivity of vanadium titano-magnetite concentrate in direct
reduction was roughly the same as the common iron ore concentrate.

(2) Thermal conductivity of vanadium titano-magnetite concentrate at different temperature in
direct conduction was determined. It was found that thermal conductivity of vanadium-titanium
magnetite carbon-containing pellets increase with increasing temperature.

(3) The measured values of the thermal conductivity roughly conform to the change trend of the
thermal conductivity of theoretical analysis. The therma conductivity change within (0.06~0.12
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W/m°C) in the temperature range of 300°C-1000°C. When the temperature is higher than 1000°C, the
thermal conductivity increase very rapidly.
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