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Abstract

The carbonaceous reduction of manganese ore is an energy-intensive process that releases large
amounts of pollutant gases. In an attempt to circumvent the greenhouse gas emissions, this
research investigates hydrogen as an alternative reductant. The reduction of manganese ore with
hydrogen results in the structural changes in the intermediate products, which might limit the
diffusion of the reactant gases through the pores. Computational fluid dynamics (CFD) models
capture the structural changes and predict the rate controlling mechanism and this is key in
designing the prereduction reactors. The current work uses CFD models to predict the degree
of reduction in a shaft furnace under hydrogen reducing conditions. Manganese ore is described
as a collection of scalar and tensor fields such as thermal conductivity of the porous medium,
density, and viscous resistance. The results indicate that advection contributes significantly
towards the overall transport of hydrogen to the reaction sites. Porosity of the final product was
found to be higher than porosity of the raw material.
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Introduction

The production of high carbon ferromanganese is achieved through the reduction of manganese ore in a
submerged arc furnace (SAF) and utilises carbon as a reductant. The process is energy-intensive and this
is particularly evident in carbonate rich manganese ores. This is because the thermal decomposition of
carbonates is highly endothermic, and this increases the energy requirements. However, some furnace
operations charge manganese sinter in the electric furnace resulting in the reduction of the smelting
energy consumption (Liu et al., 2024). This is because manganese sinter does not have carbonates as they
decompose during sintering. In cases where sinter is not used, the high-energy requirements coupled
with high greenhouse gas emissions necessitated a need to explore alternative reductants. Several
researchers have investigated the solid-state reduction using Hz as a potential reductant for prereduction
(Patisson et al., 2020; Wu et al., 2024; Ma et al. 2022). Prereduction offers advantages such as reduced
energy consumption in the downstream smelting. Furthermore, prereduction of carbonate rich
manganese ores by Hj results in the acceleration of the carbonate decomposition (Davies et al., 2023).

The reduction behavior of manganese ores is non-uniform since manganese ores contain minerals
with different compositions of manganese and iron (Coetsee et al., 2015). The heterogeneous nature of
manganese ores requires that the reaction mechanism and kinetic data for each ore be determined before
process equipment design. In the context of solid-state prereduction of manganese ore with Ha, a shaft
furnace can be used, and the kinetic parameters are key for the design and upscale of the shaft furnace.

The prereduction of manganese lumps or pellets with Hy in a shaft furnace represents a reacting
flow problem that is susceptible to mass transfer limitations. However, H, has a small molecular
size and diffuses easily into the ore. The diffusion of H, happens through three mechanisms namely,
physisorption, chemisorption, and Hy uptake (Li et al., 2024). Physisorption happens due to the Van der
Waals forces between H; and the manganese ore surface and is influenced by temperature and pressure.
Chemisorption concerns the formation of covalent bond between molecules (Christmann, 1988). H,
uptake involves incorporation of H; into the metal oxide lattice structure through desorption.

The knowledge of reaction mechanism in the pre-reduction of manganese ores with H is crucial.
Owing to the importance of understanding the kinetics and reaction mechanism for prereduction
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with Hp, Rukini et al. (2022) carried out some studies aimed at
understanding this phenomenon. These researchers state that lattice
oxygen in the oxide is removed, and the process is driven by H,0
removal. The diffusion of H; into the metal oxide structure, which
results in the breaking of metal oxide bonds is facilitated by the
transformation of molecular H; into atomic state (Kung, 1989).
Upon breaking the metal oxide bonds, the formation of a hydroxyl
group and metal hydride follows. The resultant metal hydride is
volatile and subsequently releases H» to form H,O with hydroxyl
followed by water vapour desorption (Rukini et al., 2022).

The chemical reactions might be fast enough to facilitate the
desired reduction and conversion, however, the transport of H,
from the bulk gas phase to the reaction sites affects the reaction
concentration. Therefore, the reduction kinetics are strongly coupled
with heat and mass transfer and a numerical model needs to capture
this phenomenon. This is particularly evident in the solid-state
reduction of a packed bed of pellets in a shaft furnace (Hamadeh
et al., 2018). It is vital to characterise several performance
indicators of industrial heterogeneous reactors in order to gauge
the optimum operating conditions. However, the performance of
industrial heterogeneous reactions at high temperatures is difficult
to measure during the operation. This shortcoming is addressed
by using the CFD models, which are able to capture the dynamic
features of industrial heterogeneous processes. The fixed bed
reactor performance and productivity is influenced by the gas-solid
reactions, therefore, the development of robust, coupled reaction
kinetics and transport models is of paramount importance.

Several researchers have developed reaction models for gas-
solid reactions (Hamadeh et al., 2018; Li et al, 2023; Kinaci et al.,
2020). These models include the shrinking core model and the grain
model. The shrinking core model works for simplified cases and its
applicability is confined to cases where the inward diffusion controls
the reaction (Ahn et al., 2017). In most cases, the heterogeneous
reaction system constitutes a multi-step and multi-species process,
and this renders the shrinking core model unsuitable. This is
because the condition of multiple reaction steps and equilibrium
reactions, among other factors, result in model deviations
(Wesenauer et al., 2020). A more accurate reaction modelling
approach is the one that considers the pellet as a porous spherical
agglomerate of composite grains. The robustness and generality
of such a model can manifest in its predictive capability of pre-
reduction behavior of a bed of pellets or lumps in a shaft furnace.

A shaft furnace is by design a complex reactor that involves
multiphase flows coupled with high temperature and pressure.

It is crucial to measure parameters that influence the process
performance. However, it is difficult to measure them during
operation. Numerical models that consider multiphase flows and
couple chemical kinetics with transport phenomena circumvent
these shortcomings. An example of such a model is a shaft furnace
model developed by Li et al. (2023), which uses the well-established
volume-averaged multiphase Navier Stokes equations to describe
the gas phase in a reacting gas-solid system. The authors assumed
a steady state and considered the momentum, mass, and energy
conservation for the two phases. Their continuum-based model
was validated against performance indicators measured from plant
operation based on production using H; and natural gas.

The gas-solid dynamics in a shaft furnace can be captured
through modelling approaches such as Eulerian two-phase
models, plug flow models, direct numerical simulation (DNS), and
computational fluid dynamics and discrete element methods (CFD-
DEM). DNS does not require closure models, and its predictions
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result in the highest resolution of gas and particle flow. However, it
is computationally expensive and limited to low Reynolds numbers
and a finite number of fluid elements, rendering it unsuitable for
most real applications. CFD-DEM model is able to capture the
particle descent and flow patterns in a furnace due to its ability

to account for drag force (Fei et al., 2024). The larger number of
particles in the furnace coupled with longer spatial and temporal
scales including non-linear equations impose high computational
expense on CFD-DEM models. The plug flow models are unable

to resolve the particles and assume a constant axial velocity and
this allows for faster evaluation of gas-solid flow in industrial shaft
furnaces. Given the high computational expense of CFD-DEM

and DNS models and inaccuracy of plug flow models, further
research is needed to develop computationally efficient and accurate
heterogeneous reacting flow models.

Liu et al. (2023) developed a 3D CFD model to investigate the
influence of reducing gas temperature on physical quantities in a
shaft furnace with the view to optimise the operating conditions.
Their model assumes that the moving bed of pellets has uniform
porosity and ignores the interaction between particles in the furnace
charge. The heat transfer between gas and solid phase considers
convection and chemical reaction heat. In the cases where the
reactions take place at high temperatures, the effects of radiative
heat transfer are significant and have to be included in the energy
equation.

The current work utilises the CFD reacting flow models
developed by Jan Zuk et al. (2022) to investigate the reduction
behaviour of manganese ore under H; in a shaft furnace. The
approach utilises a standalone CFD solver that couples fluid flow,
heat transfer, and heterogeneous reactions in a porous medium. The
geometry of the porous medium is taken into account by its physical
characteristics. The inclusion of ore particles into the computational
domain is done by using the special form of the immersed boundary
method named the fictitious domain (Jan Zuk et al.,2022). In this
study, the porous medium in the fictitious domain is defined by
its physical characteristics that include scalar porosity and tensor
viscous resistance. As mentioned above, the models used to predict
the gas-solid dynamics are computationally expensive. However,
the current approach is an efficient and easy implementation that
allows for rapid numerical computation, particularly for cases
where there is need to change the physical characteristics of the
geometry or flow during calculation time without remeshing the
domain and rewriting the corresponding boundary conditions. The
study considers a fixed bed of particles with uniform porosity, and
predicts the species mass fractions and the structural changes as the
products are formed from gas-solid reactions.

Numerical model

A bed of particles as depicted in Figure 1, is described by its physical
properties that include density, thermal conductivity, and porosity.
The CFD model developed by Jan Zuk et al. (2022) represents the
porous medium as a volume field within a computational domain.
To simplify the implementation, the porous medium is assumed to
be either entirely inside or outside the computational cell. This is
done to minimise the need to use two or more computational cells
to resolve porous medium.

The gas flow through the porous medium is integrated with
heterogeneous reactions. In the heterogeneous reactions where
there is a possibility of mass transfer limitations, the CFD model
must incorporate the effects of diffusion limitations. In this study,
Damkohler number (Da;) is used to determine whether the reaction
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rates are controlled by diffusion or chemical reactions. Dai is
defined by the ratio of characteristic diffusion time to characteristic
surface reaction time as depicted in Equation 1.

Da,- — Tdif fusion,i [1]

Tchemical reaction,i

In the diffusion-controlled regime, Da; >0 because in this case,
diffusion is slower than the reaction at the surface, whereas in the
chemical reaction-controlled regime, Da;>0 since the reactions at
the surface are slower than diffusion. The other way to gauge the
operating regime is to evaluate the ratio of diffusion flux to reaction
rate flux. The diffusion flux is calculated from FicK’s law and the
reaction rate based on species diffusion is modelled according to
Equation 2:

RE = KySavp (V6 — 1) 2]

Where Kg (m/s) is mass transfer coefficient, Sav (m-1) is the ratio
of surface area to volume, Rdif; (kg m-3 s-1) is the volume averaged
reaction rate, pG (kg m-3) is the fluid density, Y;C is the bulk mass
fraction of the reduction gas, and Y3Sis the surface mass fraction of
the reducing gas. Mass transfer coefficient depends on the intensity
of the energy dissipation in the fluid and is evaluated from the
correlation by Comiti et al. (2000) as shown in Equation 3:

Sh =366+ 0.101[1+ ) (1+ L Sciexp
11-¢ — L e, 4 3]

(— 3 VT Xeye ))] Xe,,8Sc3

Where Sh is Sherwood number, Sc is Schmidt number, ¢ is porosity,
Y is particle aspect ratio, Xey, is wall energetic criterion, and T is
tortuosity.

Schmidt number (Sc) is calculated from the ratio of momentum
diffusivity to mass diffusivity. Sutherland’s law is used to calculate
dynamic viscosity as a function of temperature and Sutherland
coeflicient, and this allows for the evaluation of Sc (Sutherland
1893) . The Sutherland coefficients for H,O and H; are as follows:

Hsz  As=876x10° (kgm's'™K')  T=72 (K)

H.0:  As=1.12x10° (kg m's'K'2) T=1064 (K)

Where A is Sutherland coefficient and Ty is Sutherland temperature.
Dynamic viscosity is calculated as shown in Equation 4.

n="00 (kg m“s™) [4]
T
Heat of reaction

The energy requirement for the heterogeneous reactions depends
on whether the reactions are exothermic or endothermic. The heat
of reaction for each reaction step is evaluated from the enthalpy of
formation of the species involved in a chemical reaction as shown in
Equation 5:

AH, = y;h? ,products — y'; h{ reactants (5]

Where h?is the enthalpy of formation at standard conditions. In this
study, the prereduction of manganese ore with H; is represented

by Equations 6 and 7. In this case, the global reactions are used

as opposed to the multi-step reactions. This study considers
isothermal process at a chosen temperature. The reactions are
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both exothermic and endothermic and the heat of the reaction is
presented in Equation 5. Reaction 6 is exothermic while reaction

7 is endothermic. It should be noted that, although the enthalpy

of formation in this section is calculated at standard conditions (1
atm, 298 K), the heat of reaction at the operating temperature in the
study was calculated from Equation 17.

MnOz ) + Hz ) — MnO () + H20 (g AH,= -376 kJ/mol  [6]

Fex03(s) + 3 Ha(q) — 2 Fe () + 3H20 ) AH,= 582.4 kJ/mol [7]

Governing equations

The governing equations for gas flow through a homogeneous
porous medium are presented in Equations 8 to 11, which represent
momentum, continuity, species conservation, and energy balance,
respectively. In these equations, C, is the specific heat, p represents
density, p is pressure, ¢ is porosity, u is fluid velocity, p is the
effective viscosity, Degis the diffusion coefficient, D is Darcy’s
resistance to flow, and F is the Forchheimer’s term. The superscript
G refers to gas phase. In Equation 8, a non-Darcy term is included
to address the limitations in Darcy’s law. Darcy’s law is only
applicable to creeping flow regimes or low Reynolds number regime,
since it neglects the effects of inertial forces on fluid flow and heat
transfer (Vafai, Tien, 1981). On the other hand, the Forchheimer
model is applicable to flows with Reynolds numbers greater than

10 since, in this regime, the inertial effects are significant. The
inertial effects are more pronounced near the boundary and in high
porosity media rendering the application of Darcy’s law invalid. The
Forchheimer model adds the inertial term to the Darcy equation to
account for the non-linear behaviour of pressure drop versus flow
velocity. The Darcy’s equation is presented in Equation 12 while the
Forchheimer model is presented in Equation 13.

2
;pau + V. (pG uuy + VP — V. (,ueffVu) 8]
—pfg=—tepD.u—F.u

9 ept 6y) = Reducti
2. EP +V.(p u)_(l_g)ZiRie uction 9]
a
2P HV(POUNT) V. (epDegTHE ) = ew®
+ (1 — S)RReduction
a(epSCpSTE . _
AT 4 7. (0 CpOT Oy — V.V (kT =
_SZiWih}).k - hCOnvSAv(TG - TS) [11]
+ (1 - S)TG T Cp,i Rl{?Eduction + SG.Radiation
= —2K.VP
T [12]
N
VP = g \/E|1;|1; [13]

The solid phase is described by continuity, species conservation,
and energy balance equations as shown in Equation 14 to 16. The
solid phase does not include the momentum equation since the
particles are immobile. The solid and gas phase interact through
the reactions between the gas and solid and heat transfer, and the
coupling between the phases is achieved through the reaction rate
source term R:
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% a- S)ps =(1-¢ T R[Igeduction []4]
2 (1 - )¥pS = (1 - e)RReduction [15]

(L= (P CTS) = V. (1~ e)Kkiyy. VT

[16]
= hconvSAv(TG = TS) + Hr + SSRadiation
Hir = (1 ~EYEk hf(}’kR}Ic?eduction
-(1-¥ i CpiTG R[Reduction [17]

Where pReduction denotes reduction rate of solid species and
RReauction denotes reduction rate of gas species. The reduction rate
is presented in Equation 18:

Ng+Ns

Reduction _ ks s
R = Yk=1Vik Krip” [];

NONS yvik i=1,2,.. NgtNs  [18]

Where v; is the stoichiometric coefficient, ks is the number of
elementary reactions, N, is the number of gas phase species, and N;
is the number of solid phase species. Kis the rate constant and v;x
is reaction order. The rate constant depends on temperature and is
described by Equation 19:

Ke = Aexp(—%) (19]

Where T; is the activation temperature and A is the pre-exponential
factor.

Initial and boundary conditions

At the inlet boundary condition, temperature, velocity and
composition of gas (Y;%), and solid (Yx’) are known. A no slip
boundary condition is imposed for velocity at the walls and at the

inlet, gas velocity is specified. The reactions take place at the ore
surface, and the boundary condition at the interface is described

by Equation 20. At the outlet boundary, heat flux and mass flux are
assumed to be zero as shown in Equation 21 to 22. The heat and
mass flux are assumed to be zero at the outlet because the flow is
assumed to be fully developed. The flow regime is laminar and the
assumption of a fully developed flow for shorter domains is valid. A
summary of initial and boundary conditions is presented in Table 1.

pDesfVYE = R [20]
VT loutier = 0 [21]
VYisloutlet =0 [22]

The convective heat transfer at the interface is defined by
Equation 23:

q = Savh(Ty — Ty) [23]

Where Sav denotes the surface area to volume ratio, / is the
convective heat transfer coefficient, T, the gas phase temperature,
and T; is the solid phase temperature.

Geometry and meshing

The dimensions of a shaft furnace considered in the study are
presented in Table 2. Gmsh mesh generator was used to generate
the mesh for a 3D and 2D axisymmetric geometry as presented in
Figure 2. The manganese particles are packed in the furnace from
1.2 m to 1.85 m as observed in Figure 2. The porous medium is

Table 1
A summary of initial and boundary conditions
Boundary conditions
Initial condition Inlet Outlet Walls
Volumetric flowrate 01/min 100 I/min zero gradient 0 l/min
Pressure 101300 Pa zero gradient 101300 Pa zero gradient
Temperature (solid phase) | 800°C zero gradient | zero gradient | zero gradient
Temperature (gas phase) 800°C 800°C zero gradient | zero gradient
d
a b —
aacioe halghl: {3m) Bed height (0.65 m) Reactor height (3m) —_ Bed height (0.65m)
Cone base height (1.2 Cone base heiaht (1.2 m)

Figure 1—A graphical representation of the shaft furnace with a porosity field. 3D geometry (a) and associated dimensions (b), 2D-axisysmetry geometry (c) and

associated dimensions (d)
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Table 2

Reactor dimensions and operating conditions

Reactor height (m) 3.00
Reactor diameter (m) 0.39
Cone height (m) 1.20
Cone base diameter (m) 0.20
Inlet diameter (m) 0.06
Outlet diameter (m) 0.12
Bed height (m) 0.65
Initial bed porosity 0.25
Inlet H, mass fraction 0.95
Inlet N, mass fraction 0.05
Inlet gas flow rate (I/min) 100
MnOQ; initial mass fraction 0.82
Fe;Os3 initial mass fraction 0.18

usually inhomogeneous however, it was assumed that porosity is
uniformly distributed through a bed of particles.

Mesh sensitivity analysis

A solution approach to any numerical problem must achieve
convergence, consistency, and numerical stability in order to

be considered accurate. The criterion for convergence is a close
agreement between the numerical solution and the exact solution
as grid spacing tends to zero. In the current work, mesh sensitivity
analysis on the 2D-axisymetric model was undertaken and the
results are presented in Figure 2. The species mass fraction profiles
at various grid sizes reveal that at grid 1, the mass fraction profiles
are resolution dependent. Refining the mesh size to grid sizes larger
than grid 2 resulted in no difference in the predicted mass fraction,

0.175 — Fey03 g
Fey03 gei
0.150 i
— Fe30; graz
o 0125
2
‘g 0.100
% 0.075
-]
=
0.050
0.025
0.000
0 200 400 600 800 1000 1200 1400
Time (s)
0.8
0.6
c
2
i)
m
= 0.4
w
w
L]
=
0.2 —— MnOgiq
Ml’loqm‘}
0.0 —— MnOgrigy

0 200 400 600 800 1000 1200 1400
Time (s)

Figure 2—Species mass fraction profiles at different mesh sizes
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thus revealing grid 2 as the optimum mesh size. The number of
cells in Grid 1, Grid 2, and Grid 3 is 5 241, 10 482, and 31 446,
respectively. For the 3D geometry, the number of cells in Grid 1,
Grid 2 and Grid 3 is 23 807, 47 614, and 71 421, respectively.

Results and discussions

The computational solution to Navier-Stokes and transport
equations was carried out in OpenFOAM?® 8. The coupling
of chemistry and transport processes was done by using the
OpenFOAM?® solver for heterogeneous reacting flows developed
by Jan Zuk et al. (2022). These authors developed their framework
at the top of OpenFOAM® wherein the mesh and discretisation
of Navier-Stokes equations is managed through the OpenFOAM"®
framework, while their CFD code focused on the reaction
mechanisms and gas-solid reactions as the reducing gas flows
through the porous medium.

This study investigates prereduction in a shaft furnace with
the dimensions and operating conditions shown in Table 2. A
2D-axisymetric and a 3D model results are compared to investigate
whether their predictions are similar. 2D-axisymetric models are
not computationally expensive when compared to 3D models, and
if their predictions are found to be viable, this will result in faster
evaluation of shaft furnace performance indicators. However, the
inability to predict asymmetry of flow patterns and transversal
fluid flow constitute some limitations inherent to 2D-axisymmetric
models (Mezhericher et al., 2009). The mass fraction profiles for
a 3D geometry are presented in Figures 3 to 6. The mass fraction
profiles of reactants and products indicate that at 2450 seconds
(40.8 minutes), reduction is complete. At 1100 seconds (18.3
minutes), only a fraction of the 0.65 m bed height is reduced, and
this indicates that mass transfer controls the rate of reduction.
To circumvent this limitation, the flowrate of the H, needs to be
increased. The increase in the reducing gas flow rate results in the

0.1751
0.150
0.125
c
o
© 0.100
£
% 0.075
L]
=
0.050 1
— Fegnay
0.025 4 — Fegim
— Fe
0.000 cibld
0 200 400 600 800 1000 1200 1400
Time (s)
0.8 —— Mn;0;3 groy
Mn; 03 gnaz
— Mn;0;3 gra3

Mass fraction
o o
- (-]

o
[¥]

0.0

0 200 400 600 800 1000 1200 1400
Time (s)
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Figure 7—Species mass fraction profiles at various compartments a) Fe, b) Fe;03, ¢) MnO, d) MnO», and e) representation of the compartments
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4] 500 1030 1500 2000 2500
Time (s)

Figure 8—Porosity (a) and density (b) profiles

increased diffusion through the boundary layer, and as a result, an
increased rate of reduction. Increasing Hy partial pressure increases
the rate of adsorption, which ultimately results in an increased rate
of reduction. In order to elucidate the spatial distribution of the rate
of reduction, the shaft furnace was compartmentalised and the mass
fraction profiles at each compartment are shown in Figure 7.

The species mass fraction profiles at 1.3 m, 1.5 m, and 1.8 m are
shown in Figure 7. A total mass balance was performed as a way
to gauge whether the model is consistent in its predictions. The
consistency tests on each compartment reveal that the mass balance
is closed. The mass fraction results show that at 1.3 m, the reduction
to metallic iron and MnO is complete at 500 seconds (8,33 minutes),
while the reduction at 1.8 mm is complete at 2450 seconds (40,83
minutes). This is attributed to the effects of mass transfer limitations
more pronounced at longer bed heights.

A change in particle density and porosity as products are
formed, is presented in Figure 8. Formation of products results in
the particle density changes and subsequently changes in porosity.
Generally, the increase in bulk density at constant particle density
results in the decrease in porosity (Kurgan, 2014). However, in
this study, particle density increases as metallic iron and MnO are
formed from reduction reactions and, given that the total mass does
not change, porosity is expected to increase. The results in Figure 8
show that a change in porosity and the density is rapid on the lower
section of the particles’ bed because the lower compartment is the
first point of contact with the reducing gas. It is crucial that a CFD
model predicts structural changes during the phase transformation.
This is important because the formation of intermediate products
may result in the formation of dense phase with low porosity, thus
blocking the access of reducing gases to the reaction interface.

Chemical reactions and diffusion normally play a role in
controlling the rate of reactions. If chemical reactions are slow,
the rate of reactions are controlled by chemical reactions and,
if diffusion is slow, the process is diffusion controlled. In this
study, Equation 24 is used to determine the operating regime. The
equation evaluates the fraction of diffusion flux and, whenever
the fraction is less than 0.5, it can be concluded that diffusion is
slower than chemical reactions. As observed in Figure 9, when
the reducing gas reaches a compartment of interest, the diffusion
flux fraction is always less than 0.5, indicating that diffusion is rate
limiting. When reduction is complete or not yet started, the fraction
of diffusive flux is unity as the reaction rate flux is zero.

The rate of H; transport from the bulk phase to reaction
sites influences the reaction concentration, and owing to this, the
analysis of the effect of diffusion and convection is performed.
Péclet number (Pe) is used to determine the effect of diffusion and
advection. Pe is defined as shown in Equation 25. The results in
Figure 10 reveal that convective transport contributes significantly
towards overall mass transport because Pe is always greater than
unity. The results indicate that the effect of axial dispersion is
insignificant.
The Journal of the Southern African Institute of Mining and Metallurgy
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Difquive fluxfraction = [24]

T+R
Where J"(kg m™ s) is the diffusion flux and R"(kg m™ s™) is the
reaction rate flux.

Pe = (convection transport)/(diffusion transport)

convection transport

Pei= dif fusion transport [25]

2D-axisymetric model results

The mass fraction profiles predicted from a 2D-axisymetric model
are presented in Figures 11 to 14. Similar to the 3D model, the
reactor is compartmentalised to allow for the description of the
spatial distribution of mass fraction profiles. In this case, the
reduction is complete in all compartments at 600 seconds (10
Minutes), while the 3D model results in complete reduction at 2450
seconds (40,83 minutes). Therefore, the computational accuracy

of the two models is different and for a more accurate description
of prereduction behaviour in a shaft furnace, a 3D model should
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Figure 9—Fraction of diffusive flux ( where J” is the diffusive flux and R” is
the reaction rate flux)
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be used. Although the 2D-axisymetric model overestimates the
reaction rates, the manifestation of mass transfer limitations is

still as apparent as in the 3D model. The 3D model results were
validated against experimental results already presented, therefore,
it is postulated that the 2D-axisymetric model overestimates the
reaction rates.

The effect of H, flowrate on the rate of prereduction was
investigated, and the results are presented in Figure 15. As observed,
the higher Hj flowrates result in an increased rate of reduction.
This is because an increase in the reducing gas flow rate leads to
increased diffusion through the boundary layer, as a result an
increased rate of reduction.

Model validation

There are no experimental data for prereduction of manganese in a
shaft furnace, however, there are experimental data for prereduction
in a thermogravimetric analysis furnace (TGA). Therefore, to
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Figure 11—Fe mass fraction profiles
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Figure 12—Fe;O3 mass fraction profiles
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Figure 13—MnO; mass fraction profiles
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validate the predictions of the CFD model, experimental percentage
mass loss data from the TGA were used. In this case, the CFD model
was used to predict the prereduction behaviour of manganese under
H, reducing atmosphere in a TGA furnace. The CFD predictions

for a TGA furnace were compared with the experimental
measurements from the TGA by Sarkar et al. (2023). The results
presented in Figure 15 concern prereduction in the TGA with

4.5 cm diameter and 48 cm in height at 700°C at the H, flow

rate of 4 1/min. As observed, there is a close agreement between
experimental and model percentage mass loss data up to 2500
seconds (41,66 minutes), and thereafter a discrepancy is observed
with a maximum error of 1%. The discrepancy can be attributed to
the decomposition of carbonates in the experimental measurements,
which results in CO; evolution and increased mass loss. On the
other hand, the CFD model only describes mass loss from reduction
reactions and does not take into account mass loss due to carbonate
decomposition.
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Figure 16—Percentage mass loss data from experimental measurements and
model predictions

Conclusions

The CFD modelling of prereduction of manganese ore in a shaft
furnace has demonstrated that longer bed heights require high H2
flowrate to facilitate faster rates of reduction. At low flowrates and
long bed heights, the effect of diffusion limitations on the reactions
is more pronounced. This is attributed to a long boundary layer
thickness at low gas flowrates and slower rates of mass transfer.
The computational accuracy of the 2D-axisymmetric and the 3D
model is different and this results in the overestimation of the

rate of reduction in the 2D-axisymmetric case. The 3D models

are required to predict the dynamic features of a shaft furnace

and evaluate performance indicators. The CFD models are able to
predict whether mass transfer or kinetics control the reaction rates
and this is crucial in the design and optimisation of heterogeneous
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reactors. However, the CFD model does not include the effects

of sintering and future work will incorporate this. Sintering has

a retarding effect on reduction since it results in the blockage

of pores, thus hindering the transport of reducing gases to the
reaction sites. Future work will incorporate sintering by utilising
discrete element method (DEM) and assigning to particles models
such as inter-particle bond formation, grain coalescence models,
breakage models, heat transfer models, contact models, and
consideration of mass transport due to surface and grain boundary
diffusion. Currently, the models assume homogeneous porous
medium, however, in the future, the inhomogeneity of the porous
medium will be captured by considering a non-uniform porosity
distribution, and a micro CT based method will be used to validate
porosity of prereduced product predicted by the CFD model.

Notation

Ts solid phase temperature e K

Ty gas phase temperature . K

Cp specificheat Jkg'K™*

Da Damkohler number, dimensionless

K, mass transfer coefficient ms™

Rdifg volume averaged reaction rate  ooceesrrerinnnen kg m?s™?

pG gasdensity kg m™

Yi¢ bulk mass fraction of the reduction gas, dimensionless

Y? surface mass fraction of the reducing gas, dimensionless

Sh Sherwood number, dimensionless

Sc Schmidt number, dimensionless

Y particle aspect ratio, dimensionless

Xew wall energetic criterion, dimensionless

T tortuosity, dimensionless

A Sutherland coefficient ... kg m™'s 'K
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Ts Sutherland temperature

i dynamic viscosity

hy enthalpy of formation

p pressure a
u fluid velocity -
D Darcy’s resistance to flow .m’
RReauction redyction rate of solid phase species. kg ms!
RReduction  reduction rate of gas phase SPecies ... kg m~s™
A pre-exponential factor . s
Ta activation temperature K
Pe Péclet number, dimensionless
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