a9y United States
12y Patent Application Publication o) Pub. No.: US 2021/0395844 Al

GREEN et al.

US 20210395844A1

43) Pub. Date: Dec.

23, 2021

(54)

(71)

(72)

(21)

(22)

(62)

(60)

FLASH IRONMAKING DROP TUBE
FURNACE SYSTEM

Applicant: AMERICAN IRON AND STEEL
INSTITUTE, Washington, DC (US)

Inventors: Edward GREEN, Sewickley, PA (US);
Danvang LI, Pittsburgh, PA (US)

Appl. No.: 17/462,271
Filed: Aug. 31, 2021

Related U.S. Application Data

Division of application No. 16/384,015, filed on Apr.

15, 2019.

Provisional application No. 62/717,043, filed on Aug.

10, 2018.

200

T
"
T
.
l\-\'-\'l_'
e
.

.

.r'
L
F L

e |
i -
ey a--——..--.- —_— 'Ir.-‘\

- — e
s

4
L

- -
—

-"‘"n-..l'

\
\
\
\
|
}'fiii

LY - B
=ie]
— ——— "

TR
L Bl

T S T =T h s T = b
saihi bttt

P R T T

T

P AT TR
Tt !

-------
rrrrrrr

|||||||
|I L e 4

244

e BB SRRl

o IR H | HE ] [
||II ] LJI-:TiTJﬂI i'

Publication Classification

(51) Int. CL.

C21b 13/00 (2006.01)

(52) U.S. CL
CPC ... C21B 13/0026 (2013.01); C21B 2100/66

(57) ABSTRACT

(2017.05)

A flash 1ronmaking method 1s for use with a drop tube

furnace that includes a susceptor and a mu:

1le. The method

includes feeding particles 1nto the drop tube furnace, 1ntro-
ducing hydrogen gas into the drop tube furnace so that 1t
flows parallel to the falling particles, heating a susceptor
using 1nduction heating, so that the particles are heated as

t

ey Tall through the susceptor, heating a mu

t

Tle, to maintain

ne temperature of the particles as they fall through the
mutflle, and cooling the particles and hydrogen gas after they
pass through the mutfile.
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Fipure 8
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FLLASH IRONMAKING DROP TUBE
FURNACE SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application 1s a divisional of U.S. application

Ser. No. 16/384,015 filed on Apr. 15, 2019, which claims
priority to U.S. Provisional Application No. 62/717,043,
filed on Aug. 10, 2018, both of which are incorporated by

reference herein in their entirety.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with government support
under Cooperative Agreement No. DE-EE00035751 awarded
by the Unmited States Department of Energy. The government
has certain rights 1n the invention.

BACKGROUND OF THE INVENTION

Field of the Invention

[0003] The present disclosure relates to a method and
apparatus for reducing iron ore to 1ron, and more specifically
to method and apparatus for reducing particles of iron ore to
iron using a tlash ironmaking process.

Description of the Prior Art

[0004] There are two main chemical reductants employed
when reducing 1ron ore to ron. These are hydrogen (H2) and
carbon monoxide (CO). In a conventional blast furnace, CO
1s the main reductant. More specifically, a conventional blast
furnaces uses coke, and the oxygen 1n air, steam, or water
combines with the carbon in the coke to form CO. More
modern DRI (Direct Reduction Iron) furnace systems use a
combination CO and H2 to reduce the iron ore to 1ron.

[0005] The chemical reactions are as follows:

Fe,0,+CO=3Fe0+CO,
FeQ+CO=Fe+CO,
Fe,0,+H,=3FeO+H,0

FeO+H,=Fe+H,O

[0006] In a blast furnace, the iron oxide (together with
fluxes, such as limestone, and the requisite amount of
carbon) passes down through the furnace countercurrent to
a blast of air. As described 1n U.S. Pat. No. 3,822,125, this
results 1n several problems. First, the carbon (in the form of
coke) has to be 1 lump form, because otherwise 1t gets
blown out of the blast furnace by the countercurrent blast of
air, thereby presenting a problem of dust loss and particulate
emission. In addition, coke can be produced only from
certain coals, which are known as coking coals and which
are considerably more expensive than non-coking coals. The
cost may be further increased by transportation of the coke
from a distance. The cost of the coking operation adds to the
overall expense and presents increasingly serious problems
ol emissions.

[0007] For similar reasons as to why the coke must be 1n
lump form, the 1ron bearing raw material likewise must be
in lump form. If the raw material 1s finely divided, then like
the coke 1t 1s blown out of the blast furnace by the coun-
tercurrent blast of air. The need for the raw material 1n a blast
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furnace to be 1 lump form raises a number of practical
problems, particularly with 1ron oxide concentrates from
lower grade ores, such as taconite, which are becoming
increasingly important sources of 1ron ore in many parts of
the United States. These concentrates (for example concen-
trates from magnetic taconites) contain relatively fine par-
ticles because 1t 1s necessary to employ fine grinding to
liberate the 1ron oxide values. Such fine particulate material
1s completely unsuitable for blast furnace use, and so it has
been necessary to agglomerate the finely divided 1ron oxide
material 1nto sintered pellets or briquettes. As a result of the
above-mentioned problems, reduction of finely divided con-
centrates without pelletizing has not achieved widespread
use, and processes using the old style blast furnaces are still
the major ones for 1ron ore reduction. The cost of the
pelletizing or briquetting, while not prohibitive, 1s neverthe-
less substantial and reduces the economic value of the low
grade 1ron ores.

[0008] The more modern DRI furnace systems perform
ore reduction using a counterflow syngas stream to reduce
the ore without melting 1t. The counterflow gas stream 1s
subject to the same 1ssues as the blast furnace discussed
above, where 1t 1s necessary to perform pelletizing or
briquetting of the ore to prevent the ore particles from being,
blown out of the furnace.

[0009] In view of the problems discussed above, other
processes for reducing iron ore to 1ron have been mvesti-
gated. For example, the aforementioned U.S. Pat. No. 3,822,
125 discloses a flash rronmaking system for reducing falling
particles containing iron ore to iron. Similarly, U.S. Pat. No.
4,062,673 discloses a flash smelting system for reducing
falling particles contaiming 1iron ore to iron 1n a vertical shaft.
However, these prior art systems suller from various draw-
backs that prevent them from being economically viable
systems for large-scale 1ron production. For example, such
systems may become too hot such that the particles melt,
they may sufler from clogs, they use a dense particle curtain
in which particles strike each other, disrupting their respec-
tive paths and possibly causing particles (which may be
magnetic) to stick to the sides of the vertical shaft and cause
clogs.

[0010] In another field, a system developed at Sandia
National Laboratories uses falling particles of sand to absorb
and store solar energy. However, this system likewise uses
a dense flow because 1nteraction among the falling particles
1s acceptable for the purpose of absorbing the solar energy.

[0011] Another technique mvestigated for flash 1rronmak-
ing mvolves the use of a graphite susceptor heated by
induction heating. For example, the graphite susceptor is
contained 1n a glass jar surrounded by coils to perform
induction heating. Materials 1n the form of metal rings or
bars are heated while resting on the graphite susceptor. FIG.
9 shows an example diagram of such a system, which
includes a ceramic base plate 10, a quartz bell jar 20, a
graphite susceptor 30, and a four-turn helical coil 40 sur-
rounding the quartz bell jar. As will be apparent from FIG.
9, this type of system 1s not suitable for large-scale iron-
making, since only the materials resting on the graphite
susceptor are heated.

[0012] Thus, although various techniques have been used
and/or investigated for making 1ron, there remains a need for
a method and system that can reduce 1ron ore to iron 1n an
eflicient manner even when the raw material 1s 1n the form

of fine particles.
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SUMMARY OF THE INVENTION

[0013] According to a preferred embodiment, the present
invention 1s directed to a flash rronmaking method in which
particles containing iron ore are converted to iron while
falling 1n a dilute curtain that 1s heated by indirect heating.

[0014] More specifically, according to one aspect of a
preferred embodiment, a flash 1ronmaking method can be
performed using a flash ironmaking drop tube furnace that
includes a primary reaction section having a refractory, an
induction coil around the refractory, insulation located
between the refractory and the induction coil, and a suscep-
tor located inside the refractory, the susceptor being formed
of a material that 1s heated by induction when electrical
current flows through the induction coil, and having at least
one interior channel through which particles can pass. The
turnace further includes a mutlle, located below the primary
reaction section; an outer shell surrounding the muflle; at
least one heater located adjacent to the mutlle; insulation
located between the at least one heater and the outer shell;
at least one particle feeder that feeds a predetermined
volume of particles mto the furnace above the primary
reaction section; and an inlet port for injecting gas into the
furnace, the inlet port being located so that the gas flows
through the susceptor and muftlle in parallel with the par-

ticles.

[0015] According to another aspect of a preferred embodi-
ment, a flash rronmaking drop tube furnace system includes
a primary reaction section having a refractory, an induction
coil around the refractory, insulation located between the
refractory and the induction coil, and a susceptor located
inside the refractory, the susceptor being formed of a mate-
rial that 1s heated by induction when current flows through
the induction coil, and having at least one interior channel
through which particles can pass. The system {further
includes a mutlle, located below the primary reaction sec-
tion; an outer shell surrounding the muflle; at least one
heater located adjacent to the mutllle; insulation located
between the at least one heater and the outer shell; a particle
teeder that feeds a predetermined volume of particles into
the furnace system above the primary reaction section; an
inlet port for injecting gas into the furnace system, the inlet
port being located so that the gas flows through the susceptor
and muflle 1n parallel with the particles; and a particle
preheating section that preheats the particles before the
particle feeder feeds them into the furnace system.

[0016] According to still another aspect of a preferred
embodiment, a tlash rronmaking method comprises feeding
particles ito a drop tube furnace; introducing hydrogen gas
into the drop tube furnace so that 1t flows parallel to the
talling particles; heating a susceptor using induction heating,
so that the particles are heated as they {fall through the
susceptor; heating a mutlle, to maintain the temperature of
the particles as they fall through the muflle; and cooling the
particles and hydrogen gas after they pass through the
mutille.

[0017] Further aspects of the present invention will be
understood from the detailed description of preferred
embodiments below, taken 1n conjunction with the accom-
panying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 1s a Fe/FeO equilibrium diagram showing
the equilibrium lines of H,O/H2 and CO.,/CO.
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[0019] FIG. 2 shows a vertical cross-section of a portion
ol a furnace system according to one preferred embodiment.
[0020] FIG. 3 shows a horizontal cross-section of a por-
tion of a furnace system according to one preferred embodi-
ment.

[0021] FIG. 4 shows one preferred embodiment of a rotary
valve for mtroducing particles mto the top section of the
furnace.

[0022] FIG. 5 shows one preferred embodiment of a
complete furnace system.

[0023] FIG. 6 shows the interior of a cooling panel accord-
ing to one preferred embodiment.

[0024] FIG. 7 shows a vertical cross-section of the reactor
outlet heat exchanger showing the cooling path.

[0025] FIG. 8 1s a flow chart showing a method for
reducing 1ron ore to iron according to one preferred embodi-
ment.

[0026] FIG. 9 shows a prior art system for heating mate-
rials resting on a graphite susceptor using induction heating.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(1]

[0027] According to one preferred embodiment, the flash
ironmaking method and system described herein reduces
iron oxide ores 1n particle form or concentrate to iron while
the particles are falling through a drop tube furnace with a
parallel flow of reducing gas, instead of a counterflow of air
or gas as described above with respect to blast furnace and
DRI techniques. By using parallel gas flow, the drawbacks
described above due to a countercurrent are avoided. For
simplicity, 1n the remaining portion of the text the 1ron oxide
will be referred to as FeO, although 1t should be realized that
in the case of beneficiated 1ron concentrates from magnetic
taconite, for example, the 1ron oxide i1s largely magnetite,
hematite or other iron oxide. For the functioning of the
preferred embodiment described below, 1t does not make any
difference whether the iron oxide 1s magnetite, hematite or
another iron oxide. Although the ideal proportions of the
reactants varies with the chemical makeup of the particular
iron oxide used as a raw material 1n the process, this
proportion can be easily varied depending on the source.
[0028] It1s well known that the reactions for reducing iron
ore to 1ron are endothermic and heat must be added to the
system to sustain the reactions. FIG. 1 1s a Fe/FeO equilib-
rium diagram showing the equilibrium lines of H,O/H2 and
CO,/CO. From FIG. 1 1t can be seen that CO 1s more
cllective at reducing iron ore at low temperatures than 1t 1s
at high temperatures. On the other hand, it can be seen that
H, 1s more eflective at reducing iron ore at high temperatures
than 1t 1s at low temperatures. The crossover at which CO
and H, are equally eflective at reducing iron ore to iron
occurs around 825° C. Furthermore, it 1s well known that the
rate of chemical reaction generally increases as the tempera-
ture 1s increased, and the reduction of iron ore to 1ron 1s not
an exception to this generalization.

[0029] The conversion of 1ron ore to 1ron should occur
while the 1ron ore particles are falling/suspended 1n the air
for the process to be most eflective. By the nature of the
falling process, the particles will be suspended for only
seconds and the process only has enough time to take place
at high temperatures.

[0030] From FIG. 1 it can be seen that hydrogen 1s the
preferred reductant at high temperatures. Furthermore,
hydrogen 1s preferable to CO as a reducing gas for other
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reasons. For example, using thermodynamic calculations it
can be determined that CO requires substantial excess gas to
get to chemical equilibrium and this excess gas requires
significant energy to heat to temperature. Furthermore, large
quantities of CO, when cooled, form CO,+C. Deposition of
this carbon can create buildup and plugging. Moreover, the
amount of CO that forms the CO,+C reduces the available
quantity of CO for recycling, thus lowering overall system
elliciency. Therelore, one preferred embodiment of the flash
ironmaking furnace described herein uses 100% H, for
reaction purposes. However, a combination of majority H,
with a small amount of CO may be used.

[0031] One preferred embodiment of a flash ironmaking
system will be described with respect to FIGS. 2 through 7.
According to this preferred embodiment, the flash 1ronmak-
ing system has a drop tube furnace in which an 1ron ore
talling particle curtain 1s brought to the desired reaction
temperature through the use of indirect heating. More spe-
cifically, indirect heating 1s provided 1n two sections of the
furnace, namely, a susceptor (which in this preferred
embodiment 1s a graphite susceptor) and a mufile.

[0032] FIG. 2 1s a vertical cross-section of a portion of the
drop tube furnace system according to this preferred
embodiment. As shown i FIG. 2, a susceptor 200 is
contained within a refractory 210 having insulation 215. In
this preferred embodiment, the susceptor 200 1s made of
graphite. An induction coil 220 surrounds the refractory 210,
insulation 215, and susceptor 200. Below those elements 1s
a muille 230 that 1s surrounded by insulation 240. Outside of
the insulation 240 are heaters 250, which may be, for
example, induction heaters or resistance heaters. As shown
in FIG. 2, curtains of particles (260) containing 1ron ore pass
through the susceptor 200, and hydrogen gas 270 also passes
through the susceptor in the same direction as the falling
particle curtains 260. (While plural particle curtains are
shown and discussed with respect to the preferred embodi-
ment, those skilled 1n the art will appreciate that a single
particle curtain could be used.) After being heated by
indirect heating i1n the susceptor 200, the falling particles
continue down through the muflle 230. The interior of the
muille 230 forms a reaction section 280 in which the
reaction to transform the iron ore particles to 1ron continues.

[0033] As mentioned above, the system includes a sus-
ceptor 200, which 1s a graphite susceptor in this preferred
embodiment, but it could be made of some other high-
temperature electrically conductive material. In operation,
susceptor temperature can be around 1500° C., and therefore
a suitable material such as graphite 1s needed that can
withstand such high temperatures. FIG. 3 shows a horizontal
cross-section of the system through the susceptor 200. The
induction coil 220 used to heat the susceptor 200 cannot
withstand high operating temperatures, so it must be ther-
mally insulated from the process. It 1s 1nsulated from the
process by a combination of the refractory 210 and 1nsula-
tion 240. In this preferred embodiment, the insulation 240
takes the form of thermal 1nsulating blankets.

[0034] Heating of the particles 1n particle curtains 260
occurs as follows. The graphite susceptor 1s immersed 1n the
hydrogen/FeO particle stream. The electromagnetic waves
from the induction coil 220 interact with the graphite
susceptor 200, causing 1t to heat up. However, the electro-
magnetic waves pass through the refractory 210 and 1nsu-
lation 240 unmimpeded. The FeO particles are heated by the
graphite susceptor 200 by radiation heating, and the refrac-
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tory 210 1s likewise heated by the graphite susceptor 200 by
radiation heating. The hydrogen gas 1s heated by the graphite
susceptor 200 and the refractory 210 by convective heating.
(In other words, the particles 1n the particle curtains 260 do
not contact the susceptor 200 or the refractory 210, but the
hydrogen gas does contact the surfaces of the susceptor 200
and the refractory 210 as 1t flows past them.)

[0035] By heating using induction, several issues that
occur with combustion heating are overcome. For example,
combustion creates H,O, which limits the reaction by
chemical equilibrium. When combustion 1s employed, a
large excess of hydrogen or carbon monoxide 1s required to
overcome the equilibrium limit to complete the reaction.

[0036] The time that 1t takes the particles to fall through
the high temperature section of the furnace is referred to as
the residence time. While primary heating of the particles to
commence the reaction occurs in the section of the furnace
containing the susceptor 200, the particles pass through this
section 1n a very short amount of time. Accordingly, the
muiflle 230 1s provided to increase the residence time by
allowing the reaction to continue as the particles fall through
the muflle 230. The reaction section 280 of the mutile 230
can be 25 feet 1n length or longer, and preferable has smooth
straight walls. The mutile 230 1s preferably formed of carbon
composite or some other high-temperature, thermally con-
ductive material, due to the high operating temperature.
Furthermore, the mullle should have enough structural
strength to hold 1ts shape and to support itself with only
some structure for centering and holding insulation. The
heaters 250 (for example, resistance heaters or induction
heaters) are installed on the outside of the muille 230 to
provide additional heating, 1n order to counteract environ-
mental losses or the losses from the endothermic chemical
reactions. The heaters 250 can also be set up to create
different temperature zones 1n the muflle 230, 1f desired.

[0037] The particles in the particle curtains 260 are falling
at about 1 m/s. Because the particles are falling, the time
during which they will be passing through the heating
sections to be heated, during which the reaction must occur
(1.e., the residence time), 1s limited. By using a high tem-
perature and adding excess hydrogen, it 1s possible to
achieve a residence time of only 2 seconds and achieve 95%
metallization. However, such a configuration 1s less energy
cilicient than other configurations. Therefore, it 1s preferable
that the residence time be less than or equal to 10 seconds
(although 1t could be increased to 15 seconds by extending
the length of the furnace shatt).

[0038] There are a number of factors and elements that
help to enhance the 1ronmaking method according to this
preferred embodiment. One factor 1s that the FeO particles
are small 1n size, so that the reaction can be completed 1n a
short residence time, 1.e., in the duration of time 1t takes the
particles to fall through the high temperature section of the
furnace. Preferably, the particle or concentrate size 1s 1n the
range of 5 microns to 50 microns, although slightly larger
sizes can be used by increasing excess hydrogen and/or
extending the length of the furnace to increase the residence
time. In the preferred embodiment, the average particle or
concentrate size 1s generally on the order of 35 microns or
less. Because the particles converted by the drop furnace can
have sizes with this order of magnitude, it 1s possible to use
fine FeO concentrates, such as those made from low grade
ores (such as taconites), without the additional expense of
sintering or pelletizing. Particle size 1s assessed by sending
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a sample to a laboratory equipped with a particle counter.
Sampling 1s generally done at least once for each mine the
ore 1s purchased from. It 1s possible to use material other
than virgin FeO concentrate. For example, 1n other aspects
of the 1ron industry “Fines” are created from material
handling of DRI pellets and briquettes. These fines are
currently transported for disposal, but they can be recovered
and used in the flash 1ronmaking process. The fines are
generally coarse 1n nature with a wide range of sizes from 5
micron to %4" inch. These fines can be sent through a
grinding operation just as the taconite ore and they are
processed to a 5 to 50 micron size that i1s preferred for the
flash rronmaking system described 1n this preferred embodi-
ment.

[0039] Another factor 1s that the particles while falling
should be spread apart for an even, dilute flow (as opposed
to a dense flow). The particle curtains should ensure that the
stream of particles 1s spread evenly, because slugs of flow
will cause localized shortages of reaction gas that will not
allow all particles to be reduced. Furthermore, in the pre-
terred embodiment the particle curtains are located roughly
midway between susceptor walls, to obtain even radiation
heating of the particles and even heat removal from each
wall.

[0040] Locating the falling particle curtains 260 approxi-
mately midway between susceptor walls helps to avoid
various potential problems. As mentioned above, the par-
ticles are heated by the susceptor 200 via radiation heating.
I1 the positions of the particle curtains 260 were not con-
trolled, particles could fall 1n a cloud with some touching the
wall, some just off the wall, and some midway between the
walls. In this situation, the particles would not be heated
evenly. The particles touching the wall can reach the wall
temperature, which can be 100° C. or more above the gas
temperature, and the particles midway between walls would
be at the lowest gas temperature. The 100° C. temperature
difference between particles could lead to some particles
melting while other particles do not complete the reaction
for a given residence time. Using particle curtains located
midway between the walls provides even heating for all
particles such that the reaction temperatures are 1n a tightly
controlled temperature band. The falling particle curtains
can also be positioned at least a desired a mimimum distance
ofl the muille walls so that any additional heating that may
be done 1n the muftlle will heat all particles evenly. The
particle curtains can further be positioned at least a desired
mimmum distance from the mufille walls, to prevent FeO
particles from colliding and sticking to the muiflle wall.

[0041] To obtain dilute particle curtains, the particles are
introduced into the drop furnace above the susceptor 1n a
metered fashion. Preferably, the particles are introduced
with a volume flow rate in the range of Vis teaspoon per
second per inch of curtain length (tsp/s/in) to 1 tsp/s/in, and
more preferably with a volume flow rate 1n the range of '3
tsp/s/in to 12 tsp/s/in. In the preferred embodiment being
described currently, the particles are introduced 1nto the drop
furnace at a volume tlow rate of %4 teaspoon per second per
inch to obtain the desired dilute flow. More specifically, 1n
this preferred embodiment the particle curtains are created
using a rotary particle feed valve 400. A preferred embodi-
ment of the rotary particle feed valve 400 1s shown 1n FIG.
4. As shown 1n FIG. 4, a particle curtain 1s formed using a
rotating rod 410 that rotates about an axis 420. The rod 410
has many small grooves 430 machined into its outside
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surface, which run parallel to the axis 420. The grooves 430
hold a small volume of particles that 1s easily calculated (for
example, by the length and depth of each groove). Particles
in an inlet slot 440 fill the grooves and, as the rod 410
rotates, the particles are carried to a discharge slot 450 and
fall into the furnace system. By controlling the speed of
rotation or rod 410, the number of grooves opening nto the
discharge slot 450 1n a given time period will control the
FeO volume tlow rate.

[0042] It 1s important to control the FeO volume flow rate
both to ensure a dilute flow and to know the volume of
particles being introduced into the furnace system. That
volume must be known because the proportion of hydrogen
gas to FeO volume flow rate 1s important. If there 1s too
much FeO relative to the amount of hydrogen gas, then the
reaction for all FeO cannot be completed 1n the residence
time. On the other hand, 11 there 1s too much hydrogen gas
relative to FeO, then heating energy will be wasted heating
the flow without anything to react with.

[0043] Although there should not be too much hydrogen
gas relative to the amount of FeO, there must be enough
excess hydrogen available to complete the reaction during
the residence time. The chemical reactions for reduction and
oxidation are reversible, and for each set of operating
conditions there 1s an equilibrium point at which neither
oxidation nor reduction 1s occurring. At this equilibrium
point both hydrogen (H,) and water (H,O) will exist and as
such the reduction requires more hydrogen than will react.
As the ratio of product (H,O) divided by the reactant (H,)
approaches this equilibrium point, the rate of reaction
decreases, and as the ratio of H,O/H, moves away from this
equilibrium point, the rate of reaction increases (refer to
FIG. 1). Accordingly, it 1s important to have some excess
hydrogen to complete the reaction during the residence time,
and the exhaust gas will contain substantial hydrogen gas.
The exhaust gas may be recycled by condensing the water
out and performing minimum cleanup, for example, 1n a
pressure swing absorber or a temperature swing absorber, to
improve elliciency and economics.

[0044] One preferred embodiment of a complete flash
ironmaking drop tube furnace system 300 will be described
with respect to FIG. 5. In this preferred embodiment, the
furnace system 300 includes a particle inlet 301, an inlet
lock hopper 502, a particle heat exchanger 503 for preheat-
ing particles, a coolant inlet 504 to inject coolant into the
particle heat exchanger 503, a coolant outlet 503 to remove
coolant from the particle heat exchanger 503, a rotary
particle feed valve 506 for discharging iron ore particles in
a metered particle curtain, hydrogen inlet(s) 507 for intro-
ducing hydrogen into the furnace, a reactor head 508, a
hollow susceptor 509, a refractory 510, insulation 511, an
induction coil 512, a muflle 513, an outer shell 514, resis-
tance heaters 515, insulation 516, a reactor outlet heat
exchanger 517, an outlet 518 for coolant for the reactor
outlet heat exchanger 517 to cool the particles and the
exhaust gas, an inlet 519 for coolant for the reactor outlet
heat exchanger 517, a high efliciency cyclone separator 520
to separate the particles from the exhaust gas, an outlet 521
for exhaust gas from the cyclone separator 520, an outlet
lock hopper 522, a bagging machine 523, and an outlet 524
for particles from the bagging machine 523.

[0045] According to a preferred embodiment, FeO par-
ticles are processed using furnace system 500 as follows.
FeO particles are introduced into the furnace system 500 via
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the inlet 501. The lock hopper 502 provides a means to
exchange hydrogen with air when the particles are ijected
into the system. The lock hopper 502 1s incorporated at the
inlet 501 of the system to help perform an air-hydrogen
exchange. This 1s well-known technology practiced within
the industry to prevent leakage into or out of systems
containing explosive gases.

[0046] More specifically, an internal valve (not shown)
between the lock hopper 502 and the particle heat exchanger
503 1s closed, and then an internal valve (not shown) of the
lock hopper at the side nearest inlet 501 1s opened. Dried and
slightly warmed FeO particles are injected into the lock
hopper 502. After the lock hopper 502 1s filled to the desired
level, the internal valve of the lock hopper at the inlet 501
1s closed so that no transfer of particles 1n or gas out of the
inlet 501 can occur. CO, or another inert gas then pressurizes
the lock hopper 502 while the air carried 1n with the particles
1s vented out.

[0047] Hydrogen 1s then injected into the lock hopper
while the CO, 1s vented out. All vents are closed, and the
internal valve (not shown) between the lock hopper 502 and
particle heat exchanger 503 is then opened to allow the FeO
ore to drop into the particle heat exchanger 503. The internal
valve between the lock hopper 502 and the particle heat
exchanger 503 1s then closed and the FeO 1njection process
1s repeated.

[0048] The process 1s enhanced by preheating of the
particles. There are several types of particle heat exchangers
available that can preheat the particles. The heat exchanger
used 1 one preferred embodiment 1s similar to a vertical
shell and tube heat exchanger with the particles flowing
down through the tubes and the heating fluid flowing on the
shell side of the tubes. Due to the large temperature differ-
ence 1n the heat exchanger, expansion joints are incorporated
into this heat exchanger. Other examples of heat exchangers
include a vertical series of plate exchangers or coiled tubes
inside the hopper.

[0049] The FeO ore 1s filled above the top of the particle
heat exchanger 503 so that it feeds all heat exchange
passageways evenly. Hot coolant enters the bottom of the
particle heat exchanger 503 at inlet 504 countertlow to the

particles. The coolant then exits the particle heat exchanger
at the outlet 505.

[0050] The FeO ore leaves the particle heat exchanger 503
and completely fills the cavity above the rotary valve 506. In
this preferred embodiment, two rotary valves rotating in
opposite directions are used to form two particle curtains.
Each rotary valve 506 has numerous small grooves on the
outside surface of a rotating rod, and the rod 1s rotated with
a variable speed motor (not shown). The grooves are filled
at the 12 o’clock position of the valve by the gravity feed of
the particles above. As the valve rotates past the 3 or 9
o’clock positions, depending on direction of rotation, the
particles fall out of the grooves and form the beginning of
the particle curtains. The speed of rotation of the rotary valve
controls the volume of particles injected 1nto the reactor, and
this speed 1s set to maintain a constant injection for an
evenly loaded particle curtain. The particles are guided with
rectangular ducts to a point just entering the graphite sus-
ceptor 509.

[0051] With respect to the hydrogen gas, the hydrogen is
preheated outside the reactor mn a heat exchanger (not
shown) using hot coolant from the bottom of the reactor.
Hydrogen 1s injected into inlets 507 in the reactor vessel
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head 508. The velocity of the hydrogen is controlled such
that 1t enters the susceptor 509 1n a smooth laminar flow so
as not to disrupt the particle curtain. The FeO particle curtain
can fall 30 feet or more in the hot section of the reactor (that
1s, the susceptor and the mutlle) and an additional 25 feet or
more 1n the cooling section of the reactor. If the gas flow 1s
laminar and the FeO particles are very small and the
calculated stokes number 1s much less than 1 and the
particles are 1in dilute flow phase, the FeO particles will
follow the streamlines of the hydrogen gas. Without turbu-
lence, the highest velocity 1s midway between walls and
there 1s very little force to pull the particles to the wall,
where they may stick and create plugging 1ssues.

[0052] The susceptor 509 (made of graphite in this pre-
ferred embodiment) 1s rectangular shaped and formed to
hold two particle curtains. The outside rectangle of the
graphite susceptor 309 1s magnetically coupled with the
induction coil 512 such that the magnetic waves induce
current in the susceptor 509 that heat the outside walls of the
susceptor 309. These hot walls then radiate heat to the center
wall of the susceptor 509 and to the surrounding wall of the
refractory 510. The FeO particles drop through the interior
of the susceptor 509 and they are heated to temperature by
radiated heat as they fall. The hydrogen gas tlows both inside
the susceptor 509 and outside the susceptor 9 and within the
walls of the refractory 10, and the hydrogen gas 1s heated by
convection from all the walls that 1t flows past.

[0053] The induction coil 512 cannot withstand the high
operational temperature so 1t 1s insulated with insulation
511, which can be formed of, for example, various types of
block or felt. By the time the FeO particles and H, gas get
to the bottom of the susceptor 509 they are at operational
temperature. The particles continue falling into the next
section of the reactor, 1.e., the mufile.

[0054] The mutlle 513 1s a vertical, straight, smooth-sided
rectangular tube that contains the gas and the particles. The
reduction reaction begins while falling through the susceptor
509, but the majority of the reduction from FeO to Fe occurs
while the particles are falling through the mutile 513. In the
preferred embodiment, the particles are heated to a desired
reaction temperature of about 1150° C. to 1325° C. 1n the
susceptor. The time 1t takes for the reaction to complete
(residence time) 1s controlled by the temperature, the hydro-
gen to particle ratio, and size of the particles. It 1s an
endothermic reaction that requires heat to be added to
maintain the temperature of reaction. Heat can be added by
zone heating the muille 513 using resistance heaters 515.
Alternatively, the muflle can be heated with another type of
heater such as induction heaters. The heaters 515 also help
make up the environmental losses through the insulation 516

and the outer shell 514.

[0055] Adfter the reaction 1s complete, the particles (now
Fe) and exhaust gas (H, and H,O) enter the reactor outlet
heat exchanger 517. The reactor outlet heat exchanger 517
1s used to cool the particles and gas while still falling. The
iron particles will agglomerate when 1n contact with one
another at temperatures above 600° C. If the particles
agglomerate they can cause buildup and plugging of the
reactor. Furthermore, the exhaust gas now contains both H,
and H,O, and as the flow cools 1t will cross over the
equilibrium line shown in FIG. 1 such that the exhaust gas
will begin to reoxidize the Fe back to FeO. At the lower
temperature on the oxidizing side of the equilibrium line, the
reaction 1s very slow because the temperature 1s low. The
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reoxidation will take a time period that may range from
minutes to hours, but nevertheless the particles should be
cooled quickly and the H,O removed from the flow.
[0056] According to one preferred embodiment, the reac-
tor outlet heat exchanger 517 1s made of a plurality of hollow
panels 600 that may contain fins 610 1n which the coolant
flows through interior spaces 620, as shown 1n FIG. 6. The
exhaust gas and particles flow through passages 700 formed
between exterior surfaces of the panels 600, shown in FIG.
7. The reactor outlet heat exchanger 517 can be cooled with
a variety of types of fluid, such as air, water, or other known
cooling media.

[0057] The heat exchanger 517 has four heat exchanger
passageways. The particles entering the heat exchanger 517
are still 1n the form of particle curtains, and the two particle
curtains enter two center heat exchanger passageways while
the gas 1s split across all four heat exchanger passageways.
Cold coolant fluid flows mto inlet 519, through the interior
finned passageways of the heat exchanger panels counter-
flow to the process flow, and out of outlet 518.

[0058] For economic benefit, the heat removed from the
bottom of the reactor 1s used to preheat process flows
coming into the reactor. This heat can also supplement
drying the FeO ore before entering the reactor. That 1s, the
fluid used to cool the exhaust gas and particles absorbs heat
that may be directed to the hydrogen preheater and iron ore
preheater, such that the heat removed from the reactor outlet
1s recovered and used to preheat the reactor inlet. There may
be enough heat left over atter preheating that the coolant can
be further directed to provide some heat for drying the
Incoming ore.

[0059] The process tlow exits the reactor outlet heat
exchanger 517 and enters the high efliciency cyclone 520.
The cyclone uses centrifugal force to push the particles
towards the outer walls and down to the outlet lock hopper
522. The gas, being of lighter density than Fe particles,
moves toward the center of the cyclone and up the exhaust
tube 521 where it 1s sent to gas recovery equipment to
condense the water and purily remaining H,.

[0060] The outlet lock hopper 522 1s located beneath the
cyclone and provides a place where the particles can collect
and, at regular intervals, the exhaust gas can be exchanged
with nitrogen or other inert gas. This gas exchange prevents
reoxidation of the Fe to FeO.

[0061] More specifically, in the outlet lock hopper 522, an
internal valve (not shown) between the lock hopper 522 and
the bagging machine hopper 523 is closed. When the lock
hopper 522 i1s filled to desired level, an internal valve (not
shown) between the lock hopper 522 and the cyclone 520 1s
closed. Nitrogen i1s 1njected into the lock hopper and the
hydrogen 1s vented from the lock hopper. When the venting
1s complete, all vents are closed, the internal valve between
the lock hopper 522 and the bagging machine 523 1s opened,
the Fe particles are staged for bagging.

[0062] There are various types ol bagging machines and
many types of preparation for shipment methods that can be
applied to the Fe particles at this stage. The bagging machine
523 serves to gather, protect, and store the final product for
shipping or use. In this preferred embodiment, the bagging
machine 523 uses bags made with a combination of paper
and plastic to protect the 1ron from H,O exposure (via the
plastic) and to provide handling strength (via the paper).
Additional protection for the Fe particles may be provided
by adding nitrogen into the Fe shipping container. This
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bagging system can easily be interchanged with various
other bagging systems depending on the final use of the
particles and customer desire. The material may be stored in
many types of bulk material handling containers, or alter-
natively it may be processed as CBI (cold bricked 1ron),
pellets, or heated to make HBI (hot bricked iron) or HM (hot

metal).

[0063] According to one preferred embodiment, the total
furnace system height 1s about 110 feet. That includes a
susceptor that 1s 5 feet long and a muflle that 1s 25 feet long.
This combined length of 30 feet provides a residence time of
10 seconds. The particles are heated up to the desired
reaction temperature within the first 3 feet of the susceptor,
and the reaction continues as they fall through the remaining
portion of the susceptor and the mufille. This embodiment
includes a cooling section that 1s 24 feet long, and a length
of 5 feet above the susceptor between the rotary particle
teeder and the susceptor.

[0064] A preferred embodiment of a method of reducing
iron ore to 1ron will be described with respect to FIG. 8.
(Those skilled 1n the art will appreciate that the specific steps
described below are not necessarily performed in sequence
or in the particular sequence described.) In step 800, par-
ticles are fed into the drop tube furnace. More specifically,
particles are fed into the drop tube furnace with a volume
flow rate low enough to provide a dilute particle curtain. As
described above, particles can be introduced using more
than one particle feeder (1.¢., 1n more than one location) to
provide more than one particle curtain. In step 810, hydro-
gen gas 1s itroduced into the drop tube furnace. In particu-
lar, the hydrogen gas 1s introduced so as to tlow 1n parallel
with the falling particles, and 1n such a way as to create
laminar flow that will not disturb the dilute particle curtain
(s). In step 820, inductive heating 1s used to heat a susceptor,
which 1n the preferred embodiment 1s a graphite susceptor,
The falling particles are thereby heated by an indirect heat
source as they fall through the susceptor. In particular, the
susceptor 1s heated by inductive heating and then the par-
ticles are heated by heat radiated from the susceptor.

[0065] In step 830, the muflle 1s heated to maintain the
particle temperature as the reaction continues while the
particles fall through the muflle. In the preferred embodi-
ment, the muflle 1s heated with one or more resistance
heaters, but another type of heating, such as inductive
heating, may also be used. In step 840, the particles and gas
that have passed through the susceptor and the muflle are
cooled. Then, 1n step 830, the particles are separated from
the gas, and 1n step 860 the particles are bagged.

[0066] As described above, the flash rronmaking system
and method described herein can reduce iron ore to 1ron 1n
a matter of seconds. By way of comparison, the reaction 1n
a blast furnace takes on the order of 8 hours. The reaction 1n
a DRI reactor takes on the order of 11-12 hours. (Some
techniques have been experimented with that may permit a
reaction to occur 1n a period on the order of 20-40 minutes,
but that 1s still far longer than the reaction time of seconds
achieved by the flash 1ron process.)

[0067] The present mvention has been described above
with respect to particular preferred embodiments. However,
the details of the specific exemplary embodiments should
not be construed as limitations on the scope of the invention.
Rather, the scope of the invention should be measured by the
following claims.

[
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We claim:

1. A flash rronmaking method, comprising:

teeding particles 1into a drop tube furnace;

introducing hydrogen gas into the drop tube furnace so

that 1t flows parallel to the falling particles;

heating a susceptor using induction heating, so that the

particles are heated as they fall through the susceptor;
heating a muiflle, to maintain the temperature of the
particles as they fall through the muilile; and

cooling the particles and hydrogen gas after they pass

through the muflle.

2. A flash mronmaking method according to claim 1,
wherein the heating of the muille comprises heating using at
least one resistance heater.

3. A flash tronmaking method according to claim 1,
wherein the feeding comprises feeding the particles with a
volume flow rate that produces a dilute particle curtain.

4. A flash tronmaking method according to claim 1,
wherein the feeding comprises feeding the particles into the
drop tube furnace in multiple locations to produce multiple
particle curtains.

5. A flash mronmaking method according to claim 1,
turther comprising separating the particles from the hydro-
gen gas.
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