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Abstract 
 

As part of the development of a novel flash ironmaking process at the University of Utah, a lab-
scale flash reactor was used to produce iron directly from iron oxide concentrate. This work tested 
the feasibility of the novel flash ironmaking process using the partial combustion of hydrogen as 
fuel and reductant. In this flash reactor, the energy required to reduce concentrate particles was 
obtained from the internal combustion of hydrogen and oxygen with complementary energy from 
electrical resistance heating to compensate for the heat loss. After the reaction shaft was 
electrically pre-heated, hydrogen and oxygen streams produced a non-premixed flame inside the 
reaction shaft. Various conditions such as flame configuration, flame power, positions of 
concentrate feeding ports, excess hydrogen amount and residence time were tested. More than 
90% reduction of magnetite or hematite was achieved at temperatures as low as 1175 oC with < 
100% excess hydrogen in <10 s of residence time. 
 

Introduction 
 

Recent developments in the ironmaking industry are mainly dedicated to reducing energy 
consumption and hazardous emissions. A novel flash ironmaking process is under development at 
the University of Utah[1-13] where hydrogen, natural gas, or coal gas is used as the reductant and 
fuel in a gas-solid flash reactor. In this process, iron is produced directly from iron oxides 
concentrate particles without the need of pelletization, sintering or coke reducing energy 
consumption and CO2 emissions significantly. As part of the continuing effort to develop this 
process, a flash reactor was built and utilized to produce iron from iron oxides using the partial 
combustion of hydrogen as fuel and reductant. This was the first flash reactor used for the 
experimental realization of the flash ironmaking process where fuel/reductant is partially 
combusted in an oxy-fuel flame. 
The factors affecting the extent of the reduction of iron oxide are mainly the nominal particle 
residence time and the reductant excess driving force. Also tested in this work, two different flame 
configurations two concentrate feeding ports. This work is important in understanding the process 
as well as developing pilot and industrial reactors. 
 

Experimental Work 
 
Two types of iron oxide concentrates were used in this work: magnetite and hematite ore. Both 
concentrate particles used were of irregular shapes or mean particle sizes of < 40 μm. Magnetite 
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concentrate was from the Mesabi Range of the U.S. The hematite concentrate came from the 
Yuanjiacun Range, Shanxi Province, China.  
Figure 1 shows the apparatus used in this work. The apparatus consisted of a vertical electrically 
heated furnace housing the reactor tube, an electric power control system, gas delivery lines, and 
pneumatic powder feeding system. The reactor tube was made of stainless steel 316 with 8.7” ID 
and 84” long. The furnace was electrically heated by six SiC heating elements grouped into two 
series and controlled by two SCR controllers with a maximum temperature of 1200 °C. 
Temperature was monitored inside the reactor tube at various locations and outside around the 
reactor body. Temperature and power were monitored and controlled with the aid of computer. 
The powder feeding system consisted of a syringe pump, vibrator, carrier gas line, powder 
container, and powder delivery line. The system was heated up under nitrogen flow until the 
temperature reached 1150 °C measured at depth 30” along the vertical axis of the reactor tube, 
nitrogen was switched to hydrogen with the predetermined flow rate then oxygen was introduced 
to the system to start the flame. Nitrogen was flowed through the powder feeder lines to carry the 
powder into the reactor. The flame ignition was indicated by an increase in the temperature 
measured by thermocouple placed near the burner nozzle. The system then was heated by both the 
flame and the electric power until the temperature at 30” is 1200 °C. The electric power was 
controlled to maintain the 30” measured temperature within 1205 ± 5 °C. Temperature profiles 
were measured for the reactor in order to define the reaction zone. The profiles were measured 
along the center of the reactor tube and close to the inner walls of the tube. All the profiles were 
measured while feeding powder under typical experimental conditions spanning wide range of 
flame power with and different flame configurations. The reaction zone was defined where the 
temperature is 1175 ± 25 oC and it was of 27”length. The radial variation in the temperature was 
negligible. 
The powder was fed to the system at a constant rate of 0.12 - 0.24 ± 0.006 kg/h. The particles were 
fed through the upper flange of the system either through the center of burner (namely burner 
feeding) or through two inlets on the side of the burner (namely two side feeding) as shown in 
Figure 2. When feeding was through the burner inlet, the feeding rate was 0.12 kg/h whereas in 
feeding through the two side inlets the feeding was 0.06 kg/h through each inlet with a total feeding 
rate of 0.12 kg/h. 
Hydrogen flow rates were varied in the experiments to vary the nominal particles residence time 
inside the reaction zone. The amount of oxygen fed was varied to control the % excess driving 
force (EDF) for the reduction reaction [9, 13]. The flow rates of hydrogen and oxygen gases were 
controlled using accurate mass flow controller while the nitrogen gas flow rates were controlled 
using rotameters. 
Reduced particles samples were collected at the end of the reactor tube where a stainless steel bowl 
was used for collection the powder. The samples were analyzed using ICP-OES to determine the 
reduction degree. The nominal residence time of the particles, excess driving force (% excess 
hydrogen) and the reduction degree calculations can be found elsewhere [9, 13].  
The flame configuration inside the reactor was changed in some experiments by swapping the 
hydrogen and oxygen feeding ports in the burner nozzle. In the new flame configuration oxygen 
flow surrounds hydrogen feed stream. The old flame configuration had the two gas streams 
reversed. When the concentrate is fed through the center tube, the new configuration prevents the 
particles from being heated excessively and melting as shown by temperature contours in the two 
simulated configurations shown in Figure 3.  
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Figure 1. Schematic diagram for the lab-scale flash reactor used in this work. 

 
Figure 2. Powder feeding modes: (a) burner and (b) Two side-feeding. 

 

 
Figure 3. Flame configuration and temperature contours: (a) old configuration and (b) new 

configuration. 
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Results 
 

Magnetite Concentrate 
 
The aim of the experiments performed on the flash reactor was to investigate the conditions that 
yield the highest reduction degree of the magnetite concentrate particles.  Various combinations 
of particles residence time, excess driving force, feeding ports, and flame configuration were 
studied for this purpose.  
When feeding through the two side inlets, increasing the particles residence time and the excess 
driving force increased the reduction degree as shown in Figure 4.  
 

 
Figure 4. Feeding through the two side-inlets using the old flame configuration. (a) Effect of 

EDF on reduction degree (%) (b) Effect of nominal particle residence time. 
 
Changing the feeding port from the two side inlets to the burner inlet resulted in lowering the 
reduction degree significantly due to the particles melting and becoming round as a result of 
exposure to the high temperature in the center of the flame, as shown in Figure 5. As shown in 
Figure 3(a), the temperature at the center of the flame where the particles are fed in the burner 
feeding mode using the old flame configuration reaches 2600 K. Melting and rounding reduces 
the active sites on the particles as compared with side feeding where the particles retain their 
irregular shape and reactivity that produced higher reduction degrees. 
 

 
Figure 5. SEM micrograph for samples obtained with H2 flow rate = 60 L/min and O2 flow rate 

= 9.7 L/min and feeding through (a) side (RD = 63%) and (b) burner feeding (RD = 53%). 
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Under the same hydrogen flow rate, the flame power increases with oxygen flow rate. As 
mentioned earlier the particle nominal residence time is mainly controlled by the gas flow rates in 
this experiment. This means the power of the flame (directly linked to the flame temperature) 
increases with the decrease in residence time under the same excess driving force and temperature. 
For example, at 1175 ºC and EDF of 0.5, flow rates of hydrogen 60 L/min and 9.7 L/min of oxygen 
(nominal particle residence time of ~ 1.9 s), respectively, generated higher flame power than that 
the hydrogen flow rates of 20 L/min and 2.9 L/min of oxygen (nominal particle residence time of 
~ 4.6 s). In the former case, the high flame power results in increasing the particles temperature in 
the reaction zone and subsequently increased the reduction degree of the particles (RD = 60%, 
although shorter residence time, 1.9 s) as compared with latter case with the lower flame power 
(RD = 30%, although longer residence time, 4.6 s) as shown in Figure 6.  
Changing the flame configuration by swapping the hydrogen and oxygen inlets ports resulted in 
changing the temperature profile at the top of the reactor. When feeding through the two side inlets, 
the particles experience higher temperature compared to the old flame configuration specially for 
higher flame power experiments where the H2 flow rate is (40-60 l/min) and EDF = 0.5 as shown 
in Figure 7. 
In burner feeding with the new flame configuration, the temperature in the center of the flame was 
lower (see Figure 3(b)) than in the old flame configuration (see Figure 3(a)). Thus, particle melting 
was not evident; rather the particles retained their irregular shape even when passing through the 
flame. Figure 7 shows the change in the reduction degree (%) with the residence time while Figure 
8 shows the change in the particles shape with the flame configuration under otherwise the same 
conditions. 
A reduction degree > 90% with % excess hydrogen driving force of less than 100 at temperature 
as low as 1175 °C and a feeding rate of ~ 0.2 kg/h in a few seconds of residence time was achieved. 

 
 

Figure 6. Reduction degree (%) vs. nominal particle residence time at different EDF when 
feeding through the burner inlet. 
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Figure 7. Reduction degree (%) vs. nominal particles residence time with EDF = 0.5 and 
different flame configurations for (a) side and (b) burner feeding. 

 

 
 
Figure 8. SEM micrographs of the powders from the collection plate from experiment with EDF 
= 0.5, particle residence time = 1.9 s, and feeding through the burner using (a) old (RD = 59%) 

and (b) new flame configurations (RD = 75%). 
 
Hematite Concentrate 
 
Hematite concentrate was used in the flash reactor and experiments were performed with varying 
the EDF, residence time, feeding ports and flame configuration. Under certain conditions hematite 
reduction degree was found to be the same or higher than that of magnetite at the same conditions 
as shown in Figure 9. More experiments are being conducted to compare hematite flash reduction 
with hematite and magnetite concentrate particles. Hematite reduction degree > 90% with % 
excess hydrogen driving force of less than 100 at temperature as low as 1175 °C and a feeding rate 
of ~ 0.2 kg/h in a few seconds of residence time was achieved. 
 

Conclusions 
 

Hematite and magnetite concentrate particles were reduced in a gas-solid flash reactor heated by 
hydrogen/oxygen flame and electric power. Hydrogen gas was utilized as a reductant and fuel. 
Different conditions were tested such as the particle residence time, excess hydrogen driving force, 
feeding ports, and flame configuration. Hematite and magnetite reduction degree > 90% were 

(a) (b) 
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Figure 9. Comparison between magnetite and hematite showing the effect of nominal particle 
residence time on the reduction degree when EDF = 0.5 for (a) burner feeding with old flame 
configuration, (b) side feeding with old flame configuration, and (c) burner feeding with new 

flame configuration. 
 
achieved at a temperature as low as 1175 °C with % excess hydrogen driving force of less than 
100 %  and a feeding rate of ~ 0.2 kg/h in a few seconds of residence time. Melting was found to 
decrease the reduction degree.  
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