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Abstract: The study of interaction between microwave radiation and minerals is gaining increasing
interest in the field of minerals and material processing. Further studies are, however, still required to
deepen the understanding of such microwave heating mechanisms in order to develop innovative
techniques for mineral treatment using microwave heating. In this paper, effects of sample shapes and
thickness on the distribution of temperature inside the mineral ilmenite (FeTiO3) due to microwave
heating were numerically studied using the finite element (FE) method. The analysis was carried
out in such a way that the flux of microwave energy was converted into an equivalent amount
of heat generation in the mineral through the Poynting theorem of conservation of energy for the
electromagnetic field. In this study, as a first attempt, the cylinder and slab of ilmenite were modeled
to be irradiated from top and bottom surfaces with the variation of cylinder and slab thicknesses.
Temperature-dependent material properties of ilmenite were taken into account in the FE simulation.
Corresponding boundary conditions were then applied accordingly to the cylinder and slab of ilmenite
with comparable characteristic length. Numerical results showed that, in terms of temperature
differences between locations having maximum and minimum temperatures, slab geometries tended
to produce higher values in comparison to those of cylinder geometries with the thickness variation,
while the profiles of temperature inside the ilmenite samples were similar for both geometries. For
the same duration of microwave heating, the slab geometry, hence, induced greater non-uniformity
of temperature inside the ilmenite. It was also observed that, for the ilmenite samples with thickness
value greater than 1.5 cm, the hotspot locations were not in the center of the sample, but on the surface
of sample. Moreover, from several thickness values considered in this study, the ilmenite sample
with thickness value of 3 cm gave a good trade-off between the maximum temperature value attained
and temperature differences inside the sample, for both geometries. Thus, the shape and thickness
of ilmenite samples affect the effectiveness of microwave heating of ilmenite, in terms of maximum
temperature attained, temperature differences, and uniformity of temperature.

Keywords: mineral processing; microwave heating; ilmenite (FeTiO3); heat source; non-uniform
temperature

1. Introduction

Microwave-assisted heating is extensively used in mineral and material processing. For material
processing, microwave heating has several advantages including deep penetration, volumetric heating,
and a controlled source of power [1–3]. As a result, the study of interactions between microwave

Minerals 2020, 10, 382; doi:10.3390/min10040382 www.mdpi.com/journal/minerals

http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0002-8072-0192
http://dx.doi.org/10.3390/min10040382
http://www.mdpi.com/journal/minerals
https://www.mdpi.com/2075-163X/10/4/382?type=check_update&version=3


Minerals 2020, 10, 382 2 of 19

radiation and minerals gained increasing interest in recent years [4]. Despite the facts, this method
could nonetheless generate non-uniform temperature distribution during the heating process, which is
still a main challenge [5,6]. Further studies are, hence, required to deepen the understanding of such
microwave heating mechanisms in order to develop innovative techniques for mineral treatment using
microwave heating.

Among mineral resources, ilmenite (FeTiO3) concentrates are important feeds for the production
of titanium dioxide (TiO2) pigments via a number of industrial processes. In Indonesia, placer
deposits for ilmenite are estimated to amount of 40 million tons [7]. Magmatic deposits can yield
ilmenite with a TiO2 content of 35%–40% mass fraction, whereas placer deposits provide ilmenite
of higher TiO2 content [8]. Commonly, microwave heating is preferred in the industrial processes,
as processes involved in the production stages can be highly energy-intensive and -consuming. For
instance, extensive chemical alteration is needed to facilitate the preferential removal of iron from the
ilmenite [9–11]. Details of such removal and enrichment processes can be found in Reference [9].

It is interesting to note that, while studies on microwave heating for mineral processing were
intensively reported in literature [12–15], related numerical studies are nonetheless still limited. On the
other hand, modeling of microwave heating of foods was the main concern so far in the literature [16–18].
This research work, hence, fills the gap concerning modeling and numerical simulations of microwave
heating for mineral processing, particularly ilmenite. Readers are kindly referred to Reference [19] for
details of the microwave heating mechanism, particularly in relationship with particle morphology
and characteristics.

In this paper, the effects of sample shape and thickness on the distribution of temperature inside
the mineral ilmenite (FeTiO3) due to microwave heating were numerically studied using the finite
element (FE) method (FEM). FEM was chosen as a numerical solver in this study due to its well-known
robustness for heat transfer modeling. Moreover, FEM handles problems of unsteady volumetric
heating in a straightforward manner such as that investigated here, where heat generation arising
inside a sample due to microwave heating manifests itself as transient volumetric heating. This is
in contrast to, for instance, the time-stepping boundary element (BE) scheme in handling transient
problems, as the transient effect reveals itself as an additional volume integral, thus giving additional
complexity in computation [20]. In this work, the analysis was carried out in such a way that the flux of
microwave energy was converted into an equivalent amount of heat generation in the mineral through
the Poynting theorem of conservation of energy for the electromagnetic field. In this study, as a first
attempt, cylinders and slabs of ilmenite were modeled to be irradiated from top and bottom surfaces.
Temperature-dependent material properties of ilmenite were taken into account in the simulation.
Corresponding boundary conditions were then applied accordingly to the cylinder and slab of ilmenite
with comparable characteristic length. Numerical results of transient temperature distribution inside
the ilmenite with the variation of cylinder and slab heights are presented and discussed. The obtained
temperature results are further corroborated with available data from practical microwave heating
processes of ilmenite in the literature.

2. Materials and Methods

2.1. Formulation of Electromagnetic Wave and Energy

Figure 1 shows a schematic of microwave heating for cylinder object. A typical FE mesh employed
is also shown in Figure 1. Using the assumptions of uniform plane waves and linear material
constitutive laws to approximate the actual electric field in a system, the Maxwell equations may be
simplified as follows [21–23]:

→

J = σ′
→

E (1)
→

D = ε
→

E (2)
→

B = µ
→

H (3)
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where
⇀
J is the current density,

⇀
D is the electric displacement,

⇀
B is the magnetic induction, σ′ is the

electrical conductivity, ε is the permittivity, and µ is the magnetic permeability.
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Figure 1. Schematic of microwave heating for cylinder object: (a) cylinder; (b) typical FE mesh for the
cylinder object.

Following Reference [22,23], under the uniform plane wave assumption, the simplified equation
for electric field can be further written as follows:

d2Er

dz2 + χ2Er = 0 (4)
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where χ is the propagation constant, and z is the axial direction. The constant may be expressed as
χ = σ+ iβ with the following phase factor:

σ =
2π f

c

√√√
κ′

(√
1 + tan2 δ+ 1

)
2

(5)

Furthermore, the following attenuation factor is applied [24]:

β =
2π f

c

√√√
κ′

(√
1 + tan2 δ− 1

)
2

(6)

where f is the frequency of radiation, c is the light speed, κ′ is the relative dielectric constant, and δ is
the phase angle.

Having irradiation on the top and bottom surfaces, the corresponding boundary conditions for
the microwave propagating along z-axis are given as follows:

Er,0
∣∣∣z=0,L = Er,1

∣∣∣
z=0,L (7)

1
µ0ω

dEr,0

dz

∣∣∣∣∣z=0 =
1
µ1ω

dEr,1

dz

∣∣∣∣∣
z=0

(8)

where 0 and 1 indicate the free and medium (object) space, respectively, through which microwave
propagates. Hence, the solution for Equation (4) can be written as follows:

Er,l = Aleiχlz + Ble−iχlzEr,l (9)

where:
Al =

T01E0

1 + R01eiχlL
(10)

Bl =
T01E0eiχlL

1 + R01eiχlL
(11)

The transmission and reflection coefficients within the object are respectively given by

T01 =
2ξ1

ξ1 + ξ0
(12)

R01 =
ξ1 − ξ0

ξ1 + ξ0
(13)

where ξ =
µω
χ is the intrinsic impedance, and ω = 2π f is the angular velocity. Then, the electric field

distribution in the cylinder object is given by

E =
T01E0

1 + R01eiχlL
(eiχlz + eiχl(L−z)) (14)

Following the same analysis, the corresponding boundary conditions for a slab are given by

E0 = E1 (15)

1
µ0ω

dE0

dz
=

1
µ1ω

dE1

dz
(16)
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One can then obtain the electric field distribution in a slab medium as

E =
T01E0

1 + R01eiχlb
(eiχlz + eiχl(b−z)) (17)

In Equations (22) and (25), L and b respectively represent the length of cylinder and thickness
of slab.

2.2. Heat Transfer Due to Microwave Heating

Upon getting the expressions for electric field distribution, heat transfer analysis due to microwave
heating can be carried out accordingly by taking into account heat generation (the power dissipated
per unit volume) produced by the microwave heating [25] using the Poynting theorem as follows [21]:

→
q =

1
2

→

E ×
→

H
∗

(18)

Q(z) = −Re(
→

∇·
→
q ) (19)

Q(z) =
1
2
ωε0κ

′′
|E|2 (20)

By substituting Equation (9) into Equation (20), the power volumetric generation within a cylinder
medium is obtained as

Q(z) =
1
2
ωε0κ

′′
|E0|

2
|T01|

2
×

e−2βz + e−2β(L−z) + 2e−βL cos(2σz− σL)

1 + 2|R01|e−βL cos(δ01 + σL) + |R01|
2e−2βL

(21)

Furthermore, the power volumetric generation within a slab medium is obtained as

Q(z) =
1
2
ωε0κ

′′
|E0|

2
|T01|

2
×

e−2βz + e−2β(b−z) + 2e−βL cos(2σz− σb)

1 + 2|R01|e−βb cos(δ01 + σL) + |R01|
2e−2βb

(22)

where κ′′ is the relative dielectric loss.
The governing equation for heat transfer with a heat source can then be written as follows [26,27]:

ρcp
dT
dt

=
→

∇·(k
→

∇T) + Q (23)

where the heat sources for the cylinder and slab are taken from Equations (21) and (22), respectively.
For a cylinder with outside radius r0, the heat transfer equation due to the microwave heating can be
written as follows:

∂2θ

∂r2 +
1
r
∂θ
∂r

+
∂2θ

∂z2 +
Q(z)

k
=

1
α
∂θ
∂t

for 0 ≤ r ≤ r0; 0 < z < L (24)

along with the following initial and boundary conditions:

T = Ti for t = 0 (25)

− k
∂T
∂r

= h(T − T∞) on r = r0 (26)

k
∂T
∂z

= h(T − T∞) on z = 0 (27)

− k
∂T
∂z

= h(T − T∞) on z = L (28)
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The above equations and boundary conditions are solved using the FE method in the present
research study.

2.3. Procedures for Microwave Heating Using FEM

Numerical steps performed in this work include the following:

(i) Verification was carried out for FE simulation, with microwave heating problems having
well-known analytical solutions in order to ensure the robustness of the FE simulation. Microwave
heating results on cylindrical beef and a salmon slab were used here as verification problems [22,23].

(ii) Afterward, FE simulations for microwave heating on ilmenite samples having cylinder and slab
shapes were carried out, with variation of sample height. It is noted here that related material
properties (in SI (International System of Units) units) for samples undergoing microwave heating
were taken from available literature.

(iii) The obtained simulation results were corroborated with available data in the literature for ilmenite
processing using microwave heating.

For step (i), analytical solutions for the microwave heating problems are available. For compactness
of presentation, the detailed derivation for such analytical solutions is omitted here. Readers may refer
to References [22,23] for further details. A modified temperature variable is introduced inside the
cylinder and slab by

θ(r, z, t) = T(r, z, t) − T∞ (29)

θ(x,y,z,t) = T(x,y,z,t) − T∞ (30)

Then, the analytical solutions for temperature distribution inside the cylinder and slab shapes
due to microwave heating are given as follows:

θ(r, z, t) =
∞∑

m=1

∞∑
n=1

λm
2 J0(λmr)(ηn cos ηnz + γ sin ηnz)

[r02 J02(λmr0)(γ2 + λm2)][L(ηn2 + γ2) + 2γ]

=
θ(λm, ηn, t) (31)

θ(x, y, z, t) =
∞∑

n=1

∞∑
p=1

∞∑
q=1

A
(
λn, ξp, ηq, x, y, z

)
×

[
Φ(x,y,z,t−τ)

α(λn2+ξp2+ηq2)

(
1− e−α(λn

2+ξp
2+ηq

2)τ
)]

+
∞∑

n=1

∞∑
p=1

∞∑
q=1

A
(
λn, ξp, ηq, x, y, z

)
× C

(
λn, ξp, ηq, a, w, b,θ(x, y, z, t− τ)

)
e−α(λn

2+ξp
2+ηq

2)τ

(32)

for any position inside (r and z for cylinder and x, y, and z for slab) and related time t, where J0 is
the characteristic function, λm represents the eigen-values from the characteristic function, γ is the
ratio between coefficient h and thermal conductivity k, ηn represents the eigen-values in the z-direction
from Fourier transform, α is the thermal diffusity, and τ is the period of electromagnetic heating. For
variables Φ, A, and C, readers are further directed to References [22,23].

It is also noted here that the value of τ needs to be determined by the user. In addition, it may
be expected that, for a given cross-sectional area, the sample height/thickness would be related to
the effectiveness of microwave heating and uniformity of temperature distribution in relation to
penetration depth of microwave radiation.

Accordingly, FE equations for the thermal problem including heat source are given as follows [28]:

[C]
{ .
T
}
+ [K]{T} = {FT} (33)

[C] =

∫
V
ρcp[N]T{N}dV (34)
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[K] =

∫
V

k[B]T{B}dV +

∫
S

h[N]T{N}dS (35)

{FT} =

∫
V

Q[N]TdV +

∫
S

hTre f [N]TdS (36)

where [N] is the matrix of the shape function, [B] is the matrix of the shape function derivative,
and {T} is the vector of nodal temperatures, while h is the convection coefficient and Tref is the
reference temperature.

Here, Tables 1–3 describe material properties employed in the present research work.

Table 1. Thermal and dielectric properties of cylindrical beef (f = 2450 MHz) [21,22].

Properties Values

Thermal conductivity, k (W/mK) 0.466
Specific heat capacity, cp (J/kgK) 3200

Density, ρ (kg/m3) 1030
Dielectric constant, κ′ 30.5

Dielectric loss, κ” 9.6
Transmission coefficient, |T01| 0.301

Reflection coefficient, |R01| 0.7026
Phase angle, δ01 (rad) −3.09
Phase factor, σ (rad/m) 288

Attenuation factor, β (rad/m) 44.2

Table 2. Thermal and dielectric properties of salmon fillets (f = 2450 MHz).

Properties Values

Thermal conductivity, k (W/mK) [23] 0.4711
Specific heat capacity, cp (J/kgK) [23] 3589.4

Density, ρ (kg/m3) [23] 1047.89
Transmission coefficient, |T01| [29] 0.243

Reflection coefficient, |R01| [29] 0.761
Phase angle, δ01 (rad) [29] 3.095
Phase factor, σ (rad/m) [29] 367.32

Attenuation factor, β(rad/m) [29] 61.65
Dielectric constant, κ′ [23] 51.2

Dielectric loss, κ” [23] 18.24

Table 3. Dielectric and material properties of ilmenite (f = 2450 MHz) [30,31].

Properties Values

Dielectric constant, κ’ 16.8
Dielectric loss, κ” 8.6

Phase angle, δ01 (rad) 2.93
Phase factor, σ (rad/m) 210.4

Attenuation factor, β (rad/m) 61.286
Transmission coefficient, |T01| 0.4602

Reflection coefficient, |R01| 0.0045

Furthermore, temperature-dependent material properties of thermal conductivity and specific
heat for ilmenite were used in the FE simulation, taken from References [32,33]. All FE simulations
were realized using ANSYS v17 software (ANSYS, Canonsburg, PA, USA).
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3. Results

3.1. Verification of FE Simulation

In this section, numerical parameters used were the incidence microwave energy flux I = 3 W/cm2

(corresponding to a 1.2-kW household microwave), h = 10 W/m2K, radius of cylindrical beef r0 = 0.005 m,
and height/thickness of cylindrical beef L = 0.0125 m. Initial uniform temperature T0 was taken as
298 K. Final time t was taken at 120 s for comparison purposes. Due to symmetry, only a half-model
was used. The number of elements employed was 245,760 elements. For the FE simulation with the
slab, the parameters were the incidence microwave energy flux I = 3 W/cm2 (corresponding to a 1.2-kW
household microwave), h = 10 W/m2K, dimension of salmon fillet of length × width × thickness =

0.07 m × 0.04 m × 0.015 m. Initial uniform temperature T0 was taken as 298 K. Final time t was taken at
75 s. Similarly, due to symmetry, only a half-model was used. The number of elements employed was
168,000 elements. It is noted here that the simulation results previously presented in Reference [34]
for a cylinder of beef were extended by adding the FE results for a slab of salmon, thus showing the
applicability of numerical simulations using FEM for investigating a wide range of microwave heating
problems and applications.

Results of verification for the FE simulation are shown in Figure 2a–c. Figure 2a depicts the FE
simulation results of temperature profiles along the axial center of cylindrical beef with respect to
the variation of microwave heating times. Figure 2b shows the FE simulation results of temperature
profiles along the axial center of salmon slab with respect to the variation of microwave heating times.
In addition, Figure 2c shows relative errors between temperature values along the axial center of
salmon slab obtained from FE simulation and the analytical solution.
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From Figure 2a–c, one can note the good agreement between FE solutions for this microwave
heating problem and the corresponding exact solutions. The average relative error between FE
simulation and analytical solution for the temperature profile of cylinder geometry was 0.13%, while
it was 1.2% for the slab geometry. Hence, it can be said that the FE simulation performed in this
study was verified with good numerical performance and accuracy. In subsequent sections, the
numerical procedures are used to evaluate temperature distributions inside the ilmenite samples due
to microwave heating treatment.

3.2. Simulation Results for Ilmenite Sample with Cylinder Shape

In this section, numerical results of temperature distribution in the ilmenite sample of cylinder
shape due to microwave heating are presented. Parameters used were the incidence microwave energy
flux I = 13.875 W/cm2 (corresponding to a 5.55-kW microwave batch furnace), h = 10 W/m2K, and
radius of cylindrical ilmenite r0 = 0.035 m, with the variation of height/thickness L = 0.015, 0.03, 0.045,
and 0.06 m. Initial uniform temperature T0 was taken as 298 K. Final time t was taken as 240 s (4 min),
with a time interval of 60 s.

Figure 3 presents the temperature distribution inside the cylindrical ilmenite after being heated
for 4 min with respect to the variation of cylinder height. Moreover, profiles of heat generation along
the center line of cylindrical ilmenite due to microwave heating with respect to the variation of cylinder
heights are depicted in Figure 4. In Figure A1 (Appendix A), temperature profiles along the center line
of cylindrical ilmenite with respect to the variation of microwave heating times for different thickness
are shown. Note that the simulation results for the cylindrical ilmenite were also reported previously
in Reference [34], but they are represented here for clarity of comparison with the FE simulation results
obtained for the slab of ilmenite.
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3.3. Simulation Results for Ilmenite Sample with Slab Shape

Figure 5 presents temperature distribution inside the ilmenite slab after being heated for 4 min
with respect to the variation of slab height. In Figure A2 (Appendix A), temperature profiles along the
center line of ilmenite slab with respect to the variation of microwave heating times are shown for
different thickness values.
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For the slab of ilmenite, parameters used in the simulation were the incidence microwave energy
flux I = 13.875 W/cm2 (corresponding to a 5.55-kW microwave batch furnace), h = 10 W/m2K, and
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dimension of slab base area of length ×width = 0.07 m × 0.07 m, with the variation of height/thickness
b = 0.015, 0.03, 0.045, and 0.06 m. Initial uniform temperature T0 was taken as 298 K. Final time t was
taken as 240 s (4 min), with a time interval of 60 s.

4. Discussion

Based on the FE simulations of microwave heating on ilmenite samples with comparable
characteristic length, the results presented above are discussed here. The discussion is elaborated with
respect to maximum temperature attained, temperature differences, and uniformity of temperature
inside the ilmenite samples.

From Figure 3, temperature differences between maximum and minimum temperatures for the
cylindrical ilmenite were 61.53 K, 99.49 K, 134.14 K, and 249.93 K for thickness values L of 0.015 m,
0.03 m, 0.045 m, and 0.06 m, respectively. For the ilmenite slabs, the temperature differences were
respectively 83 K, 123.35 K, 143.13 K, and 249.45 K, as shown in Figure 5. It can be observed that
temperature differences in the slabs were generally greater than those in the cylindrical samples
with the thickness variation. A minor exception was, however, observed for the thickness value of
6 cm, i.e., the largest thickness, in which the temperature difference was almost the same. While the
profiles of temperature inside the ilmenite samples were similar for both geometries as depicted in
Figures A1 and A2 (Appendix A), it can be said that the slab geometry induced greater non-uniformity
of temperature inside the ilmenite, for the same duration of microwave heating.

It was also observed that, for the ilmenite samples with thickness value greater than 1.5 cm,
the hotspot locations were not in the center of sample, but on the surface of sample.

The results above may suggest that a certain thickness value is preferred for ilmenite heating.
Thicker samples may not be preferred as the temperature differences produced are large, thus inducing
greater non-uniformity of temperature in the samples. Moreover, thicker samples may need longer
heating time to attain proper temperature values for the ilmenite to be decomposed into Fe and TiO2

(around 950–1000 ◦C). On the other hand, thinner samples can attain the maximum temperature value,
but one should consider that local melting in the sample (i.e., in the ore matrix) may occur due to
hotspots at the considerably high temperature of 1100 ◦C [12,14]. The simulation results indeed show
that ilmenite sample with a thickness value of 3 cm gave a good trade-off between the maximum
temperature attained and temperature differences inside the ilmenite sample, for both geometries. The
results can also be verified from Figure 4. It shows that the power dissipated per unit volume for the
ilmenite sample with a thickness of 3 cm was the largest.

Furthermore, while thinner samples can attain higher temperature values, it can be observed
that thicker samples can attain a more uniform temperature on their respective layered/sliced planes,
especially at the end of the heating duration of 4 min. This can be seen in Figures 3 and 5.

It is also interesting to note that the hotspot location in the ilmenite changed as the thickness of
sample was varied. Figure 4 depicts this observation. The maximum temperature for the thinnest
sample took place at the center of sample. Conversely, the maximum temperature occurred at the
top and bottom surfaces of the sample for thicker samples. This means that the hotspots moved to
the surface as the thickness increased. This observation is consistent with the FE simulation results
presented in Reference [35]. The consequences are that one cannot expect the uniformity of temperature
inside the ilmenite samples, unless giving some rotation to the samples [35].

Finally, Table 4 summarizes maximum and minimum temperatures attained in the ilmenite
samples of cylinder and slab shapes after heating for 4 min using the 5.55-kW microwave batch furnace.
Although the experimental conditions and parameters were not identical with those of the present
simulation, the relationship obtained from the experiment in Reference [14] was employed here to
assess the consistency of this study. In Reference [14], a sample of 500 g of ilmenite ore (low grade)
was dried at 105 ◦C for 2 h and then was placed in a crucible (made of ceramic with dimensions of
inner diameter of 100 mm and a length of 200 mm). A thermocouple pyrometer was inserted into the
center of the sample for taking temperature measurements. Microwave radiation was imposed on the
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sample. The power intensity of microwave heating used was in the range of 0–3 kW with a frequency
of 2450 MHz. After a preset residence time, the microwave irradiation was stopped, and temperature
was recorded. The experiment produced the following relationship between the temperature of the
ilmenite sample and microwave heating times: T = 111.7214 + 62.32872t − 1.4069t2 + 0.01247t3, where
T is the ilmenite sample temperature (at the center, in ◦C) and t is heating time (in minutes). The
temperature value obtained from the relationship is shown in Table 4, by taking t = 4 min.

Table 4. Maximum and minimum temperatures attained in the ilmenite samples with cylinder and
slab shapes after heating for 4 min using the 5.55-kW microwave batch furnace.

Ilmenite
Samples

Sample
Thickness (cm)

Maximum
Temperature

(◦C)

Minimum
Temperature

(◦C)

Difference of
Temperatures

(◦C)

Temperature from the
Relationship in

Reference [14] (◦C)

Cylinder

1.5 823.28 761.75 61.53

612.32

3.0 932.55 833.06 99.49
4.5 583.19 449.05 134.14
6.0 586.53 336.60 249.93

Slab

1.5 820.95 737.95 83
3.0 930.40 807.05 123.35
4.5 575.86 432.73 143.13
6.0 571.06 321.61 249.45

Despite the lack of information concerning the precise value of sample thickness in Reference [14],
it can be observed that the maximum and minimum temperatures attained in the samples from the FE
simulations were around the temperature value obtained from the relationship in Reference [14]. In
addition, the experiment also showed that the optimum dimensions for microwave heat deposition
were uniform in a sample being irradiated from both sides in a 2450-MHz microwave when varied
from 5 to 10 cm. The dimensions considered in the present study are, therefore, consistent with the
reported dimensions.

5. Conclusions

In this study, numerical simulations of microwave heating for ilmenite processing were presented
using the FE method. Numerical results showed that the shape and thickness of ilmenite samples
affected the effectiveness of microwave heating of ilmenite, in terms of maximum temperature attained,
temperature differences, and uniformity of temperature. Temperature distributions inside the ilmenite
samples under the microwave heating process were clearly visualized in this study, upon following
proper verification steps for the simulation. The visualization highlighted penetration depth of the
microwave during heating, as well as different hotspot locations for samples with different thickness
values, which appear to be consistent with other studies in the literature. The effects of power intensity
value, heating times, and optimization among several variables in the microwave heating process for
mineral processing may be interesting subjects of investigation in future study.
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