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Abstract: A novel horizontal moving-bed ironmaking process has been developed at the University
of Utah. This process uses iron concentrate directly without sintering or pelletization and reduces it
with hydrogen in the temperature range of 500-1000 °C. The work started with the determination
of the particle kinetics, which was then combined with diffusional effects to analyze the reduction
rate of a particle bed. Based on the kinetics formulation, a mathematical model of the furnace for
the proposed technology was developed for a modest industrial ironmaking operation designed to
produce iron at a rate of 0.1 Mtpy.
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1. Introduction

In 2019, a total of 1.4 billion metric tons of crude iron was produced worldwide, and
about 92% of it was made with a blast furnace (BF) [1]. BF ironmaking that uses iron concen-
trates requires the sintering/pelletization of iron ore, coke making, and reduction in a shaft
furnace. At the current rate of production, BFs are responsible for the largest greenhouse
gas emissions of any industry [2], and the demand for steel will rise in the years to come [3].
Alternate processes that consume less energy and emit less CO, are being developed [4-9].
Some of these processes have been successfully commercialized [10] by replacing the coke
making process, lowering energy requirements and CO, emissions, and using iron ore fines
or concentrates directly without pelletization. In spite of the recent successes in alternative
ironmaking, BF technology is still the predominant industrial method.

2. Process Concept

The direct use of iron concentrates was one of the main features of the recently
developed Flash Ironmaking Technology (FIT) [4-9], which is suitable for a large-scale
ironmaking plant [4-7].

For medium-level steelmaking operations, sponge iron would make a suitable feed.
Direct use of iron concentrate with its high reactivity would be advantageous. Based on
this reasoning, a moving-bed reactor to directly reduce concentrate has been proposed [11].

3. Configuration of a Horizontal Moving-Bed Furnace

The furnace to be used for the proposed process would continuously carry iron
concentrate placed as a layer on a tray or a layer of pellets or blocks on the moving grate.
The reducing gas is fed into the reactor in a counter-current flow. The furnace may be
designed to accommodate multiple trays or layers stacked on top of each other. A sketch of
such a counter-current moving-bed reactor is shown in Figure 1.
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Figure 1. Sketch of a counter-current horizontal moving-bed reactor. p4 and pc are the partial
pressures of Hy and HyO, respectively; Gg and G; are the total input rate per unit cross-sectional area
of the reactor of gas (including hydrogen, water vapor, and inert gas, if any) and the input molar rate
per unit cross-sectional area of the reactor of solid B, respectively; y is the distance from the gas inlet;
X is the fractional removal of oxygen from iron oxide; and a represents the cross-sectional area of
the reactor.

In order to evaluate the realistic feasibility of such a moving bed for direct reduction
of iron concentrate, a quantitative analysis of its potential performance is necessary. This re-
quires information on the kinetics of reduction of concentrate particles, that of a particle bed
(including diffusional effects), and finally, a mathematical model of the moving-bed reactor.

4. Hydrogen Reduction Kinetics of Concentrate Particles

The reduction kinetics of iron ore concentrate particles were measured in the tem-
perature range expected for the proposed process using a home-made thermogravimetric
analysis (TGA) unit [12]. The magnetite concentrate used in this work was from the
Mesabi Range in the U.S. and had a size of <100 pm. Figure 2 illustrates a SEM picture of
these particles.

Figure 2. SEM micrograph of concentrate particles.

The magnetite concentrate was provided by ArcelorMittal (East Chicago, USA). The
chemical analysis of the concentrate is detailed in Table 1.
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Table 1. Chemical Composition of Magnetite Concentrate Particles.

Component Wt.%
Total Iron 70.65
5i0, 1.87
AL, O3 0.13
CaO 0.27
MgO 0.13
MnO 0.11
Cr203 0.11
KO 0.01
Na,O 0.1
TiO, 0.01
ZrO, 0.03
P 0.01
S 0.02
C 0.24
Sr 0.01

The thermogravimetric analysis (TGA) unit used to measure the rate of reduction is
depicted in Figure 3.
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Figure 3. Diagram of TGA unit.

A thin layer of particles weighing 190-510 mg was placed on a shallow sample
container. The reducing gas mixture was injected at a sufficient rate to eliminate the mass
transfer effects.

The rate equations for the hydrogen reduction of iron concentrate, formulated from
the experimental data, are given for different temperature ranges as follows:

In the range 800-1000 °C,

125,100

_ /15 3
[—Ln(1 — X)] 9.99 x 10° x exp( RT

) (pi = pro/K) X ()
In the range 650-800 °C,

[—Ln(1 — X))V =225 x 1075 x exp<64]:j)0> x (pm, — pry0/K) x t )



Metals 2022, 12, 1889

40f8

In the range 500-650 °C,

33,500
[~Ln(1 — X))V = 1.79 x exp<— o > X (pu, — PH0/K) x t ©)

where X is fractional conversion of iron oxide, R is 8.314 J-mol 'K~1, T is in K, p isin
atm, and ¢ is in seconds. It should be noted that the rate decreased with temperature in
the range 650-800 °C. This phenomenon has been observed previously [13-16] for iron
oxide reduction.

The iron is refined in the steelmaking step, and thus, the iron just needs to be reduced
to a degree of 90% or higher. The results of the rate equations were compared with
experimental data for 90% conversion, as shown in Figure 4. The agreement is good.
Details of the comparison are given elsewhere [12].
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Figure 4. Comparison of time for 90% conversion from the rate equations with experimental data.
Time is in seconds.

5. Incorporation of Interparticle Diffusion in the Rate Analysis

In a particle bed in the moving-bed furnace, the reduction is likely to take place under
the effect of diffusion between the particles, as illustrated in Figure 5. It is important to
be able to predict the temperature at which mass transfer begins to strongly affect the
reduction rate of the particle bed as well as to estimate its quantitative effect.

(a) (b)

Figure 5. Illustration of the reaction of a flat bed of particles under (a) one-step diffusion control and
(b) mixed control.
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Figure 5 depicts a reaction under diffusion control or mixed control.

To determine and incorporate such diffusional effects, experiments were performed
with deeper beds of concentrate of predetermined depths [12]. The experimental data were
converted to a closed-form X-f relation using Sohn’s law of additive reaction times [17-20],
which is applicable under the general conditions of mixed control. Sohn’s law of additive
reaction times [17-20] states that for isothermal reactions, the time needed for a certain
degree of conversion is the sum of the time needed in the absence of any diffusional effect
and the time needed under the control of pore diffusion and external mass-transfer:

Time required to attain a certain conversion =
Time required to attain the same conversion under the condition of rapid interparticle diffusion + 4)
Time required to attain the same conversion under the control of interparticle diffusion and external mass transfer

or mathematically,

t= t(X)|fast—diffusion + t(X) ‘diffusion control ®)

(6)

4X
>~ g x g(X) +a x o? [ppp(X) + ]

Sh*

where 4 is a constant related to the rate constant of particle kinetics and 62 is a fluid-solid

reaction modulus. The expressions of a and g(X) for hydrogen reduction of magnetite

concentrate particles can be obtained from the following particle kinetics presented earlier:
In the range 800-1000 °C,

g(X) = [~Ln(1 - X)]"/"® = (1/a)t = 9.99 x 10° x exp<—12“;’T100> < (pm, — pr0/K) x t @)
In the range 650-800 °C,

g(X) = [~Ln(1 - X)]""° = (1/a)t = 225 x 107° x exp<64]:30> x (pr, — pry0/K) x t ®)
In the range 500-650 °C,

g(X) = [-Ln(1 - X)]""° = (1/a)t = 1.79 x exp(331'£,00> x (pr, — pr0/K) x t )

where R is 8.314 J-mol 'K~ !, Tisin K, p is in atm, and ¢ is in seconds.
pE,(X) as the conversion function for the diffusion-controlled conditions given by

F (1—X)2/F” —-2(1-X) 2bF,D A 2 K C
P p=e P CO0
X)=1- = Cpo— — |t 1
pF’”( ) 1 F,,—Z XBOB (FPVP> <K+1>( A0 K > (10)

where F), is a shape factor, which has a value of 3 for a sphere and 1 for a flat bed.
The fluid-solid reaction modulus is defined as follows:

E,V,\?
52 — 1( 4 P) XBPB <1+1> (1)
T\ Ay ) 2bF,D(Cao ~ F2) K

Sh* is the modified Sherwood number, defined as follows:

km ( 2F,V,
Sh* = Sh(D/D.) = ' (j”) (12)
e P

where k;;, is the mass transfer coefficient.

A good agreement was found [12] between the experimental data and the results
from the application of Sohn’s Law, which renders unnecessary numerical solution of the
differential equations.
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6. Design of a Horizontal Moving-Bed Furnace
6.1. Model Formulation

The model has been formulated based on the configuration of the countercurrent
moving-bed reactor presented in Figure 1.
The conditions for modeling the counter-current moving bed reactor are as follows:

(@) The overall reaction is Ha(g) + § Fe3Oa(s) = HyO(g) + 3Fe(s), which in general
notation is represented by A(g) + bB(s) = cC(g) +dD(s).

(b) The reduction occurs under isothermal conditions.

(c) The solid and reducing gas are in plug flow and steady state.

(d) The reactor has a uniform cross-sectional area.

(e) Mass transfer between the gas and the top of the bed is fast.

The details of the model formulation can be found elsewhere [12]. Here, the final
result of the formulation that relates the reactor length to all other reactor parameters and
operating conditions is presented as follows:

Xo Cp(1—X) Y(=Ln(1 — X))V 1+ C3x
L=CC / X 13
o C1+ X — Xop (1%
where
Cy = i (xAO - XC()/K) (14)
V746G, 1+1/K
1
Cy = 15
27 nkoP(xa0 — xco/K) 15)
. A1 —ep)pp <vp>2 RT(1+1/K) 16)
3 D. Ap ) P(xa0— xco/K)
and
G = (17)

p(1—ep)(1 —¢o)

In the above equations, X, is the final value of X at the gas entrance; G; and G; are
the total input rate per unit cross-sectional area of the reactor of gas (including hydrogen,
water vapor, and inert gas, if any) and the input molar rate per unit cross-sectional area
of the reactor of solid B, respectively; K is the equilibrium constant for wiistite reduction;
x is the mole fraction of gaseous species; n = 1.5 is the Avrami parameter in the nucleation-
and-growth kinetics equation; k, is the pre-exponential factor in the rate equation; P is the
total pressure of the gas phase; ¢, is the porosity of the product iron layer; and pg is the
true molar density of B.

The integral in Equation (13) can be evaluated using Simpson’s Rule. At X = 0, the
integrand goes to infinity due to the nature of the nucleation-and-growth kinetic equation.
Therefore, the integration was carried out starting with a small positive value of X = 4. This
small value § was reduced until the calculated value of the length of the reactor, L, was
unaffected by a further decrease in the value of 4.

6.2. Design of Industrial Reactors

An industrial ironmaking reactor—producing 0.1 million metric tons of iron per
year (Mtpy), equivalent to 12.66 metric tons/h assuming operation of 24 h/day and
330 days/year—was designed. The reactor will produce iron of X, = 0.95. The normalized
driving force of reducing gas, 0, is set at 0.3 at the gas outlet. The reactor is assumed to
have a width of 5 m and a height of 3 m.

From the kinetics of magnetite reduction, it was determined that between 650 and
1000 °C, a bed with a thickness of 1 cm would largely be controlled by diffusion. Thus,
this reactor design uses a bed thickness equal to or greater than 1 cm. For the purpose
of this work, the reactor will have 10 layers at most. For the dimensions of a horizontal
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moving-bed reactor to be comparable with other industrial reactors, the length of the
reactor should be under 50 m.

For a production rate of 0.1 Mtpy, the effects of temperature and bed thickness on resi-
dence time, reactor length, bed speed, and gas velocity are shown in Table 2. For a given bed
thickness, the residence time and the reactor length decreased with increasing temperature.
The bed speed was unaffected by temperature, as expected from the diffusion-controlled
reaction conditions. The gas velocity increased slightly with decreasing temperature. For a
given temperature, increasing the bed thickness resulted in a longer residence time, longer
reactor length, and slower speed of moving bed. The linear gas velocity also increased
with increasing layer thickness as the free board in the reactor decreased. The demand for
gas increased with decreasing temperature as the composition of hydrogen—-water vapor
mixture in equilibrium in a wiistite-iron system became more hydrogen rich.

Table 2. Effect of bed thickness and temperature on residence time, reactor length, speed of bed, and
gas velocity for a moving-bed reactor with a production rate of 0.1 Mtpy.

Temperature Thilgliiess Residence Reactor Bed Speed Gas Velocity
Q) (cm) Time (min) Length (m) (cm/min) (cm/s)
1 23.5 5.76 24.5 182
1000 2 92 11.3 12.3 188
5 571 28.1 491 211
1 28.7 7.03 24.5 182
900 2 108 13.3 12.3 188
5 661 324 491 211
1 321 7.87 24.5 183
850 2 118 14.5 12.3 189
5 718 35.3 491 212
1 95 23.3 24.5 196
650 2 371 45.6 12.3 203
5 2303 113.1 491 227

It was found that a reactor with a bed thickness of 2 cm and length of 45.6 m can
operate at a temperature as low as 650 °C. The design parameters and operating conditions
of the reactor were calculated at different temperatures for reactors operating with a bed
thickness of 2 cm, as shown in Table 3.

Table 3. Design parameters or operating conditions for horizontal moving-bed reactors (0.1 Mtpy) at
different temperatures.

Temperature (°C) 1000 900 850 650
Characteristic Length (cm) 2 2 2 2
Gas Flow Rate (Nm?/h) 20,350 20,400 20,500 21,950
Residence Time (min) 92 108 118 371
Speed of Grate (cm/min) 12.3 12.3 12.3 12.3
Reactor Length (m) 11.3 13.3 14.5 45.6
Reactor Volume (m?) 170 200 218 684

7. Concluding Remarks

The work presented in this paper on the development of a horizontal moving-bed
reactor based on the proposed technology can be summarized as follows:

(1) The proposed technology for a modest-scale ironmaking operation with a production
rate of 0.1 Mtpy can be operated at temperatures between 650 and 1000 °C.

(2) The design parameters and the operating conditions for the horizontal moving-bed
reactor were established.
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(3) A simple model for a moving-bed reactor that indicated that the proposed ironmaking
technology has industrial potential was formulated.
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