Applied Thermal Engineering 246 (2024) 122928

journal homepage: www.elsevier.com/locate/ate

Contents lists available at ScienceDirect

Applied Thermal Engineering

APPLIED
THERMAL
ENGINEERING

Research Paper

Transient mathematical modelling of a gas rotary furnace for melting slag

0. Crego", J.L. Ferrin ®>*, D. Gémez *", L.J. Pérez-Pérez‘, P. Salgado *"

a Departamento de Matemdtica Aplicada, Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Spain
b Centro de Investigacién y Tecnologia Matemdtica de Galicia (CITMAga), 15782 Santiago de Compostela, Spain
¢ Departamento de Ingenieria Geoldgica y Minera, Universidad Politécnica de Madrid, 28003 Madrid, Spain

ARTICLE INFO ABSTRACT

Keywords:

Numerical simulation
Combustion

Melting

Slag

Rotary kiln

A 2D transient mathematical model is proposed to analyse a gas rotary furnace intended for melting a CaO-SiO,
slag, a crucial component to be used in the aluminothermic reduction for silicon production. The research,
conducted in the framework of the EU SisAl Pilot project, aims to assess the feasibility of the industrial
process of these furnaces and to recommend potential scale-up strategies. The mathematical model addresses
two distinct but related issues. First, one problem is dedicated to the evaluation of the gas combustion

characteristics, including the simulation of the natural gas flame as well as the heat transfer by convection and
radiation. Secondly, the temperature data computed on the inner wall of the rotary kiln is used as a boundary
condition to solve the problem of melting the solid material, thus determining the required melting time. The
model is validated against experimental data for the melting of iron, the material currently used in the plant.

1. Introduction

High-purity silicon (Si), also known as silicon metal, is a material
with extensive use in modern society, serving as an essential component
of integrated circuit chips and transistors used in electronic devices
or for the production of photovoltaic cells. Due to its importance for
the European economy, it was added to the EU’s list of critical raw
materials in 2014 [1]. Despite silicon being the second most abundant
element in the Earth’s crust [2], it is rarely found as a pure element.
Metallurgical grade silicon (>98% purity), which is the basis for all
grades of silicon purity, is primarily manufactured by carbothermic re-
duction. While Submerged Arc Furnaces (SAF) are commonly employed
for this purpose [3], other innovative techniques such as CO, laser
beams [4] are also under development.

It is in this context that the SisAl project (www.sisal-pilot.eu) [5,6]
was conceived. Funded by the EU’s Horizon 2020 programme, this
initiative aims to demonstrate a novel, patented process for the produc-
tion of silicon alloys and high purity alumina from a more sustainable
approach: the aluminothermic reduction of quartz using silicon dioxide
and secondary raw materials such as scrap and aluminium dross to
replace the carbon-based reductants currently used [7].

The SisAl process starts by heating a mixture of quartz and lime to
a temperature of 1773 K, resulting in the formation of a suitable slag.
Aluminium is then added, which reacts by reducing the quartz:

Si0,(CaO - SiO, slag) + %Al — Si+ §A1203(Ca0 — AL, 05 slag)

Finally, the resulting calcium aluminate slag can be further processed
to produce high-purity aluminium [7].

Energy requirements are reduced due to the lower melting point
of the CaO-SiO, slag compared to quartz and the exothermic nature
of the aluminothermic reduction process. Thus, the SisAl approach
represents an alternative to the traditional SAF process, allowing lower
energy consumption and avoiding the direct CO, emissions associated
with conventional carbothermic reduction. It also fosters industrial
symbiosis by connecting the aluminium and silicon industries, lead-
ing to reduced material waste and improved waste recovery, thereby
supporting the principles of the circular economy.

The project includes laboratory and pilot scale experimentation
using different types of furnaces, such as induction and rotary kilns. In
addition to experimental investigations, process optimization also relies
on numerical modelling techniques. In this paper, we focus on the first
stage of the process, the preparation of the SiO,-CaO slag in a rotary
kiln. Rotary kilns are a type of heat exchanger widely used in various
industries for many processes, such as drying, heating and reduction of
materials. They consist of a steel cylinder lined with refractory material
and fitted with a rotating motor to create a rotary motion [8].

The design of melting furnaces has traditionally relied on semi-
empirical methods due to the intricate nature of the involved processes.
However, the challenging conditions within these furnaces pose ob-
stacles to conducting experimental measurements. Therefore, mathe-
matical modelling and numerical simulation have become an attractive
alternative to aid their design and scale-up [9].
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Nomenclature

Greek symbols

a Liquid fraction [-]

B Thermal expansion coefficient [1/K]
€ Dissipation rate [J/(kg s)]

I3 Emissivity [—]

r Boundary of Q

" Dynamic viscosity [Pa s]

Hy Eddy viscosity [Pa s]

) Density [kg/m?]

x Interface between subdomains
oy Scattering coefficient [m~']
TR Reynolds stress tensor [Pa]

Q Computational domain

Latin symbols

A, Mushy zone parameter [—]

a Absorption coefficient [m~']

b Density of body force [N/m?]

¢y Specific heat [J/(kg K)]

D(v) Symmetric part of the velocity gradient
[1/5]

D, Mass diffusion coefficient [m2/s]

E Total energy [J/kg]

g Gravitational acceleration [m/s?]

H Specific enthalpy [J/kg]

h Heat transfer coefficient [W/(m? K)]

I Identity tensor

1 Radiation intensity [W/sr™!]

I, Black-body radiation intensity [W/sr™!]

K Turbulent kinetic energy [m?/s*]

k Thermal conductivity [W/(m K)]

kerr Effective thermal conductivity [W/(m K)]

L Latent heat of fusion [J/kg]

m Mass flow rate [kg/s]

N Number of involved species

n Outward-pointing unit normal vector [—]

P Pressure [Pa]

t Time [s]

tond Final time value [s]

T Temperature [K]

T, Ambient temperature [K]

v Velocity [m/s]

X Vector of spatial coordinates [m]

Subscripts

B Furnace bed

G Gas

lig Liquidus

sol Solidus

R Refractory

Acronyms

CFD Computational Fluid Dynamics

EDM Eddy Dissipation Model

Rotary furnaces play a pivotal role in the cement industry, fa-
cilitating the production of cement clinker, an intermediate material
crucial for cement manufacturing. Cement clinker is created through

RKE Realizable K — ¢ model

RTE Radiative Transfer Equation

SAF Submerged Arc Furnace

WSGGM Weighted Sum of Gray Gases Model

the sintering process of a blend of milled limestone and clay. Hence,
there exists a significant amount of research dedicated to modelling
and numerically simulating rotary furnaces, considering their specific
characteristics and operational complexities. Given that cement kilns
typically measure approximately 50 m in length and have a diameter
of around 3 m, the majority of existing literature considers the furnace
load (usually known as the bed) as a one-dimensional domain [10],
while the gas (known as the freeboard region) is often modelled using
3D CFD models [11]. Some authors have considered detailed models
for combustion, often focusing on coal (see e.g. [12]), and occasionally
exploring alternative fuels like refuse-derived fuel [13]. In [14], the
characteristics of a typical methane flame inside a rotary kiln were
studied using an axisymmetric CFD model. The study investigated the
impact of various parameters, including the swirl number.

In cement kilns, partial melting of the furnace bed is usually mod-
elled with simplified approaches, such as assuming that the melt frac-
tion is proportional to the bed temperature [15]. Drum rotation, typ-
ically around 3-4 rpm, is crucial for effectively mixing the furnace
charge. Additionally, since the raw mix is milled before entering the
furnace, some researchers have addressed the granular flow of solids
in the kiln [16,17].

It should be noted that the application to the cement industry is
significantly different from that of the SisAl slag. Specifically, while
some complexities regarding chemical reactions are not relevant in the
setting proposed in this paper, the melting of the furnace load is com-
plete, as opposed to the case in cement kilns, where only partial melting
is achieved. Therefore, more detailed melting models are required. To
the best of the author’s knowledge, the literature regarding this specific
application is rather scarce.

In [18], a CFD model capable of predicting the melting rate of
aluminium scrap and the energy distribution inside the furnace was
proposed. The furnace load is considered as a static liquid, neglecting
any rotation-induced motion and buoyancy. Melting is treated consid-
ering a Population Balance Model. In [19], the behaviour of a rotary
kiln used to reduce iron ore to metallic iron in the sponge iron industry
is modelled. A 2D longitudinal model is considered to account for the
temperature profile in the bed and gas along the length of the kiln.
Recently, a novel process concept has been developed for the recycling
of solid residues and the production of secondary aluminium using
a solar heated rotary kiln [20]. A review dealing with this specific
application is available in [21].

In the present work, a 2D transient mathematical model of a gas
rotary furnace for melting a CaO-SiO,, slag suitable for the SisAl process
is proposed. The aim is to evaluate the viability of the industrial process
using this type of furnace and to suggest possible scale-up solutions.
Since the modelled furnace is currently used to melt grey cast iron
EN-GJL-250, the model is validated considering this specific material
instead of the SisAl slag. This kind of iron is also commonly known as
8g25.

The paper is organized as follows. In Section 2, the industrial
furnace modelled in this work is described, as well as the typical
operating procedure and the material properties considered along the
paper. In Section 3, the complete mathematical model is presented.
In Section 4, the computational grid and the methodology used to
compute the solution are described. The numerical results obtained for
the validation problem and the slag melting problem are discussed.
Lastly, in Section 5, some concluding remarks are made.
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Fig. 1. Rotary furnace during normal operation at Fundiciones Rey facilities: (a) lateral view of the furnace, (b) flame with burner lid partially open, (c) furnace tilted for molten

material drainage.

Burner —1

[—  Gas exhaust

Furnace bed

700 3200 700

Fig. 2. Longitudinal cross-section of the gas rotary furnace: (a) schematic diagram, (b)
drawing with dimensions (in mm).

2. Problem description

The furnace that is modelled in this work is a 4.6 m-long industrial
rotary gas furnace available at the facilities of Fundiciones Rey in Spain.
It has a maximum radius of 0.85 m and is shown in Fig. 1 during various
operation stages. The furnace is made of a cylindrical steel vessel lined
with a 300 mm thick refractory coating, which rolls around its axial
direction following two turned rings that act as guides. The rotation
of the cylinder is achieved by means of an electrically driven motor.
This motion enhances the mixing of the partially molten materials and
homogenizes the temperature inside the furnace.

As shown in Fig. 1, the furnace can be tilted to facilitate the loading
of solid material and to drain the molten metal. Prior to the heating
process, the furnace is returned to a horizontal position and connected

Fig. 3. Pieces of iron used to load the rotary furnace.

to an exhaust gas collection hood, which remains open throughout the
operation. On the opposite side, the furnace is closed with a lid that
includes an oxy-fuel burner in its centre. The burner injects natural gas
and oxygen generating an intense flame, as illustrated in the schematic
diagram shown in Fig. 2. The process concludes upon complete melting
of the material, at which point it is discharged through the burner side
following tilting of the furnace.

To validate the model, and since the furnace is currently being used
for iron melting, the typical operation cycle in the industrial facility
is replicated in the mathematical model. During a normal day, three
different casts are carried out after a preheating process with an empty
furnace. The iron used to feed the furnace is depicted in Fig. 3.

2.1. Material properties

To model the properties of the various materials involved in the
furnace operation, we use temperature-dependent data when available,
either supplied by Fundiciones Rey or extracted from the literature.
The constant values or the corresponding functions are summarized
in Table 1. For the temperature-dependent functions, except for air
density and iron viscosity, we employ piecewise linear interpolation
of table values. In particular, in Fig. 4(a), the functions used for iron
properties (k;,,(T) and c,,;,,,(T)) are depicted, according to the values
extracted from [22]. In Fig. 4(b), the functions considered for refrac-
tory properties are shown. Figs. 5(a) and 5(b) illustrate the functions
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Fig. 4. Temperature-dependent properties of iron (left) and refractory (right).
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Fig. 5. Temperature-dependent properties of slag.

Table 1
Physical properties of air, refractory, slag and EN-GJL-250 iron in the simulation.
p [kg/m’] k [W/(m K)] ¢, U/(kg K)I 4 [Pas]
Gas (Y, T) 0.0454 ¢,6(Y,T) 1.72e-5
Refractory 2300 kg(T) ¢, r(T) -
Slag 2591.635 1.0 ¢pstas(T) Hytae(T)
Iron 7076.6 Kiron(T) Cpiron(T) Hiron(T)

corresponding to the slag specific heat, pstag(T)s and viscosity, Hstag(T)-
The viscosity of iron is assumed to satisfy the following polynomial:

(T) = 1.571497 - 1072 — 8.315068 - 107°T". 1)

Hiron

The values considered for the melting-related quantities, such as
liquidus and solidus temperatures, as well as the latent heat of fusion
and the thermal expansion coefficient of slag and iron, are gathered in
Table 2. In the slag, instead of considering a single temperature value
for fusion, a range T, = 1668.15 K, T};, = 1678.15 K is selected due to
convergence difficulties with the solid melting model (see Section 3.2).
Lastly, the air in the gas combustion problem is modelled using the low
Mach number approximation, i.e., its density depends on the tempera-
ture and the mass fraction of all the involved species in the combustion
problem. With Y, we denote the vector containing all species mass
fractions, i.e. Y = (Y},...,Ys), where Y, is the mass fraction of the ith
species (see Section 3.1). Also, the gas specific heat, c,;, depends on
the mass fractions of all involved species and the temperature.

3. Mathematical model

The modelling of the heat transfer within rotary furnaces involves
conduction, convection and radiation. The heat source is a natural gas
flame, which generates strong currents in the air region, enhancing
the convection heat transfer towards the initially solid furnace bed.
Furthermore, the large temperature gradients in the solid induce liquid

Table 2

Thermal expansion coefficient (f), latent heat (L), solidus (7,) and liquidus (7};,)
temperature of EN-GJL-250 iron and slag. A suitable temperature range for the phase
change of both materials has been considered.

Iron Slag
p K] 4.6707e-5 1.0e-4
L [J/kg] 327942 740 855.4
T,, [K] 1330.15 1673.15
m [K] 1517.15 1673.15

motion as the solid melts, greatly enhanced by the rotary furnace
turning motion.

This work aims to address the simulation of complete furnace casts
under various conditions, considering both the material currently used
in the industrial setting and a slag suitable for the SisAl process.
Due to the extended duration required in the plant to melt a typical
load of iron (approximately 3500 kg), the numerical solution of a
fully coupled transient 3D CFD model incorporating all the associated
physical phenomena is not computationally feasible.

To simplify the problem, we adopt a two-step approach. In the first
step, we focus on a detailed assessment of gas combustion. Utilizing
a 2D longitudinal cut of the furnace and an axisymmetric model,
we simulate the natural gas flame and study heat transfer through
convection and radiation. For this stage, we assume an empty furnace.
In the second step, we address the solid melting process. To mitigate
the computational complexity, we consider a transversal 2D cross-
section of the furnace as the computational domain. Furthermore, we
assume that the presence of the load within the furnace would not
significantly alter the surface temperature due to combustion. Thus, the
averaged temperature on the boundary, computed in the previous gas
combustion simulation, is utilized as input data for this step, whose
main objective is to determine the time required for the load to melt.
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Fig. 6. Scheme of the rotary furnace for the gas combustion problem: (a) 3D view, (b) longitudinal cross-section.
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Fig. 7. Computational domain and boundaries in the gas combustion problem.

By dividing the problem into these two distinct steps, we can
efficiently simulate complete furnace casts under various conditions
while capturing the critical aspects of gas combustion and solid melting.

3.1. Gas combustion problem

In the gas combustion problem, a 2D axisymmetric model defined in
a longitudinal cross-section of the furnace depicted in Fig. 6 is solved.
The oxy-fuel burner has an annular configuration, with a circular fuel
nozzle surrounded by an annulus which injects air into the furnace.
It is attached to a refractory lid that closes one side of the rotary kiln
during operation. The fuel nozzle has a diameter of 10 mm whereas the
air nozzle has an inner diameter of 15 mm and an outer diameter of
40 mm. The fuel (natural gas) is modelled as pure methane. We assume
a methane mass flow rate of 0.0298 kg/s and an air injection rate of
0.512 kg/s.

The computational domain and its corresponding subdomains and
boundaries are depicted in Fig. 7. The complete domain, denoted as &,
is split into two subdomains: one corresponding to the gas, .@G, and
anoﬁher representing the solid refractory surrounding the gas, denoted
as Qp.

3.1.1. Model equations

To model the methane combustion within the rotary kiln, we con-
sider a CFD model involving the Navier-Stokes equations, the energy
conservation equation and species transport equations. Specifically, the
mass and momentum conservation equations are solved in 3
dp
or

%(/)V) + div(pv ® v) = —grad(p)

+div(pv) =0, (2)

—div <(,4 + ur) [2D(v) - %div(v)l] - % pK1> , 3)

where v is the fluid velocity, p denotes the pressure and u; is the
turbulent viscosity. Furthermore, D(v) denotes the symmetric part of
the velocity gradient, i.e., D(v) = (grad(v) + grad(v)”)/2. Lastly, I is the
identity tensor.

The density, p, and viscosity p in (2)-(3) are taken as those cor-
responding to gas in Table 1. Therefore, gas density is variable and
depends on the temperature and the species mass fractions. Specifically,
we recall that the gas is modelled as a mixture following the low

Mach number approximation (incompressible ideal-gas law in ANSYS
Fluent [23]).

Since the flow is turbulent with variable density, the previous equa-
tions are interpreted as the Favre-averaged Navier-Stokes equations,
i.e., the velocity represents a mass-averaged value and the pressure is
the standard time-averaged value (see [24]). To account for turbulence
in the flow, the Realizable K — ¢ model (RKE) is used, which is a
two equation RANS turbulence model widely used in similar industrial
applications (see e.g. [14,25]). It solves two additional conservation
equations for the turbulent kinetic energy, K, and the dissipation rate,
€

%(,;K) + div(pKv) = div <<,4 + ’;—T> gradK) + Gy +Gy—pe— Yy,

k
(€]

0 . . HT
E(pe) + div(pev) = div ((u + o_—€> grade) +pC,Se

- /’QL + C1.=C3.G,, (5)

K ++/ve K

The turbulent viscosity, u;, is computed as follows
ur = pCy(K, e)KTZ. (6)

In the previous equations, the source term G represents the production
of turbulent kinetic energy, G, is the production of kinetic energy due
to buoyancy, and Y,, models contributions to the dissipation rate due
to the fluctuating dilatation in compressible turbulence. In addition, .S
is the strain rate magnitude, C;, and C, are model constants, while oy
and o, are the turbulent Prandtl numbers for K and ¢, respectively. The
precise definitions of the various source terms and constants involved in
(4)-(6) are omitted for the sake of brevity. For their specific definition
in the RKE model, we refer the interested reader to [23].
Furthermore, the energy conservation equation is solved in QG:

N
%(,;H) +div (pvH) = div <keffgrad T-3 H,.J,.) +S, )

i=1
where N is the total number of involved chemical species and H is the
specific enthalpy, computed as

N
D
H=ZYiHi+;,

i=1
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being Y; and H; the mass fraction and enthalpy of the ith chemical
species (see Section 3.1.2), respectively. The enthalpy of the chemical
species only includes changes due to specific heat, i.e.:

T

H(T)= / ¢, i(s)ds, ®
Trep

with ¢,; being the specific heat of the ith species and T,,, a reference

temperature.

Moreover, in (7), J; is the ith species diffusion flux, discussed in
Section 3.1.2, and k,,, denotes the effective thermal conductivity,
obtained as

CpHT
kyrp=k+——, 9
eff PrT ( )

being k the thermal conductivity of the gas and Pry the turbulent
Prandtl number, considered as Pr; = 0.85. Finally, in (7), the source
term S, includes contributions due to the chemical reactions and the
radiative heat transfer.

The solid subdomain is defined by the refractory wall of the rotary
kiln and denoted as O (see Fig. 6). In 2, the heat conduction is
modelled by the classical heat equation:

pc/i)—f —div(kgradT) =0, (10)
where the density, p, specific heat, <, and thermal conductivity, k,
correspond to those values for the refractory in Table 1.

Note that since the model is 2D axisymmetric, all equations con-
cerning the model for the gas combustion problem are rewritten in
cylindrical coordinates assuming symmetry in the azimuthal direction.

3.1.2. Combustion modelling
As mentioned previously, natural gas is modelled as pure methane.
Its combustion is described with a one-step reaction mechanism

CH, + 20, — CO, + 2H,0. an

Hence, conservation equations for the mass fractions of each of the
previous species, as well as N,, are considered:

dapY;
% +div(pvY;) = —div(J,) + R, (12)
where R; is the net rate of production of the ith species (i = 1,...,5)

due to the reaction mechanism. Moreover, J; is the diffusion flux of the
species, modelled considering that

Ji=- (po + ”—T> grady;. a3
Scr

where Sc is the turbulent Schmidt number, considered as Sc¢; = 0.7,
and D,, = 2.88¢ — 5 m?/s is the mass diffusion coefficient.

To model the combustion process, the Eddy Dissipation Model
(EDM) is used [26]. It considers the rate of dissipation of eddies
to determine the reaction rates, under the assumption that chemical
kinetic rates are considerably faster than rates of turbulent mixing [27].
Hence, instantaneous burn upon mixing is assumed. For more details on
the specific implementation of this model in the software package used
for the numerical simulation, we refer to [23].

3.1.3. Radiation model

To model the radiative heat transfer in the furnace, the Discrete
Ordinates (DO) model is used, which is suitable for participating media
that is not optically thick enough to justify approximations such as
the P1 model (see, for instance, [28]). The model solves the radiative
transfer equation (RTE):

divy(I(x,8)) + (a + o)I(X,8) = al, + % / ¢S, 8)I(x,8)d A, 14)
4r [ g2

where I denotes the radiation intensity, which depends on the position,
x, and the direction in the unit sphere S2, denoted as s. Furthermore,
dAg is the surface area element in the sphere or, equivalently, the

Applied Thermal Engineering 246 (2024) 122928

solid angle. The scattering coefficient, denoted as o, is considered in
this paper as a constant with value ¢, = 0.0l m~! and ¢ denotes the
scattering phase function, which is assumed isotropic. Lastly, I, is the
black-body radiation intensity (see [28]) and the absorption coefficient,
a, depends on the temperature and the species mass fractions. It is cal-
culated according to the Weighted Sum of Gray Gases model (WSGGM)
(see [23,29]), which assumes that it depends on the temperature and
mass fractions of the species involved.

To discretize (14), different directions in the total solid angle are
considered, replacing the integrals over the directions using numerical
quadrature (see [30]). Note that radiation is only solved in the gas
subdomain QG, as the solid is assumed opaque.

3.1.4. Boundary and initial conditions

The boundary of the computational domain Qis decomposed as de-
picted in Fig. 7. On the exterior boundary, denoted as fm, convective
heat exchange with the air surrounding the rotary kiln is imposed:

k8L = hT - T, (15)

where the value of the ambient temperature is 7,,, = 293.15 K and
the heat transfer coefficient, s, follows the subsequent temperature-
dependent function:

h(T) = 0.01412 (0.3221(6.757 - 10°T — 1.98 - 10'1)1/® 4 0.6)2 , (16)

which was obtained from standard heat transfer correlations for natural
convection around a cylinder (see [31]).

On £, which corresponds to the interface between the solid refrac-
tory and the gas within the rotary furnace, we set a no-slip condition
(v = 0). This condition is set considering the dimensionless wall dis-
tance by using the enhanced wall treatment in ANSYS Fluent (see [23]).
Furthermore, continuity of heat flux and temperature is set.

Moreover, on the fuel inlet, denoted as f’{; ro® the mass flow rate
is set, considering m = 0.02982 kg/s, a turbulent intensity of 5% and
a hydraulic diameter of 0.01 m, which are used to set the values of
K and e. The temperature is T = 293.15 K, and the mass fraction of
CH, is one. On the other hand, in the air inlet f[‘; Jop» & TASS flow rate
m = 0.5121 kg /s, a turbulent intensity of 5% and a hydraulic diameter of
0.04 m are set, also considering 7' = 293.15 K. Lastly, the mass species
fractions are set to 0.232 of O, and 0.768 of N,.

On the symmetry axis I, ., the normal derivatives of all variables
are null, whereas on the outlet I, the pressure-outlet boundary
condition is specified with a pressure value p = 0.

The emissivity of the walls surrounding the gas subdomain (£) is set
to € = 0.85, whereas the emissivity of the fictitious boundaries (f.f

~ P inlet®
re., and I, is e = 1, with a fixed boundary temperature 7' = 293.15

As the initial condition, we set that the velocity is v = 0 m/s and
the temperature T = 293.15 K. The turbulent variables are set as K =0
m?/s? and e = 1 m2/s?, whereas the initial species mass fractions are

0.232 for O, and 0.768 for N,.
3.2. Solid melting problem

In the solid melting problem, the model is defined in the 2D cross-
section depicted in Fig. 8, which considers a transversal cut of the
rotary furnace. As mentioned previously, the goal is to assess the
time required to melt a set amount of material. Physically, the system
within the furnace is a multiphase fluid, comprising both the furnace
bed, where a melting process takes place, and the region occupied by
the gas, inside a domain with a moving part. Due to the significant
computational requirements associated with the direct solution of the
real problem, several simplifications are made.

Firstly, the phase corresponding to the gaseous mixture — where
methane combustion takes place — is excluded from consideration.
Instead, its influence is approximated by a prescribed temperature
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Fig. 8. Transversal cross-section of the rotary furnace for the solid melting problem: (a) 3D view, (b) computational domain.
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Fig. 9. Computational domain and boundaries of the solid melting problem seen from
the burner.

boundary condition. It is also assumed that the region initially occupied
by the solid phase (iron or slag) retains its predetermined shape and
position throughout the simulation. Since the relative density variations
of iron and slag during the heating and melting process are small, the
volume expansion due to the melting is neglected. Despite not account-
ing for volume expansion, the model still incorporates buoyancy forces
due to density changes in the molten or partially molten material, as
they may significantly enhance mixing in the furnace bed.

Lastly, it should be noted that the solid material consists of pieces.
The model does not take into account the spaces between them. For
iron, these pieces are relatively large, as shown in Fig. 3.

A CFD model solving similar equations to those presented in Sec-
tion 3.1.1 is considered. As mentioned above, the gas subdomain is
not included in this stage and, instead, the computed temperature
over time as the solution to the gas combustion problem is used as a
boundary condition to account for the heat provided by the natural gas
combustion.

The computational domain for this problem, denoted as £, as well
as its subdomains and boundaries, are depicted in Fig. 9. The view
of the corresponding transversal section is displayed as it would be
seen from the burner side, resulting in a counter-clockwise rotation
of the kiln. The domain is split into a subdomain corresponding to
the furnace load, 25, and a subdomain corresponding to the solid
refractory, denoted as Q.

The mathematical model accounts for the conjugate heat transfer
between the refractory and the furnace load occupying €2p. The load
is assumed to be either iron or slag, as discussed in Section 2, initially
in solid state. To model the melting, a standard enthalpy-porosity tech-
nique discussed below is used. In the molten materials, we account for
buoyancy due to density difference and the enhanced mixing due to the
furnace rotation by solving the Navier-Stokes equations, considering
the Boussinesq model for buoyancy and suitable boundary conditions.

3.2.1. Melting submodel

To model the melting of either iron or slag, we utilize a fixed-grid,
enthalpy-porosity formulation proposed in [32]. This formulation has
been widely adopted in similar applications involving the melting of
different materials in furnaces (see e.g. [9]). The technique does not
explicitly track the molten interface. Instead, a variable representing
the liquid fraction, «, is introduced, which varies from zero (solid
phase) to 1 (liquid phase). Intermediate values indicate the presence of
an artificial mushy region, assumed to behave as a porous medium. The
liquid fraction indicates the permeability of the mushy zone, and appro-
priate source terms are defined to ensure that the flow velocity reduces
with decreasing liquid fraction, reaching zero when the mush becomes
completely solid. Specifically, the liquid fraction « is computed at each
iteration as

0, if T < Ty,
T-T,
=2, ifT, <T<Ty,,
Tliq _Tsol
1, if T > Ty,

The model reformulates the energy equation (7), adjusting the defini-
tion of enthalpy to include the latent heat due to the phase change, L:

r
H = / cp(s)ds +al. a7
Tror

The liquid-solid mushy zone, where a € (0, 1), as indicated above, is
treated as a porous material with porosity equal to the liquid fraction.
To model the flow in this porous region, a source term is added. Its
value increases from zero when a = 1, allowing free motion in the liquid
phase, to a value which ensures that the source term dominates the
transient, convective, and diffusive terms in the conservation equations,
effectively forcing the velocity to take near zero values [32]. In particu-
lar, the subsequent source term is added to the momentum conservation
equation (3) and the turbulence variables Egs. (4)-(5):

1 - a)?
= A, as)
where ¢ is the variable involved in each equation (either v, K or e).
This source term is obtained as a modified form of the Carman-Kozeny
equation, derived from the Darcy’s law for fluid flow in porous media.

In (18), the parameter y = 0.001 is introduced to avoid division by
zero and the so-called mushy zone constant, A4,,, measures the ampli-
tude of the damping due to the partially solidified region, i.e., how fast
the fluid velocity approaches zero as it solidifies. Usually, 4,, is selected
with values between le4 and 1e8, depending on the specific features of
the problem [23,32]. Note that the effect that the value of the mushy
zone constant has on the numerical predictions is significant, as shown
in [33], where simulations were conducted to examine the influence of
the values of A,, on the melting of a phase change material in thermal
storage enclosures. Here, we consider the mushy zone constant 4, =



O. Crego et al.

le5 when dealing with iron and a mushy zone constant A,, = 5¢7 for
slag. The higher value assigned to slag owes to difficulties in achieving
convergence with lower parameter values.

3.2.2. Sliding mesh

The rotary kiln turning motion has a sizeable influence on the
melting time due both to the increased heat transfer towards the bottom
of the furnace bed and due to the enhanced mixing of the molten
materials, which are dragged along with the wall. To account for this
effect, the proposed model uses the sliding mesh technique in ANSYS
Fluent [23]. The mesh of the subdomains £ and Q2 (see Fig. 9) is
assumed to have a non-conformal interface on X. Since Q2 represents
the solid refractory wall comprising the drum, its mesh cell positions
are updated at each time step through a rotation defined by a constant
angular speed of v,,, = z/40 rad/s (0.75 rpm). This rotation also affects
the cell faces lying on X, which are updated accordingly. The region
Qp is not rotated. Instead, the drag experienced by the molten materials
due to the kiln rotation is modelled by imposing a boundary condition,
setting the appropriate fluid velocity.

3.2.3. Thermal buoyancy. Boussinesq model

As mentioned above, instead of considering a variable density, we
maintain a constant density in the furnace load, as density changes
with temperature are small. However, buoyancy due to thermal effects
is significant, and is addressed using the Boussinesq model, which
treats mass density as a constant value, and adds a source term to the
right-hand side of the momentum conservation equation (3):

b= _pOﬁ (T_Tref,B)g

where p, is the (constant) mass density of the molten material, T
denotes the temperature, T,,, 5 is the reference temperature for the
Boussinesq model and g is the thermal expansion coefficient (see
Table 2). Lastly, g = (0,-9.81)T my/s? is the gravitational acceleration
vector.

3.2.4. Model equations

The mathematical model for this problem includes similar con-
servation equations as the model for the gas combustion problem,
excluding the equations for the conservation of the species, which are
not involved in this problem. Also, the region occupied by the furnace
load, €25, is assumed to be opaque to radiation, and the radiation model
described in 3.1.3 is not considered, since the radiation contribution
due to the flame is implicitly accounted for with the temperature profile
Tp imposed as a boundary condition, discussed below.

Specifically, the mass conservation equation (2) and momentum
conservation equation (3) are solved in Qp, considering the material
properties for iron or slag. Moreover, the energy conservation equa-
tion (7) is solved in @, neglecting the term due to species diffusion,
and considering the enthalpy definition (17) including the latent heat,
required by the melting model. In Qp, the heat equation (10) is solved.

Since the liquid iron viscosity is low, turbulence induced by both
buoyancy and the furnace rotation is significant in the flow. Conse-
quently, the RKE turbulence model is used, including Egs. (4) and (5).
However, when simulating the melting of slag, where the viscosity
is substantially higher, the flow regime becomes to laminar. As a
result, turbulence modelling is omitted, and the corresponding terms
in Egs. (2), (3) and (9) are neglected, e.g., those related to the eddy
viscosity up or the turbulent kinetic energy K.

3.2.5. Boundary and initial conditions

The boundary of Q is decomposed as depicted in Fig. 9. On the
external boundary, denoted as F;, the same boundary condition (15)
discussed in the gas combustion problem is set, which models the con-
vection heat transfer with the air surrounding the furnace. Moreover,
on I“I"Q, which is the internal wall of the refractory, in contact with
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the hot gas within the rotary kiln, we impose a Dirichlet boundary
condition that depends on time, i.e.:

T(x,t)=Tp(t), 19)

where the temperature profile T, is obtained by fitting the average tem-
perature on = (see Fig. 7), computed after solving the gas combustion
problem.

On X, which corresponds to the interface between the solid refrac-
tory and the slag or iron within the furnace, continuity of heat flux
and temperature is imposed. Moreover, to account for the influence of
the furnace rotation in the mixing of molten slag or iron, the velocity
v is set to match to the rotation speed. On the boundary I}, which
corresponds to the surface of the furnace load, the temperature is set
using the same Dirichlet condition as in (19). It is also assumed as a
free-slip wall, setting that the velocity satisfies v-n = 0.

As the initial condition, we set that the velocity is v = 0 m/s. The
turbulent variables are set as K = 0 m?/s? and ¢ = 1 m?/s>. Lastly,
for the temperature, since the usual procedure in plant involves the
preheating of the furnace for one hour, an initial temperature field is
computed by solving the heat equation in the refractory Q5 considering
the previously described boundary conditions on FI"{ and I'y. In this
case, since the kiln is empty, the computational domain is 2 = Q,
and the boundary F]i2 corresponds to the whole inner boundary of the
annulus in Fig. 9. After solving this preliminary problem, a temperature
field is obtained for the boundary condition in Q4. In the load, the
initial temperature is set to 293.15 K.

4. Numerical results

The proposed model is solved using the commercial software ANSYS
Fluent 22.2 [23]. It employs a cell-centred finite volume method for
discretizing the conservation equations. The coupling of velocity and
pressure is achieved through the SIMPLE iterative algorithm. Least
Squares Cell-Based schemes are considered to handle the diffusive
terms, while Second-Order Upwind schemes are utilized for the treat-
ment of convective terms. Pressure interpolation is carried out using
the PRESTO! scheme. Time discretization is done using a Second Order
Implicit scheme. For a more in-depth understanding of these numerical
schemes, interested readers are encouraged to refer to [23,30] for
additional details.

4.1. Gas combustion problem

The model proposed in Section 3.1 is solved considering an end time
t,,q = 5 h with the main objective of finding the temperature profile on
the internal wall of the kiln. Since small time steps are required at the
beginning of the simulation, a starting time step Ar = le—4 s is selected
and is gradually increased until reaching a value of 47 = 0.1 s.

To determine if the mesh size is adequate for a sufficiently accurate
prediction of the temperature profile, the model is solved until reaching
the time value + = 1000 s for different grid sizes. Specifically, the
different meshes gathered in Table 3 are considered, where the number
of cells, as well as the maximum skewness and minimum orthogonal
quality of each mesh, are reported. Note that, with the definition in
the software used for the solution of the computational model, the
best possible skewness and orthogonal quality are 0 and 1, respectively
(see [23]). In Fig. 10, Mesh 3 is depicted. The mesh is refined near the
fuel and oxygen inlets to ensure an adequate characterization of the
fluid dynamics. Furthermore, appropriate grid refinement is carried out
near the interface separating the air and the refractory, £, to accurately
determine the wall temperature.

In Fig. 11(a), the average temperature on S over time is depicted.
Moreover, in Fig. 11(b), the temperature along 5 is shown with respect
to the arc length of the curve. The findings indicate that Mesh 1 exhibits
excessive coarseness, whereas the remaining meshes yield comparable
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Fig. 10. Mesh 3 of the computational domain for the gas combustion problem.
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Fig. 11. Temperature [K] for the different considered mesh sizes.

Table 3
Maximum skewness, minimum orthogonal quality and number of cells of the meshes
considered for the gas combustion problem.

Table 4
Maximum skewness, minimum orthogonal quality and number of cells of the meshes
considered for the gas combustion problem.

Max. skewness Min. orthogonal quality Num. cells Max. skewness Min. orthogonal quality Num. cells
Mesh 1 0.76 0.42 29985 Mesh 1 0.86 0.15 1223
Mesh 2 0.76 0.50 54047 Mesh 2 0.77 0.30 4158
Mesh 3 0.71 0.44 102179 Mesh 3 0.77 0.30 16 632
Mesh 4 0.72 0.43 208843 Mesh 4 0.77 0.30 66528

temperature values both over time and along the interface . There-
fore, we conclude that Mesh 3 is sufficiently fine to accurately predict
the temperature profile over time in the wall, which is the main goal of
this model. In the subsequently presented results for the gas combustion
problem, Mesh 3 is used.

In Fig. 12, the computed velocity magnitude, temperature and mass
fraction of O, are shown at the end time of the simulation, + = 5 h.
Larger velocities are found near the fuel and oxygen inlets, with the
flow also slightly accelerating as it approaches the open side of the
furnace (right side of the figure). The streamlines of the flow show
a large recirculation developing next to the inner wall. The highest
temperature values are predicted in the middle section of the kiln, and
the mass fraction of O, evidences a complete combustion of the injected
oxygen.

The average temperature on the inner wall 5 is computed over
time until reaching the end time value. The obtained time-dependent
curve is shown in Fig. 13. We observe a rapid increase in temperature
during the initial stages of methane combustion. However, the rate of
temperature build-up significantly decreases after the initial simulation
stages. Nevertheless, it continues to rise throughout the entire simu-
lated time interval, indicating that a period of 5 h is insufficient to reach
a steady-state temperature in the solid refractory wall.

To define the boundary condition, the computed temperature is
fitted to the following function (also depicted in Fig. 13):

t € [0,100],
t € (100, 5001,

t € (500, 10001,

t € (1000, 180001,

with a = —10453, b = —0.3639, ¢ = 2324.6, and the time units being
seconds.

293.15+ ﬁ(838.32 —293.15),

t—100
838.32 + W(1284'7 —838.32)

1284.7 + %(1478.1 - 1284.7)

Tp®) =

at® +c,

4.2. Iron melting

Concerning the solid melting problem, the model described in Sec-
tion 3.2 is solved. First, as mentioned previously, we consider material
property values corresponding to iron and attempt to reproduce the
usual procedure in plant to validate the model. The time-dependent
temperature profile T (r), computed after solving the gas combustion
problem, is used as a boundary condition.

To assess if the mesh size is adequate, as in the gas combustion
problem, we solve the model for the different grid sizes reported in
Table 4. Note that the size of the subdomain corresponding to the load
occupying the furnace, 25, depends on the amount of material within
the furnace. For this sensitivity study, we assume that the furnace is
loaded with 3000 kg of iron. The height of the domain is computed
assuming the constant density value reported in Table 1 and taking into
account the geometrical features of the rotary kiln. In Fig. 14, Mesh 3
is depicted. The meshes are slightly refined near the interface with the
solid, the vicinity of the free surface, and the corners on the sides of
the domain.

The model is solved until reaching an end time value ¢,,, = 1.5 h.
The temperature initial condition in the refractory, 2y, is computed
as described in Section 3.2.5 separately for each mesh in Table 4.
In Fig. 15(a), the average liquid fraction is depicted over time for
the different mesh sizes. While the general features of the curves
obtained for the different meshes are similar, Mesh 1 and Mesh 2
lead to longer melting times, whereas the remaining curves overlap
each other. Similar remarks apply to Fig. 15(b), where the temperature
is shown along a vertical line splitting £, in two symmetric halves.
Again, Mesh 1 and Mesh 2 exhibit large differences compared to Mesh
3 and Mesh 4, which yield essentially identical vertical temperature
profiles. We therefore conclude that Mesh 3 is sufficiently fine to solve
the problem accurately. Henceforth, for a load equivalent to 3000 kg
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of iron, we employ Mesh 3 to obtain the numerical solution. For the
scenarios involving different amounts of iron, the mesh will be adapted
accordingly, maintaining a comparable element size to that used in this
case.

Parametric study with respect to the iron mass

The solid melting problem is solved considering three different
amounts of iron: 3000 kg, 3500 kg and 5000 kg. For each amount
of iron, the height of the subdomain £, is adjusted and the mesh is
reconstructed appropriately. The iron load using during the standard
plant procedure is typically around 3500 kg, with 5000 kg representing
the maximum iron capacity of the furnace.

The temperature contours at times + = 300 s and + = 1800 s are
shown in Fig. 16, for 3000 kg and 5000 kg of iron. The rotation of the
furnace, which in the selected view of the domain is in the counter-
clockwise direction (see Fig. 9), breaks the symmetry and leads to larger
heat ingress in the bottom part of the furnace bed that is close to
the corner on the left side. The solid core of iron remains at a lower
temperature with larger mass values as time advances. The part of
iron that remains in solid state is depicted in Fig. 17, where the liquid
fraction contours for 3000 kg and 5000 kg are depicted for times 7 = 300
s and + = 1800 s. Only the subdomain corresponding to the furnace
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bed, 25, is shown. Since the molten iron is dragged along with the
wall motion, a larger molten zone develops on the left hand side. Also,
due to the large range between the liquidus and solidus temperature of
iron, there is a significant part of the kiln load at 1800 s that is above
the solidus temperature but has not reached the liquidus temperature.
Thus, a significant part of the furnace bed shows values of the liquid
fraction that are strictly above zero and strictly below one, indicating
the presence of a large mushy zone.

In Fig. 18, the velocity magnitude contours at the end time value
t = 1.5 h are displayed for 3000 kg and 5000 kg of iron. Also, the
streamlines of the flow are shown. At this time, the furnace bed is
completely molten, as evidenced by the results shown in Fig. 17. The
maximum velocity value in the scale has been adjusted to 1e—2 m/s for
clarity purposes, as the actual maximum value of the velocity, which
is equal to the v,,, parameter (4.32¢ — 2 m/s), is only reached inside
the boundary layer along the inner wall of the kiln. In addition to
the primary circulation, which follows the motion of the wall, two
large secondary eddies develop at the bottom of the load, more clearly
observed in the case involving 5000 kg of iron.

As described in Section 2, the standard furnace procedure in plant
involves three different casts after heating the empty furnace for 1 h.
In the simulation of iron melting, to validate the model, we aim
to reproduce this process numerically. Therefore, we simulate three
consecutive casts. With this purpose, the mathematical model is solved
starting with the initial condition described previously, at the end
time corresponding to each of the subsequent casts in the plant, the
values of the variables (temperature, velocity and the turbulence model
variables) are reset to their initial values in the subdomain €. This
resetting reflects the introduction of solid iron feed at ambient temper-
ature into the hot furnace due to the previous casts, while maintaining
the previously reached temperature in the refractory Q.

In Fig. 19, the average liquid fraction over time is shown for the
three casts. At the start of each cast the liquid fraction is zero in all
Qp and rises until reaching one, point at which all the load is liquid.
The trend followed by the curves resulting from all the considered cases
is similar. As shown previously, the load melts significantly faster with
less amount of iron. The specific time values required to reach complete
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melting are gathered in Table 5. The time values reported in the table
have been normalized by subtracting the start time for each cast. It is
observed that the first cast is slightly longer than the remaining ones
for all amounts of iron, as the refractory is at a lower temperature.
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values, considering 3000 kg and 5000 kg of iron.

Table 5 reports the relative reduction in time for each successive
cast compared to the first, indicated in parentheses. Specifically, the
third cast is approximately between 22% to 19% shorter than the
first cast, with the difference being more pronounced when less iron
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is present. To illustrate this effect more clearly, Fig. 20 shows the
average liquid fraction over normalized time values for both 3000 kg
and 5000 kg of iron. Table 5 also indicates the average reduction
in time as measured in the plant data, which closely matches the
values obtained in our numerical simulations. Since the plant procedure
involves varying conditions, typically with loads around 3500 kg, we
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calculate the average across different procedures. We do not provide
the raw time data from the plant as it does not accurately reflect
the actual time required to melt the load in the furnace. By the time
the casting process is complete, the furnace charge may have been
completely melted for a significant period of time, rendering the raw
time data unreliable.
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Table 5

Times (in hours) required to achieve complete melting for the different values of iron
mass in three successive casts in the simulation. The values in parentheses indicate the
relative reduction in time for the subsequent casts with respect to Cast 1, both in the
simulation results and in the plant data.

Simulation results Plant data
3000 kg 3500 kg 5000 kg
Cast 1 0.69 (-) 0.81 (-) 117 () ()]
Cast 2 0.57 (-17%) 0.68 (—16%) 1.00 (-15%) (—22%)
Cast 3 0.54 (-22%) 0.64 (-21%) 0.95 (-19%) (—26%)

If the time required to reach complete melting for different amounts
of iron is compared, an approximate increase in time between 70%
and 76% for stepping up from 3000 kg to 5000 kg is predicted by the
model (see Table 5). This means that the furnace efficiency, measured
in molten kg per minute, is slightly lower with 5000 kg if compared to
that obtained with 3000 kg. For instance, during the first cast, 72.7 kg
of iron are melted per minute with a 3000 kg load, as opposed to
71.4 kg of iron per minute considering a 5000 kg load.

Parametric study with respect to the rotation velocity

Considering 3000 kg of iron, the solid melting problem is solved
varying the v,,, parameter. In addition to the previously considered kiln
rotation speed of 0.75 rpm, we explore various rotation speeds ranging
from O rpm to 1.5 rpm. Thus, the problem is solved adjusting the
corresponding velocity v, which is supplied as a boundary condition
to the model.

Fig. 21(a) shows the average liquid fraction over time for the dif-
ferent rotation speeds. At higher rotation speeds, the intensified forced
convection induced by faster furnace rotation results in accelerated
melting times. Conversely, slower speeds result in significantly longer
melting times. For instance, if the kiln does not rotate (v,,, = 0 rpm),
the melting time exceeds 1.5 h, more than double the time taken at
0.75 rpm. These findings are summarized in Fig. 21(b), which shows
the melting times as a function of the rotation speed in rpm. Within
the range of 0.75 rpm to 1.5 rpm, we observed an essentially linear
relationship between melting time and rotation speed, with a relative
decrease in melting time of approximately 18% when doubling the
rotation speed. It should be noted that, in the absence of furnace
rotation, all liquid motion within the furnace bed is solely due to
natural convection induced by buoyancy forces. On the other hand,
since the iron is only heated from above, heat transfer is mainly by
conduction and natural convection is not sufficient, which explains the
slower melting times.

4.3. Slag melting
Under the same assumptions considered previously for iron, we

investigate the viability of melting a CaO-SiO, slag suitable for the
SisAl process. The furnace load material is replaced by slag, using
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the property values gathered in Section 2. The mathematical model is
analogous, with the only exception that the flow is considered laminar,
as discussed in Section 3.2. Since the slag is much less dense than iron,
smaller amounts of slag can be loaded within the furnace. Thus, we
solve the model considering a total load of 100 kg, 200 kg and 1000 kg.

In Fig. 22, the average liquid fraction is depicted over time for the
different considered amounts of slag. As evidenced by the reported
curves, the time values required to melt slag are much longer than those
previously discussed for iron. In particular, for 200 kg of slag, more
than 1.5 h are required to completely melt the load, as opposed to iron,
where in the same interval the simulation predicted that 3000 kg could
be melted. This is partly due to the slag low thermal conductivity, equal
to 1 W/(m K) and roughly among 30 to 45 times less conducting than
the iron that was considered in the previous results (see Table 1). Thus,
the slag operates as an insulating material, significantly impeding the
attainment of the melting temperature and slowing the melting process.
Additionally, the latent heat of the slag is much larger than that of
iron, implying that a larger amount of energy is required for the phase
change. Lastly, the load is required to reach a temperature more than
150 K higher for the melting to complete when using slag.

In Figs. 23-25, the contours of the velocity magnitude with stream-
lines and liquid fraction are displayed at various time values for 100 kg,
200 kg and 1000 kg of slag, respectively. As opposed to the results
previously shown for iron, the flow structures are notably simpler,
characterized by a primary closed loop flowing in the direction induced
by the turning motion. This behaviour is due to the higher viscosity
of the slag, which results in the flow being predominantly governed
by forced convection induced by the furnace rotation. At the corners
of the furnace bed, for 200 kg and 1000 kg of slag, smaller loops are
observed. The melting starts in these corners, as depicted in Fig. 25(b),
and a high-temperature liquid layer quickly develops below the solid
slag. This suggests that the turning motion is crucial for accelerating
the melting process, as it allows to melt the slag from below.

The simulations of slag melting reveal the presence of a solid core
within the furnace bed region over time. Since density changes with
temperature are neglected, the model is unable to predict the gravita-
tional settling of this solid core. However, considering the small density
changes in the slag and the substantial viscosity of the molten slag, we
speculate that the rotation of the furnace may effectively prevent the
solid core from falling.

5. Conclusions

This article presents some of the work being carried out in the
framework of the European project SisAl Pilot and, in particular, that
related to a gas rotary kiln used for grey iron melting. A 2D transient
mathematical model was devised and solved using a methodology
comprising two distinct steps: firstly, a gas combustion problem was
solved inside the kiln, including simulations of the natural gas flame
and heat transfer by convection and radiation. From the solution of
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this first problem, the temperature inside the furnace was obtained
as a function of time. Subsequently, this data was used as boundary
condition to determine the time required to melt the charge, taking into
account both the rotation of the furnace and the natural convection in
the molten liquid.

Validation of the mathematical model was conducted using iron
as the furnace load, replicating the standard operating procedure of
the facility, which involved preheating the furnace followed by three
consecutive iron casts. The simulations demonstrated similar time re-
ductions for subsequent casts relative to the first one, as observed
in plant operations. The time required to melt the iron was found
to be dependent on both the furnace speed and the amount of iron
considered. In particular, doubling the speed from 0.75 to 1.5 rpm
could reduce the melting time by about 18%, provided that a rotation
speed of 1.5 rpm was structurally acceptable. Furthermore, scaling up
iron mass from 3000 kg to 5000 kg resulted in a 70% to 76% increase
in melting time, slightly reducing furnace efficiency in molten kg of
iron per minute. Notably, the third cast was notably shorter (between
22% to 19%) than the first.

The feasibility of employing the furnace to melt a CaO-SiO, slag
used in the aluminothermic reduction of quartz for silicon production
was investigated. The numerical results revealed significantly longer
melting times compared to iron due to its low thermal conductivity.
For 200 kg of slag, more than 1.5 h are required to completely melt
the load, as opposed to iron, where in the same interval the simulation
predicted that 3000 kg could be melted. The rotational motion is crucial
for accelerating the melting process of slag, as it allows to melt the slag
from below.

Further work should be aimed at addressing some of the limitations
of this study, namely, the modelling of natural gas as pure methane,
neglecting gaps between solid material pieces, the assumption of a
predetermined and constant shape of the furnace bed or the absence of
volume expansion during melting. Although the analysis in this paper
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focuses on a particular type of rotary kiln, the presented model could
be adapted to the study of other types of rotary furnaces, such as
Top-Blown Rotary Converters (TBRC).

On the other hand, we have focused here on the main aspects
of the research carried out in the SisAl Pilot project. However, the
model developed could allow future research to be directed towards
improving the performance and operation of this type of kiln, as
well as analysing other possible parameters, such as the dimensions
and refractory materials, potentially extending the applicability of the
model.
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