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ABSTRACT

Reoxidation of DRI in stagnant air in the temperature range between 150 and 450°C has
been investigated. The aim is to contribute to the kinetics of reoxidation of hot DRI on
transportation from a direct reduction plant to an EAF in case of leakage in the
transportation vessel. Two series of experiments were conducted in a low temperature
range between 150 and 250°C and in a higher range from 300 to 450°C. At low
temperature, the reaction rate is controlled by the chemical reaction at the gas—metal
interface, whereas at higher temperatures, it (the reaction rate) is governed by pore
diffusion. The activation energy of the chemical reaction is 59.7 kJ/mol and for pore,
diffusion is 18.04 kJ/mol. The diffusion coefficient increases with the T3 to T8,
Empirical equations have been derived. Calculated data are in satisfactory agreement
with corresponding practical results.
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1. INTRODUCTION

Steelmaking based on melting direct reduced iron (DRI) in electric arc furnace (EAF) is
steadily expanding in countries having abundant reserves of natural gas. Middle East
and North African Countries are increasingly using this technology. Because of the
growing demand for high quality steel and the increasing prices of steel scrap, the world
production of DRI grew from 59.70 to 72.76 Mt in 2006 and 2016 respectively. The
production of Middle East and North Africa increased from 16.04 to 34.19 Mt in the
same period. In 2016, the world DRI production by the two well-established shaft
furnace processes, Midrex and HYL/Energiron, was 59.80 Mt. The shares of the two
technologies were 78.8 and 21.20% for Midrex and HYL/Energiron respectively. Other
processes, e.g., fluidized bed, rotary kiln and others, achieved the rest of the world DRI
production, which amounts to 12.96 Mt. A detailed survey on DRI production is
available in the literature [1].

DRI pellets and hot briquetted iron (HBI) can also be used as part of blast furnace
burden in order to improve the economics of this process [2-9].

The high porosity of DRI is the main reason for its high sensitivity towards reoxidation.
The heat generated by reoxidation of cold discharged DRI stockpiled in air at ambient
temperature led in many cases to spontaneous ignition and fire hazards.

Numerous research works have been done to study the problem of DRI reoxidation and
suggest proposals for avoiding or minimizing its effects [10-14].

-72-



TIMS Bulletin Volume 109 August 2021

In recent years, there has been a steadily increasing trend to discharge hot direct reduced
iron (HDRI) from shaft furnace and transport it hot to an EAF that is close to the direct
reduction furnace to be melted to steel. This provides an optimal way in case of using
DRI for steel manufacture by increasing productivity; saving energy and reducing
production cost [15-18].

In spite of the importance of studying the kinetics of reoxidation of HDRI during
transportation from the direct reduction furnace to the EAF, e.g. as a result of leakage in
the transportation vessel, few investigations have been carried out in this direction.

The aim of the present research is to simulate and study the kinetics of HDRI
reoxidation in stagnant air at temperatures between 150 and 450°C.

2. EXPERIMENTAL

The experiments were conducted in a muffle furnace using DRI pellets produced in a
commercially working plant. The furnace was preheated to about 3 to 5°C above the
desired test temperature, in order to cover the heat loss caused by opening the door for
inserting the pellets. The heating element was kanthal wire embedded in the refractory
lining surrounding all the interior sides of the furnace. The dimensions of the heating
chamber of the furnace were 9.5* 28 *39 cm?®. The average pellet radius and density are
0.6121 cm 0.0429 mol Fe/cm?® respectively. For each time interval 3 pellets, were taken
from a desiccator, weighed, put in separate baskets made of Ni Cr wire and fixed to the
ceramic tube of a Ni Cr-Ni thermocouple used to measure and control the temperature.
The distance between pellets and thermocouple was about 3 cm. The measured
temperature was that of air inside the furnace. The door of the furnace was not tightly
closed; only a very narrow space of about 1 cm between the door and the furnace body
was left to allow the passage of a small quantity of air, which is necessary for DRI
reoxidation. Immediately after elapse of the desired time interval at a given temperature,
the furnace was opened and the pellets were carefully removed, cooled in a desiccator
and weighed again. The degree of reoxidation was calculated from the weight gain.

Two series of experiments were made; the first was conducted at 150,200 and 250°C,
and the second was carried out at 300, 350, 400 and 450°C. The time intervals in the
first series were 60, 90, 120 and 180 min; in the second series, these intervals were 10,
15, 20, 30 and 45 minutes. A sketch of the experimental set up is given in figure 1.

| Thermocouple

DRI pellets

Refractory
lining and
heating element

Fig. 1: Sketch of the experimental set up.
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The average chemical composition and physical properties of the DRI pellets used in
the experiments are given in table 1.

Table (1): Average chemical analysis (wt-%) and physical properties DRI pellets.

Apparent
FeO | Gangue | Metallization density/ | density/ g

Metallic Porosity/
(0)
Fe Cm.s Yo

88.51 . . . 2.9303 48.54

3. RESULTS AND DISCUSSION

The reoxidation reaction is assumed to be a heterogeneous irreversible gas-solid
reaction of first order taking place in a topochemical form according to the shrinking
core model. The reaction may be represented as follows:

Agy + bB(s) - product (D

The geometrical shape, size and density of the DRI pellets are assumed to remain
unchanged after reoxidation.

Figure 2 shows a photomicrograph of a partially reoxidized DRI pellet treated at 450°C
for 45 minutes. The topochemical structure is obvious, which substantiates the
application of the shrinking core model to the problem at hand.

| Reacted layer

| Unreacted core

Fig. 2: Photomicrograph of a partially reoxidized DRI pellet treated at 450°C for
45 minutes.

The mechanism of DRI- pellets reoxidation according to the shrinking core model can
be described by the following five main steps [19]:
1. External or surface diffusion of the reactant gas from the bulk gas phase through
a boundary gas film to the surface of the pellet.
2. Internal diffusion of the gas through the pores of the oxide layer formed by
reoxidation to the unreacted core of the pellet.
3. Chemical reaction between reactant gas and metal takes place at the gas-core
interface.
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4. The gas produced, if available, diffuses through the oxide to the exterior of the
pellet.

5. External diffusion of the product gas through the gas film to the bulk of the
reacting gas phase.

Steps 4 and 5 may be disregarded in the present case since the reaction product is only
solid iron oxide. It is important to find out the step that is responsible for determining
the overall rate of the reoxidation process. In order to achieve this, two series of
experiments were conducted; the first was done in the temperature range between 150
and 250°C and the second was run between 300 and 450°C. In the first series, DRI
pellets were treated for three hours in intervals of 30, 60, and 90 and 180 minutes; at
150°C an interval of 120 minutes was also included.

3.1. Temperature range 150 to 250°C

In the relatively low temperature range, convective and pore diffusion are so rapid that
slow chemical reaction at the interface controls the whole reaction rate. If the limiting
step of the reoxidation process is the chemical reaction at the interface between air and
metal then a straight line should be obtained when the reaction time, t, is plotted
against 1 — (1 — a)/= according to the equations 20-24.

= 22 [1—(1—a)%] (2)

p: density of metallic iron in the pellet (mol/cm®)

ro. initial radius of the DRI pellet (cm)

b: number of moles of O, needed to reoxidize one mole of Fe to Fe,O3 according to the
reaction

Fe+20, - 2 Fe,0; 3)

k: rate constant (cm/min)
Cq: concentration of O, in air at the corresponding temperature = 221 (m—o3l
82.06 “cm

weight of oxygen gained by reoxidation

a:. degree of reoxidation = (4)

weight of oxygen required to converts metallic Fe and FeO toFe, 03
A graphical representation of equation 2 is given in figure 3. The straight lines indicate
the validity of applying this equation to the present case. They can be described by the
following equations:

Ty50=499245[1 — (1 — @)'/3], r = 0.9822 (5)
T200=79874[1 — (1 —a)¥/3],r = 0.9899 (6)
T250=24307[1 — (1 — a)¥3], r = 0.9901 (7)
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¢150°C m200°c A250°C

0 L L L :l
0 0.002 0.004 0.006 0.008
1-(1-a) 13

Fig. 3: Variation of time in minute with 1 — (1 — a)/3.

Using the slopes of the straight lines equations 5 to 7 and the slope of the line as given
by equation 2, the values of the apparent rate constant, k, can be estimated. Figure 4
depicts the variation of In k with 10000/T according to Arrhenius equation. The straight

line satisfies the formula:

Ink =12.5631 — 2222+ — 0.9984
k = 2.85827 + 10° * exp (=)
10000/, K-
18 23 28
0 A\ L] :l
1T
£Ea2}
£
©3F
o
c
=, 1
5 L

Fig. 4: Variation of In k with 10000/T according to Arrhenius equation.

-76 -

(8)

9)



TIMS Bulletin Volume 109 August 2021

Therefore, the apparent activation energy of the reoxidation reaction in the temperature
range between 150 and 250°C is 59.7 KJ/mole, which compares with 57.0 and 62.0
kJ/mole found elsewhere for the reoxidation reaction [25]. This indicates that chemical
reaction controls reoxidation in this temperature range. Comparison of experimental
data with calculated lines obtained by using equation 2 and substituting for, k, from
equation 9 is shown in figure 5. It can be observed that measured data are in good
agreement with the calculated lines, which supports the use of chemical model at low
temperature.

0.03 ¢
m 150 °C A 200°C @250 °C
0.02
a
0.01
0 'l :l
0 100 200 300
T, min

Fig. 5: Comparison of experimental data with calculated lines for the temperatures
150, 200 and 250°C according to the chemical model.

3.2. Temperature range 300 to 450°C

In order to find out which step controls the reoxidation process in the temperature range
between 300 and 450°C, surface diffusion, chemical reaction and pore diffusion are
examined [20-24].

3.2.1. Surface (external) diffusion
In the case of surface diffusion, the following model is used:

_ _To*p
T= Spcs @ (10)

Assuming constant p, B, r, and cq at a given temperature, a plot of t against a should
give a straight line if surface diffusion controls reoxidation. The mass transfer
coefficient, 5, can be calculated using the slope of the line. The equations describing the
straight lines at 300,350,400 and 450°C, as shown in figure 6, are respectively.

Tago = 109.6259 xa, 7 =0.9376 (11)
Tiso = 93.8468 x @, 1 = 0.8407 (12)
Ty = 843337 xa, 1 =0.8258 (13)
Taso = 78.7418 x @, 1 = 0.8439 (14)
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50 ¢ ©300°C m350°C A400°C X450°C
A X

Fig. 6: Variation of time, in minute, with a at 300, 350, 400 and 450°C.

The mass transfer coefficient, g, can be estimated by using equations 10 to 14. Since:

p= (15)

SR i)

The thickness of the gas boundary layer surrounding the pellet, 6, can be calculated.
D is the diffusion coefficient of oxygen in the gaseous boundary layer and can be
calculated according to:[26]

1%1073)T175 1 1
DOZ/air = ( 1/3 )1/3 2 MO + M. :
P(vair +vo2 ) 2 air

cm?/s (16)

where vg;, = 20.1, vy, = 16.6, My, = 32, My =29
The thickness of the gas boundary layer varies with temperature as follows:

6 =—0.0016 =T + 2.4502, r = 0.9565 (17)
The large value of ¢ is the result of air stagnation in the furnace.

It should be mentioned that the Sherwood Number of ball (2ro/d) in still flow is
theoretically two [27].

3.2.2. Chemical Reaction
Assuming that chemical reaction controls reoxidation, then equation 2 can be applied.

1/3

A plot of, 1, versus 1-(1-) ¥ should result in a straight line having a slope equal to —;ZC’;

which can be used for estimating the rate constant of the chemical reaction. The straight
lines are shown in figure 7; they may be described by the following equations at the
temperatures 300, 350, 400 and 450°C.
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Ta00 = 297.6903 * [1 — (1 —a)'/3], 7 =0.9495 (18)
Tas0 = 254.3146 x [1 — (1 —a)'/3], 7 =0.8592 (19)
Tao0 = 225.7009 * [1 — (1 —a)/3], r=0.8452 (20)
Tys0 = 208.3957 x [1 — (1 —a)'3], r=0.8669 21)
S0 £ #300°C W350°C 4400°C @450°C
4H A O
20 }
30 F
£
€20 }
[
10 F HA®

] ] ] ] |
»

0 0.04 0.08 0.12 0.16 0.2
1-(1-a)/3

Fig. 7: Variation of time in minute with 1-(1-a) **® at 300, 350, 400 and 450°C.

3.2.3. Pore Diffusion
Assuming pore diffusion control, then the following equation should be obeyed:

—%[1‘3(1‘“)2/3 +2(1-a)] (22)

This equation sh;)uld yield a straight line when, 7, is plotted against:
[1-3(1—a)2/3 +2(1 — a)] as shown in figure 8.

The straight lines obtained may be described by the following equations:

T100 = 1030.6595 [1 — 3(1 — a)2/3 + 2(1 — )] ,r = 0.9782 (23)
T30 = 882.4082 [1 —3(1 — a)2/3 +2(1 —a)] ,r = 0.9665 (24)
T400 = 708.5804 [1 —3(1 — a)2/3 +2(1 —a)] ,r = 0.9483 (25)
Tyso = 597.7025[1 = 3(1 — a)2/3 +2(1 —a)] ,r = 0.9693 (26)
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50 £ €300°C m350°C A400°C %450°C
u A X
40
g 30
£
S 20
10
O L L L :l

0 0.02 004 006 0.08
1-3(1-0)?/3+2(1-a)

Fig. 8: Variation of time, in minute, with [1 — 3(1 — a)2/3 +2(1—a)]

In this case, the correlation coefficient is higher compared with the respective values
when convective diffusion and chemical reaction are assumed to govern the reoxidation
process. The apparent activation energy of pore diffusion can be obtained by drawing

InD.¢r against 2222%as shown in figure 9. The straight line satisfies the formula:

=+ 3.5079 ,7 = 0.9964 (27)
18041

Doss =33.3181e  ”RT (28)

lTlDeff =

Hence, the apparent activation energy is:

E = 18041 J/mol (29)

0.8
§= Y
£ 04 }
5
g OF
£

-0.4 . —p

13 15 17 19
10000/T, K2

Fig. 9: Variation of diffusion coefficient with 2% according to Arrhenius
equation.

The relationship between the effective diffusion coefficient and temperature can also be
represented by:

D, . = 34447 x 10710 » 73854 (30)
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The value of the exponent of T is larger than about two, which is the temperature
exponent in the normal case of gas—solid reaction [28]. This may be attributed to
changes in the pore structure of DRI during reoxidation. The effective diffusion
coefficient is related to the product of porosity and labyrinth factor by the equation:

Therefore:
Defy

The variation of the product of porosity and labyrinth factor can be expressed by the
formula:

el =7%1075T — 0.0174 (32)

that indicates an increasing value of €4 with increasing temperature and consequently a
growing effective diffusion coefficient.

Figure 10 shows the variation of assumed values of a with the time. The lines are
calculated according to equation 22 and the corresponding measured points are
superimposed on the calculated lines at 300 to 450°C. The correlation coefficient is r=
0.9983, 0.9783, 0.9645and 0.9648 at 300, 350, 400 and 450°C respectively. The
measured points do not deviate much from the calculated lines, indicating that pore
diffusion is the step governing reoxidation of DRI under the present investigation
conditions.

0.6 x300°C @350°C A400°C m450°C

Fig. 10: Comparison of experimental data with calculated lines at 300, 350, 400
and 450°C.

To ensure that the reoxidation process is controlled by pore diffusion in the present
investigations, equation 23 can be modified as follows in equation 33: [29]

1 a (1—0!)2/3 _ Deff Cg
2 3 2 1re2p

(33)
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a (1-a)?/3

This equation should give a straight line when %— i is plotted against the

time, t. The result is shown in figure 11 for the above-mentioned 4 temperatures. The
correlation coefficient ranges between 0.9261 and 0.9809 that is high enough to indicate
the applicability of the diffusion model to the problem under investigation. The values
of D,frcorresponding to each temperature can be calculated from the slopes of the
straight lines.

~ 00l g . . . .
< @350°C m400°C A 450°C X 300°C
% 0.012
T
o 0.008
®  0.004
3
o 0 >
- 60
T, min
. . .. 1 «a (1—0()2/3 . . .
Fig. 11: Variation of S35 with the time, T, min.

Figure 12 depicts the relationship between D, and temperature. It can be described by
the formula:

Dors = 5.3661 % 10712 » T33510 (34)

As in the case of using the first model, the exponent of T is higher than two, which
could be the result of a change in the pore structure.

InT, K
6.2 6.4 6.6
,E ‘3 K T :l
£
~ -35 F
g
|
2 -as5 |
5 L

Fig. 12: Variation of diffusion coefficient with temperature in double logarithmic
coordinates.
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The values of €1 corresponding to each temperature are calculated by equation 30a and
plotted in figure 13, which shows the relation between €1 and temperature. The straight
line follows the formula:

€A = 4.6048 x 1077 % T1636 (35)

InT,K

6.3 6.4 6.5 6.6
_3-6 A L] L] :l

=3
m
>
1

o
L]

Fig. 13: Variation of €A with temperature in double logarithmic coordinates.

Figure 14 shows the dependence of the degree of reoxidation on time. The lines are
calculated by using equation 33 at different assumed values of a and substituting for
Dss by equation 34. The lines and the corresponding measured data agree within the
range of tolerance in the experimental work. This is a supporting evidence for the
applicability of the pore diffusion model to calculate the step governing the reoxidation
process.

06 ¢
2300°C ®350°C A400°C m450°C
0.4
a
0.2
O L L :l
0 20 40 60

T, min

Fig. 14: Comparison of experimental data with calculated lines at 300, 350, 400
and 450°C.

4. CONCLUSIONS
For studying the kinetics of DRI reoxidation in stagnant air at temperatures between 150
and 450°C, two series of experiments were conducted; the first in the relatively low
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temperature range between 150 and 250°C, and the second at higher temperature from
300 to 450°C. The aim of the present research is to investigate the reoxidation reactions,
which may take place in case of leakage in the transportation vessel of hot discharged
DRI between the reduction shaft furnace and the electric arc furnace to make use of the
sensible heat of hot DRI. Two mathematical models are used; the first includes the
effects of surface diffusion, pore diffusion and chemical reaction at the gas-unreacted
core interface and the second model treats the case of pore diffusion. The results can be
summarized in the following:

1. In the low temperature range between 150 and 250°C, the reoxidation process is
governed by chemical reaction at the gas-unreacted core. The activation energy is
59.7kJ/mol. No significant reoxidation occurred below 200°C.

2. In the relatively higher temperature range between 300 to 450°C, the reoxidation
process proved to be controlled by pore diffusion.

3. The temperature exponent of the effective diffusion coefficient is 3.3884, which are

higher than the value of about two, normally appearing in gas-porous solid reactions,

which might be due to changes in pore structure of the pellets.

The activation energy of diffusion is 18.04 kJ/mol.

5. In all cases, calculated and measured data are compared. They are in satisfactory
agreement.
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LIST OF SYMBOLS
b: number of moles of O, needed to reoxidize one mole of Fe to Fe,O3, according to the
reaction (3)

Cq: concentration of Oin air at the test temperature, Z%;

D: Diffusion coefficient of oxygen in air, cm?/s, according to equation 16.

D.ss Diffusion coefficient of oxygen in the pores of the pellet cm?min, according to
equations 22, 27, 28, 30, 31, 33, 34.

E : Apparent activation energy of chemical reaction J/mol, according to equation 9.

E : Apparent activation energy, J/mol of pore diffusion, according to equations 28, 29.

k: rate constant of chemical reaction, (cm/min) according to equations 2, 8, 9.

Mg;r, Mo, - Molecular weights of air and O, respectively, according to equation 17.

P : Pressure, atm, according to equation 17.

R: universal gas constant, J/k mol =8.314 J/k mol

r: correlation coefficient

ro: initial radius of the pellet, cm, according to equations 2, 9, 10, 22, 33.

T: absolute temperature, K
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T: time, min, according to equations 2, 5-7, 10-14, 18-21, 33.

Vair»» Vo, - Molar volumes of air and O, respectively, according to equation 17.
a : Degree of reoxidation according to equations 2, 4, 10-14, 18-26, 33.

B : Mass transfer coefficient, cm/min, according to equations 10, 15.

6 : Thickness of the gaseous boundary layer, cm, according to equations 15, 17.
€ : Porosity of the pellet, according to equations 31, 31a, 32.

\: labyrinth factor, according to equations 31, 31a, 32.

p: molar density of Fe in DRI (mole/cm®) according to equations 2, 10, 22, 33.
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