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mineral processing, power generation, chemicals and other process industries. In addition pragmatic
modelling concepts and bio-mechanical applications have become an important part of the
conference. The papers in this book demonstrate the current progress in applied CFD.
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ABSTRACT

Iron-ore reduction has attracted much interest in the last three
decades since it can be considered as a core process in steel indus-
try. The iron-ore is reduced to iron with the use of blast furnace and
fluidized bed technologies. To investigate the harsh conditions in-
side fluidized bed reactors, computational tools can be utilized. One
such tool is the CFD-DEM method, in which the gas phase reactions
and governing equations are calculated in the Eulerian (CFD) side,
whereas the particle reactions and equation of motion are calculated
in the Lagrangian (DEM) side. In this work, this method has been
extended to cover the most common types of representation models
for the reactions of solids submerged in fluids. These models are
the Shrinking Particle Model (SPM) and the Unreacted Shrinking
Core Model (USCM). With the use of the SPM, the implemented
communication framework between the CFD and DEM sides have
been verified by running some preliminary cases and comparing the
species mass balances. In the modelling of iron-oxide reduction the
SPM is insufficient to represent the different reaction steps, there-
fore a three-layered USCM is utilized. The implemented USCM is
validated by running some preliminary cases.

Keywords: CFD-DEM, iron-ore reduction, chemical models,
particle shrinkage, unreacted-core model .

INTRODUCTION

The rising energy demands, the deterioration of the quality
of ore and coal due to high costs and low availability related
with the shortage of resources, as well as the increased usage
of mini mills, which might replace the conventional route
of steel-making with the use of scrap or scrap substitutes,
has lead to the development of new ways for the direct re-
duction of iron ores (Habermann et al., 2000; Yang et al.,
2010). The practical importance of being used as feedstock
in iron- and steel-making processes has also played a role at
encouraging researchers to give attention to the reduction of
iron-oxides (Donskoi and McElwain, 2003; Turkdogan and
Vinters, 1971). Currently, the three available iron-making
technologies are the blast furnace, smelting reduction and di-
rect reduction technologies.

The leading process used in iron-making is the blast furnace,
which consists of a moving bed reactor with countercurrent
flow of the solid reactants against a reducing gas. In the blast
furnace process, the iron ore fines which built up around 80%
of iron ores, need to go through a pelletizing or sintering pro-
cess (Schenk, 2011). In some cases, fine ores can directly
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be charged into the reduction process such as the fluidized
bed technology, making it highly advantageous. Such flu-
idized bed reactors are used in the pre-reduction stage of the
FINEX® process (Habermann et al., 2000; Primetals, 2015).
The FINEX® process produces hot metal in the same qual-
ity as traditional blast furnaces, however the coke making
and sintering of the fine ores are avoided. The iron-ores that
are charged into the process go through fluidized bed reac-
tors where they are heated and reduced to DRI (Direct Re-
duced Iron), which is charged into the melter gasifier where
final reduction and melting as well as the production of re-
ducing gas by gasification of coal with oxygen takes place.
Another advantage of the FINEX® process is the exhaust
gas, which can be used for various other applications such as
heating within a steel plant, power generation and so forth
(Plaul et al., 2009).

The main reactions for the reduction of metallic oxide with
a gaseous reductant of carbon monoxide (CO) and hydrogen
(H») can be expressed with the following steps:

Hematite to Magnetite:

3Fe;03 + CO/Hy; — 2Fe304 4+ CO,/H,0 1)
Magnetite to Wustite:
Fe304 + CO/H; — 3Fe0+ CO,/H,0 2)
Waustite to Iron:
FeO + CO/H; — Fe+CO,/H,0 3)

If the reaction temperature is below 570°C, then there is no
wustite formation and magnetite reduces directly to metallic
iron with the reaction

1 3

ZFC3O4+CO/H2 — ZF3+C02/H20 (@)
The carbon monoxide that is utilized in the indirect reduc-
tion of iron-oxide comes from the gasification of carbon with
carbon-dioxide that is described with the homogeneous, en-
dothermic Boudouard reaction (5) and from the water-gas re-
action (6), which can be defined as

CO,+C —2CO0, ©)

C+H,O — CO+H,. 6)

Since access to the reactor is limited due to harsh conditions
inside, carrying out measurements to investigate the pro-
cesses is complicated. Thus, in order to better understand the
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reactors and to make improvements on the processes, sim-
ulation methods and computational tools are utilized. One
such tool is the Two-Fluid Model (TFM), which is an Euler-
Euler approach that treats the solid and the fluid phases as
a continuum. However, this model lacks the proper repre-
sentation of particle size description and the related physical
phenomena. In order to represent micro-scale phenomena,
the TFM would require a fine spatial grid and that would
make the process unaffordable for industrial scale utiliza-
tion. If a coarse-graining is carried out there would be a
loss of unresolved (small) scales and lead to errors (van der
Hoef et al., 2006; Schneiderbauer and Pirker, 2014). An-
other tool uses the coupling of CFD (Computational Fluid
Dynamics) for the continuous fluid phase (i.e. the reduction
gas) and the DEM (Discrete Element Method) for the dis-
crete particles such as iron-ore and coal. These methods are
coupled in a CFD-DEM approach based on the open source
software packages OpenFOAM (OpenCFD Ltd. 2009) and
LIGGGHTS (LIGGGHTS, 2011). DEM provides an eas-
ier way to evaluate the per-particle chemistry such as the
shrink/growth of particles due to reactions and it does not
require to transfer these reactions to a continuum representa-
tion. However, to tackle industrial scale operations with the
CFD-DEM a coarse-graining needs to be carried out in order
to reduce the computational demands, which is an upcoming
investigation of this research. Another method that can be
thought of would be the hybrid Lagrangian-Eulerian model
that combines the Lagrangian discrete phase model (DPM)
and a coarse-grained two-fluid model (TFM) such as in the
works of (Schneiderbauer et al., 2016).

MODELLING OF IRON-ORE REDUCTION

An effective investigation of iron-ore reduction needs to con-
sider the thermodynamic aspects of the reduction reaction
such as the conditions required for the reaction to take place
or even if it is possible for the reaction to occur, as well as
the kinetic aspects such as the reaction rates and concentra-
tion changes (Schmidt, 1998).

Thermochemical Aspects

In chemical reactions, spontaneity defines if the reaction oc-
curs without being driven by an outside force. If a reaction is
spontaneous the entropy of the reaction increases, and it can
be considered that the system is able to release its free energy
and move to a more stable state. The free energy is the part
of the total enthalpy that can be converted into useful work.
The free energy, just like enthalpy, cannot be measured by
itself. However, the change of free energy can be calculated
with

AGS = AHS — TASS-. )

The change of free energy of a system is at its minimum
value, if the system is in an equilibrium. The values for the
standard free energies can be found in the thermodynamic
data tables available in literature’s from (Von Bogdandy
and Engell, 2013), (Turkdogan, 1980) , and the JANAF-
Thermochemical tables. An error, no matter how small, in
the value of AG leads to a great amount of change in the
shape of the equilibrium curves in an equilibrium phase dia-
gram (Von Bogdandy and Engell, 2013). The chemical equi-
librium can be defined with the equilibrium constants of the
reaction. The various correlations defining the equilibrium
constants can help to define the stability areas for the dif-
ferent iron oxides depending on temperature and composi-
tion of the reducing gas. The equilibrium constants can be
considered as the ratio of molar concentrations of products
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to the reactants such as in the case of a general reaction
aA 4+bB —— cC +dD, the equilibrium constant can be de-
fined as

€] [D)?
[A]* (B

or with the standard free energy change as (Levenspiel, 1999)

K. = (®)

—AG°
an:7G'

RT ©)

An equilibrium phase diagram for the thermodynamically
stable phases that occur in the reduction of iron-oxide to
metallic iron is one of the most useful phase diagrams in the
reduction process. One such diagram demonstrates the re-
duction processes of the iron-oxygen-carbon system, which
is also called the Baur-Glaessner Diagram. In this diagram,
as it is demonstrated in Fig. 1, the stabilities for the iron-
oxides and iron phases are depicted as a function of tempera-
ture and CO/CO; mixture with the available correlations for
the equilibrium constant from literature and the ones calcu-
lated.

L
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=

g - 2014
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Figure 1: Equilibrium gas composition depending on the tempera-
ture for the iron-oxygen-carbon system at 1 atmospheric
pressure.

The concentration molar fraction of the relative gas species
can be determined with the use of the equilibrium constant
as e

*co,

—q = Kere,0,,co,

Xco

(10)

thus the molar fraction of the mixture can be defined with,

Kere,0,,co
eq XMy
X, =k — 11
o 4 Kere,0,,co (1
or
1
xgh =k (12)

cy | .
1+ Kere,0,,co

in which k. represents the total content of carbon in the sys-
tem that can be expressed with
eq eq  _

Xco T *co, =k.. (13)
As a more advanced method one might consider a four-
component gas mixture of CO, Hy, CO, and H,O to be repre-
sented in a single Baur-Glaessner Diagram with an abscissa
of CO+ Hyg or Hy + CO; content.
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Reaction Kinetics

To depict the progress of the fluid-solid reactions a model
is chosen that is similar to reality. The most common types
of representation models for the non-catalytic reactions of
solids submerged in fluids is the shrinking particle model
(SPM) and the unreacted shrinking core model (USCM)
(Levenspiel, 1999).

In the SPM, only the surface of the particle is reacting with
the surrounding fluid. In, this type of model there are no layer
formations due to reaction and the products diffuse directly
into gas. As the reaction progresses, the particle size shrinks
and eventually disappears completely. In Fig. 2, the SPM is
depicted, in which the particle shrinks and disappears with
time.

Figure 2: A schematic of the SPM, where the solid particle is re-
acting with the fluid without an ash layer formation.

The rate of change for the shrinkage/growth of a sphere can
be expressed with (Levenspiel, 1999; Schmidt, 1998)

1 dNg b dNu

4nR? dr  4mR? dt
where k is the rate coefficient of surface reaction per unit
area, Cy is the concentration of fluid species A at the surface
of the particle, b is the stoichiometric coefficient for the re-

acting solid, Np is the number of moles of solid B, which can
be defined with

= bkCy (14)

_ 47ER3pB __mp
B=3Mmp T My

(15)

mpg 18 the mass of B, Mp is the molar mass of B, R is the
radius of the particle, pp is the density of solid particle. If we
combine Eq. 14 and Eq. 15 than we can get for the rate of
mass change for the gas species A as

dmA

ar
The unreacted shrinking core model is one of the most pre-
cise models to represent the real-life fluid-solid reaction
(Levenspiel, 1999; Homma et al., 2005; Schmidt, 1998).
The main reactions for the direct reduction of iron with a
gaseous reductant can be expressed in three reaction steps
with CO/H; reducing gas as shown in Reactions 1 - 4. The
three layer unreacted shrinking core model developed by
Philbrook, Spitzer and Manning (Tsay et al., 1976) is able
to represent the three interfaces of hematite/magnetite, mag-
netite/wustite and wustite/iron. An illustration of the model
layer structure with corresponding radiuses, and a snapshot
of a polished section of sintered hematite pellet that has been
reduced 30% by H; is given as comparison to the USCM in
Fig. 3.
The removal of oxygen follows these steps (Tsay et al.,
1976);

kgCAMAAp. (16)

e The reducing gas is transported through the gas film
onto the particle surface.
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Figure 3: A schematic of the three layer unreacted shrinking core
model (top) and a snapshot of a sintered pellet that has
been reduced 30% (bottom) (Turkdogan, 1980).

e The reductant gas then diffuses through the porous iron
layer.

e Part of the reductant reacts with wustite at the
wustite/iron interface producing iron and gaseous prod-
uct.

e Rest of the reducing gas diffuses through the wustite
layer onto the wustite/magnetite interface.

e A portion of the gas reacts with magnetite at layer sur-
face producing wustite and gaseous product.

e The balance gas diffuses through the magnetite layer
onto the magnetite/hematite interface.

e Chemical reaction of the leftover gas occurs at the
hematite core and produces magnetite and a gaseous
product.

e The gaseous product diffuses outwards through the
pores of the pellet.

Since each step is a resistance to the total reduction of the
pellet, the reduction pattern of a single pellet can be con-
sidered to follow a resistance network such as an electrical
resistance circuit network as illustrated in Fig. 4.

Figure 4: Resistance network diagram that illustrates the resistance
of an iron-ore pellet that goes through in the reduction
process.
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The solution of this resistance network yields the reaction
flow rate of Y; ; of the gas species for the relative layers yields
as;

e from hematite to magnetite as

Yii = ([A3(A2+ B2+ B3+ F)+ (A2 +By) (B3 + F)|(Y = ¥{%)
—[A3(B2+ B3 +F) +Ba(B3 + F)|(Y =¥, 7)
1
W3,

25

—[A2(B3 + F)|(Y —137))

a7
e from magnetite to wustite as

Yimi= ([(A1 +Bi +B2)(A3+ B3+ F) +A3(B3 +F)|(Y =¥, 7)
— [B2(A3+B3+F)+A3(B3 +F)|(Y —Y{")
1
W3’

—[(A1+B1) (B3 +F)|(Y = Y3%))
(18)
e from wustite to iron as
Vi = ([(A1 +B1) (A2 + By + B3+ F) + A (B + By + F)]
(Y —Y57) — [A (B3 + F)](Y —Y/9)
1
W3

— (A1 +B1)(B3 + F)|(Y = 1,7))

19)
in which A; represents the relative chemical reaction resis-
tance term, B; the relative diffusivity resistance term, j rep-
resents the layers hematite, magnetite and wustite and i the
reducing gas species. F' is the mass transfer resistance term,
which is defined with 1/k;.Y is the bulk gas mole fraction
and Y;? the relative layer equilibrium mole fractions. The
denominator W3 ; is expressed as

W =[(A1+B1)(A3(A2+ B2+ B3+ F)+ (A, +By) (B3 + F))
+A2(A3(By+Bs+F)+Bay(Bs+F)).

(20)
The chemical reaction resistance term A ; can be expressed
as

1 1
g (1)

in which j represents the reduction layer, i the reducing gas,
k the reaction rate constant and f; is the local fractional re-
duction of the relative layer that is calculated as

(Y
fi=1 . (22)
Tp

The diffusivity resistance term B;; can be calculated for
the relative iron oxide component as (Valipour et al., 2006;
Valipour, 2009)

Aji=

1)

By = | ZOA T | )
Sl =fw)3(1—fi)5 Denl,
LA s) (1 fu)d Dem],
1—(1—f,)3 r

in which De; represents the diffusion coefficient of the rela-
tive layer.

With the use of the reaction flow rate Yj,i the relative mass
flow rates of reactant gas between layers can be defined in a
similar manner as in Eq. 16 with

dmi
dt

— CMA,Y;,. (26)

Mass and Heat Transfer Coefficient

The mass transfer coefficient ky which is used in the deter-
mination of the mass transfer term can be calculated through
the Sherwood number or the Nusselt number as

ked
Sh= [’; ,
¢ 27
Nu—k—f
=L

where d is the diameter of pellet, D, the diffusion coeffi-
cient and k the thermal conductivity. A number of correla-
tions for determining the Sherwood number exist in litera-
ture. Lee and Barrow (Lee and Barrow, 1968) proposed a
model through investigating the boundary layer and wake re-
gions around the sphere leading to a Sherwood number of

Sh, = (0.51Re"> +0.02235Re" %) 5033, (28)

where Sc stands for the Schmidt number and defined as pLD.

In more recent works from Valipour (Valipour, 2009) and
Nouri et al. (Nouri et al., 2011) the Sherwood and Nusselt
numbers are expressed as

Sh=2+0.6Re™ 5",

(29)

Nu=2+0.6Re®>Pr3.
Pr represents the Prandtl number and is expressed as the spe-
cific heat times the viscosity over thermal conductivity cu/k.

Diffusivity Coefficient

Diffusivity of a gaseous species depends on properties such
as the pore size distribution, void fraction and tortuosity. For
example, according to (Tsay et al., 1976) a pore size of 2u to
Su the Knudsen diffusion has been found to be 10 times faster
than molecular diffusion, therefore in their work the Knud-
sen diffusion has been neglected and the effective binary gas
diffusion was calculated with

€
[Djilers =Dy (30)

where € represents the dimensionless void fraction, T the tor-
tuosity. (Valipour, 2009; Valipour et al., 2006) has used the
Fuller-Schettler-Giddings equation to determine the effective
diffusivity as

1077T1.75 L_’_L)OS
(R} 0} My M;

Dj;= (31)

in which the v is the diffusion volume of the relative species,
M 1is the molecular weight, P, the total flow pressure and T
the temperature in Kelvin.
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Reaction Rate Coefficient

For many reactions the rate expression can be expressed as
a temperature-dependent term. It has been established that
in these kinds of reactions, the reaction rate constant can be
expressed with the Arrhenius’ law (Levenspiel, 1999) as fol-
lows

k = koexp( (32)

a
=T )
in which ko represents the frequency factor or the pre-
exponential factor, E, the activation energy, R the univer-
sal gas constant and 7' the temperature. The values for the
pre-exponential factor and the activation energy can be found
through various works (Tsay et al., 1976; Valipour, 2009).

RESULTS

Firstly, the CFD-DEM coupling library is extended to cover
the SPM, in which the particle reacts with the fluid without
forming a layer. Afterwards with the use of the SPM, the
communication framework between the Eulerian CFD side
and the Lagrangian DEM side is verified.

A simple test case is developed, consisting of a single carbon
particle that reacts with the reactant gas of O, with a user
defined reaction rate constant. The communication of DEM
and CFD works by first initializing the particles in the DEM
side and transferring their information such as the locations
and velocities onto the CFD side. This information is then
used to localize the particles and determine the voidfraction,
fluid density, temperature, drag force and the species concen-
tration (mass fractions) at particle locations, which is com-
municated back to the DEM side. The newly transferred data
is then used to determine the particle movement, the change
in particle size and change of gas concentrations due to the
chemical reactions for the new time step and is transferred
back to CFD side. This process continues until a specified
amount of time steps have been reached.

The test case results are verified by comparing the species
mass balances. The particle only reacts with the O, present,
and stops after the total amount of O, has been depleted. The
mass change of the reactant and product gas species is in-
vestigated in relation to particle shrinking. The simulation
results are compared with theoretical data that is calculated
with the same species concentration as the simulation, which
proves to be in a good agreement within. The mass of change
of the gas species is illustrated depending on the time in Fig.
5.
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Figure 5: The change of mass of reacting gas species O, and prod-
uct gas CO, depending on time.

After the communication framework is verified, the USCM
is implemented into the DEM library. First, a correlation to
determine the equilibrium constant Kepe 0, for every layer
is implemented, and the relative equilibrium mole fractions
of reactant and product gases are calculated as in Eq. 11
and 12. Therewith, the implemented reaction flow rates Y i.d>
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defined in Eq. 17 -19, are calculated and the mass flow rate
of reactant gas between layers is determined. The mass flow
rate of the reactant gas is used to calculated the mass transfer
of every layer with the expression

dmg; dmy;vp; Mp

33
dt dt vuy 1\/1/\7[7 (33)

which is used to determine the radii of every iron-oxide layer.
Since the model implemented at this time, only consider the
chemical reaction resistance term A ;, only the reduction of
layers for a single particle is investigated. Therefore, a pre-
liminary test case is constructed that considers, just as in the
SPM test case, a single particle, and the fractional reduction
rate of every iron-oxide layer is investigated depending on
time. An illustration of this reduction rate can be found in
Fig. 6.

Figure 6: The fractional reduction of every iron oxide layer with
time.

CONCLUSION AND OUTLOOK

In order to use the CFD-DEM method to investigate the
reduction of iron-ore inside the fluidized bed reactors, the
mathematical models representing the fluid-solid chemical
reactions have been implemented into the DEM library. First,
the SPM has been verified and used to test the communica-
tion framework between CFD and DEM sides. As these re-
sults were highly satisfactory, the framework is expanded to
cover the three-layered USCM for a realistic representation
of the iron-ore reduction. Since the investigation of the im-
plemented model is still under way, some preliminary results
from the shrinking of the layers of a single particle depending
only on the chemical reaction resistance have been presented.
For further research, valid correlations for the diffusion re-
sistance term and the mass transfer term will be added to the
DEM model. After the successful verification of the USCM
with all its resistance terms is concluded, a coarse-graining
of the CFD-DEM approach will be carried out and maybe a
combination of the TFM and DPM for industrial scale simu-
lations.
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