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Preface

This book collects selected papers presented at the 8th International Symposium on
High-Temperature Metallurgical Processing organized in conjunction with the TMS
2017 Annual Meeting & Exhibition in San Diego, California, USA. More than 142
abstracts were submitted. Among them, 72 were selected for oral presentation and
60 were provided with poster presentation opportunity. After reviewing the 98
submitted manuscripts, 77 of them were accepted for publication on this book.

As the title of symposium suggests, the interest of the symposium is on thermal
processing of minerals, metals, and materials that intends to promote physical and
chemical transformations of materials to enable the extraction and production of
valuable materials such as metals, alloys, ceramics, and compounds.

The symposium was open to participants from both industry and academia and
focused on innovative high-temperature technologies including those based on
nontraditional heating methods as well as their environmental aspects such as
handling and treatment of emission gases and by-products. Because
high-temperature processes require high energy input to sustain the temperature at
which the processes take place, the symposium intends to address the needs for
sustainable technologies with reduced energy consumption and reduced emission of
pollutants. The symposium also welcomed contributions on thermodynamics and
kinetics of chemical reactions and phase transformations that take place at elevated
temperatures.

This is the seventh book exclusively dedicated to this important and burgeoning
topic. We hope the book will serve as a reference for both new and current met-
allurgists, particularly those who are actively engaged in exploring innovative
technologies and routes that lead to more energy efficient and environmental sus-
tainable solutions.
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There could not be this book without contributions from the authors of included
papers, time and effort that reviewers dedicated to the manuscripts, and help from
the publisher. We thank them all! We also want to thank Mrs. Feng Chen for her
assistance in collating the submitted abstracts and manuscripts.

Jiann-Yang Hwang
Tao Jiang

Mark William Kennedy
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Varadarajan Seshadri
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Flash Ironmaking from Magnetite
Concentrate in a Laboratory Reactor:
Experimental and CFD Work

M. Elzohiery, D.Q. Fan, Y. Mohassab and H.Y. Sohn

Abstract A flash ironmaking process is being developed at the University of Utah
in which iron is produced directly from magnetite concentrate. The kinetics of
magnetite reduction by a mixture of H2 and CO gases was determined in the
temperature range 1150–1600 °C. Over 90% reduction degree was achieved at a
temperature as low as 1250 °C within 4–6 s which is the typical residence time
available in a flash reactor. The kinetics results were applied to experimental data
obtained in a laboratory flash reactor in which H2 and CO gas mixtures were
produced from in situ partial oxidation of natural gas with oxygen. CFD was used
to simulate the laboratory reactor, and the results were in good agreement with the
experimental data.

Keywords Reduction kinetics � Magnetite concentrate � Hydrogen reduction �
Ironmaking � Flash reduction

Introduction

As a part of developing the ironmaking industry, a lot of efforts has been dedicated
to reduce the energy consumption as well as the greenhouse gas CO2 production.
The blast furnace (BF) is most dominant ironmaking process which produces over
90% of the world iron from iron ore. The novel flash ironmaking process being
developed at the University of Utah [1–8] aims at producing iron directly from iron
oxide concentrates by a gas-solid flash reaction utilizing natural gas as the reductant
and fuel in temperature range 1150–1600 °C. The direct use of iron ore concentrate
(<100 lm) in the flash process will bypass pelletizing and sintering steps in blast
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furnace lowering the energy consumption by 30% [9]. Using natural gas will
eliminate the cokemaking step in the blast furnace reducing the CO2 gas emission
by 39–51% [6]. In order to develop and design the industrial flash ironmaking
reactor, the reduction kinetics of magnetite concentrates by hydrogen and carbon
monoxide gas mixture in temperature range 1150–1600 °C was studied. Using the
developed single rate equations, a rate equation for the reduction kinetics by the H2

and CO gas mixture was established. CFD simulation was used to verify the results
of the developed rate equations on the results of a laboratory-scale flash reactor
which was built and used for producing iron directly from iron oxide concentrate
using natural gas partially combusted with oxygen. The results showed good
agreement between the developed rate equations and the experimental results.

Experimental Work

The kinetics of magnetite reduction by H2 and CO gas mixture was investigated in
the temperature range 1150–1600 °C which is the proposed temperature range for
the flash ironmaking technology. Most of the previous kinetics studies were either
at lower temperature ranges or using hematite ore. In order to get the rate equation
for the gas mixture reduction kinetics, it is important to study the reduction kinetics
by the single gases.

The magnetite concentrate particles used in this study are of irregular shape and
contain oxide gangues. This gangue content results in the particle experiencing
fusion at temperatures higher than 1350 °C as was found by experiments.
Therefore, it was important to study the kinetics at temperature lower than 1350 °C
separately from that at higher temperatures.

Experiments were designed and rate equations were formulated for the reduction
of magnetite by H2, CO and H2 + CO gas mixture in the temperature range 1150–
1350 °C in which the particles remain as solids, and at 1350–1600 °C in which the
particles melt. Different size fractions of concentrate particles were used in this
work in order to study the effect of particle size. High temperature laminar-flow
reactor (LFR) was used to determine the reduction rate of the individual particles.
The reactor had a dilute particle-gas conveyed system in which the gas composition
was maintained essentially uniform throughout the reactor by using a large excess
amount of reducing gas. Water cooled feeding line was inserted into a ceramic tube
to avoid any soot formation due to the catalytic effect of the copper tubing that
enhances the reduction of CO by H2 gas and that results in negligible amount of
soot formed. A schematic diagram is shown in Fig. 1.

An ICP method, which was developed in our laboratory, was used to determine
the iron content in the produced samples. This method has high accuracy in
determining iron content in the samples containing high amounts of oxide gangues
as in the concentrate used in this work [10].
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Different experimental conditions were designed in a way to mimic the most
used industrial ratios of the syngas such as: H2:CO = 2:1, 1:1, and 0.5:1 (molar
ratio). Similar detailed experimental work, relevant equations for calculating the
nominal particles residence time, % excess hydrogen, excess driving force (EDF),
reduction degree (RD%), and the length of the reaction zone are described in
previous work [8, 11]. The average temperature was calculated up to a certain
position where the difference between the average and the actual temperatures was
greater than 30 °C. The reaction zone was defined as the zone with temperature
Ta ± 30 °C where Ta was the average temperature.

The developed single rate equations were used to formulate a combined rate
equation describing the reduction kinetics by the gas mixture. CFD simulation was
used to verify the results of these rate equations with the experimental results

Fig. 1 Schematic diagram for the laminar flow reactor (LFR)
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obtained from a laboratory scale flash reactor. In this reactor, oxygen/methane form
a non-premixed flame where the heat produced is used to heat up the reactor up to
1175 °C. Due to the high volume to surface ratio, heat loss was compensated by
electric heating. The partially oxidized methane produced a hydrogen and carbon
monoxide mixture that performed the reduction reaction. Different experimental
conditions were investigated as the feeding ports and the flame configuration.

Results and Discussion

The aim of this work is to formulate rate equations for magnetite reduction by H2

and CO gas mixture at the temperature ranges 1150–1350 and 1350–1600 °C. The
rate equations for single gas reduction were determined and used for formulating
the mixture rate equation. In all rate equations, the effect of reducing gas partial
pressure, temperature, particle size, and residence time were studied. These factors
represent the main controlling factors in the flash ironmaking technology. The
reduction degree of each experiment was calculated based on the amount of oxygen
removed after reduction. The reproducibility of the experiments were found to be
within ±5%.

Reduction Kinetics Determination

The rate equation for magnetite reduction by hydrogen was found to follow the
nucleation and growth kinetics equation with the Avrami parameter n = 1. The rate
equation had a first order dependence the H2 gas partial pressure with no particle
size effect. The complete rate equation in the temperature range 1150–1350 °C was
formulated and the activation energy was 193 kJ as shown in Eq. (1):

½�Lnð1� XÞ� ¼ 8:65� 106 � e
�193;000

RT � pH2 �
pH2O

Keq

� �
lm

�t ð1Þ

where R is 8.314 J/mol K, T is in K, p is in atm, and t is in s.
The kinetics of magnetite reduction by CO was found to be much slower than

that with H2. The nucleation and growth equation was used to describe the re-
duction kinetics with the Avrami parameter n = 0.4. Although the Avrami
parameter is typically greater than 1, there are some examples of reactions in which
it is less than 1. This phenomena occurs when the nuclei growth rate decreases with
growth as described by Kim et al. [12] and Hedmark et al. [13]. Wunderlich [14]
has analyzed a large amount of data on the rates that follow the Avrami equation,
and reported that the Avrami parameter can range from lower than 1 to greater than
6.
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The rate equation for magnetite reduction by CO had a first order dependence on
CO partial pressure and the activation energy was 479 kJ/mol. There was no effect
also for the particle size. The complete rate equation obtained for the reduction of
magnetite with carbon monoxide gas in the temperature range 1150–1350 °C was

�Ln 1� Xð Þ½ �1=0:4¼ 3:41� 1014 � e
�479000

RT � pCO � pCO2

Keq

� �
lm

�t ð2Þ

where R is 8.314 J/mol K, T is in K, p is in atm, and t is in s.
The absence of size effect at that temperature range was explained as the par-

ticles experience thermal stress and develop cracks of similar dimensions when
rapidly heated as they are fed into the reactor at a high temperature. The reaction
rate thus depends on the dimension of the solid between the cracks not on the
original size. Figure 2 shows that good agreement was obtained between the
experimental results and the results obtained by the rate equations.

These rate equations were used to develop a rate equation for the reduction
kinetics by CO + H2 gas mixtures. The presence of CO increased the reduction rate
to be higher than the sum of the rates by individual gases. In order to account for the
enhanced effects, the reduction contribution due to H2 was amplified by a constant
for the case of reduction by H2 + CO mixtures. The rate expression for the
CO + H2 gas mixtures in the temperature range 1150–1350 °C was obtained as

dX
dt

¼ 1:3 � dX
dt

����
H2

þ dX
dt

����
CO

ð3Þ

The comparison of the calculated and experimental results was shown in Fig. 3.
The 1st order model in term of the fraction of solid remaining unreacted

describes the reduction kinetics of magnetite concentrate by H2 in the temperature
range 1350–1600 °C. The reaction kinetics had a first-order dependence on the

Fig. 2 The agreement between the experimental results and the obtained results by the developed
rate equations
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hydrogen partial pressure with a significant particle size effect on the reduction due
to the fusion status of the particles. The activation energy was 177 kJ/mol and the
complete rate equation obtained for the reduction of magnetite with hydrogen gas in
the temperature range 1350–1600 °C is

½�Lnð1� XÞ� ¼ 4:2� 107 � e
�177;000

RT � dp
� ��1

pH2 �
pH2O

Keq

� �
lm

�t ð4Þ

where R is 8.314 J/mol K, T is in K, dp is in lm, p is in atm, and t is in s.
The nucleation and growth model described the reduction kinetics of magnetite

by CO gas and it was similar to the lower temperature range with an Avrami
parameter less than 1 (n = 0.5). The dependence on CO partial pressure was found
to be of the first order and the activation energy was 49 kJ/mol. The kinetics of
reduction by CO had the same dependence on particle size as in the case of
reduction by hydrogen. The complete rate equation obtained for the reduction of
magnetite with carbon monoxide gas in the temperature range 1350–1600 °C is

�Ln 1� Xð Þ½ �1=0:5¼ 4:2� 102 � e
�49;000

RT � dp
� ��1

pCO � pCO2

Keq

� �
lm

�t ð5Þ

where R is 8.314 J/mol K, T is in K, dp is in lm, p is in atm, and t is in s.
Figure 4 shows good agreement between the experimental and the calculated

results.

Fig. 3 Comparisons between the calculated reduction degrees versus experimental results with
H2 + CO mixtures as the reducing gas
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CFD Simulation of Laboratory Scale Flash Reactor

A laboratory scale flash reactor was used to verify the rate expressions under an
actual flash reaction condition. Two typical experimental conditions were simulated
and the calculated reduction degrees were compared with the experimental values,
which is shown in Table 1.
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Fig. 4 Agreement between the experimental and calculated reduction degree by the developed
rate equations in the temperature range 1350–1600 °C

Table 1 Experimental and calculated reduction degree (%)

CH4 flow rate
(L h−1)

O2 flow rate
(L h−1)

Experimental
(pct)

Calculated
(pct)

Residence time
(s)

300 270 83 ± 5 90 7.2

600 570 75 ± 5 80 4.9
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