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In energy intensive industries, the continuous production with microwave technology presents several chal-
lenges in achieving high energy efficiency and heating uniformity. In the ceramic pigments sector, the Brown
24 is the ideal candidate for this study due to its susceptibility to thermal runaways and its high temperature
to reach total conversion, higher than 1000 K. By another hand, most literature related to this field focus on
static systems while ignoring the continuous ones which are required by the industry.

A coupled model that integrates thermal, electromagnetic and chemical phenomena within an energy
system was implemented in COMSOL Multiphysics. Additionally, a MATLAB controller was employed to
dynamically adjust the cavity length through a moving plunger, which maximizes the electrical efficiency.
The required power is also managed to guarantee a total chemical conversion of the material. The proposed
optimization methodology reduces computational costs, and it is applicable to any continuous microwave
system processing moving solid materials.

In this work, two microwave configurations were optimized. The first one, based on a conveyor belt,
achieved a global efficiency close to 70%. While the second one, based on a rotary kiln, achieved a global
efficiency of 85% and a production rate of 4.66 kg/h, significantly outperforming a previous study by factors
of 1.57 and 2.06, respectively. These findings show the potential for substantial improvements in continuous

microwave systems.

1. Introduction

According to the results published by the Intergovernmental Panel
on Climate Change (IPCC) [1], in order to limit the increase (relatively
to the pre-industrial era) in the global surface temperature to 1.5°C in
2100, the green-house gases (GHG) emission balance must be null in
2050 and negative from 2050 to 2100, with an increasing deficit in
this period [1]. As such, there is an urgent need to replace traditional
heating via fossil fuels, which are responsible for significant amounts
of GHG emitted to the atmosphere, causing severe global warming.

The electrification of the industry sector could help to reduce the re-
lease of both GHG emissions and pollutants, contributing to the health
improvement and economic growth. To achieve these goals, more
sustainable heating mechanisms will have to be adopted. Microwave
technology may play an important role in this aspect as it combines
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the high temperature processing of materials with the electricity as the
energy source, contributing to the decarbonization process if renewable
sources of energy are used to produce the electricity.

Microwave heating results from the interaction between the elec-
tromagnetic field and the material. When the electric field changes
rapidly, the polarized particles tend to rotate and permanently re-
orientate in order to align with the field [2]. During this process,
energy is dissipated through heat. Thus, microwave heating is highly
volumetric if the electric field penetrates sufficiently in the load, which
is one of its greatest advantages [3]. Contrarily, in a conventional
heating system, the load heats up through convection from the outside
to the inside, resulting in high heating times and low efficiencies. As
such, microwave heating is rapid, efficient and contributes to a better
product quality since the thermal gradients may be reduced if the
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Nomenclature

Physical constants

€ Vacuum dielectric permittivity, e, = 8.854x
10712 F/m

Ho Vacuum magnetic permeability, ¢, = 47 X
1077 H/m

c Stefan-Boltzmann constant, ¢ = 5.67 X
10~ W/(m?,K*)

< Speed of light in vacuum, ¢, = 3 x 108 m/s

g Gravity acceleration, g = 9.81 m/s’

J Imaginary unit, j = \/—_1

R Perfect gas constant, R = 8.314 J/(mol K)

a Conversion degree [-], absorptivity [-]

AH Enthalpy of reaction [J/kg]

8 Penetration depth [m], loss angle [rad]

€ Electric permittivity [F/m], emissivity [-]

¢ Real part of the electric permittivity [F/m]

e Imaginary part of the electric permittivity
[F/m]

g Global efficiency [-]

Ny Magnetron efficiency [-]

nr Thermal efficiency [-]

NEM Electromagnetic efficiency [-]
Filling angle [rad]

u Electric permeability [H/m]

® Angular frequency [s7']

P Density [kg/m3], reflectivity [-]

Pe Electric charge density [C/m’]

c Electric conductivity [S/m], standard devi-
ation

Roman symbols

A Area [m?]

B Magnetic flux density [Wb/m?]

b Bed height [m]

C, Specific energy consumption [J/kg]

c, Specific heat at constant pressure [J/(kg K)]

D Electric flux density [C/mz]

d Cavity height [m]

D; Tube internal diameter [m]

ds Microwave growth rate [-]

E Electric field [V/m]

E, Activation energy [J/mol]

e, (T) Black-body emissive power [W/m?]

Eco,.eq Specific GHG emissions [kgco, cq/k&pigment]

heating is volumetric. Nevertheless, the high heating rates may lead
to hot-spots and to the thermal run-away phenomenon [4], specially
if the loss tangent increases with temperature and if no temperature
control techniques are employed [5]. The study and prediction of these
temperature related problems is highly recommended in the Literature,
as a safety procedure [6].

Microwave heating was extensively studied in the past few years.
Amini et al. [7] perform an extensive research regarding the interaction
of microwaves with different types of materials, including metals, metal
oxides and susceptors like graphite. The authors report reductions in

F View factor [-]

f Frequency [s™']

f(a) Kinetic model [-]

feHG Conversion  factor from  electricity
[kgco,,cq/MJ]

G Irradiation [W/mz]

H Magnetic field [A/m]

h Convection coefficient [W/(m? K)]

J Electric current density [A/mz]

J Radiosity [W/m?]

k Reaction constant [s~!]; thermal conductiv-
ity [W/(mK)]

ko Pre-exponential factor [s~!], vacuum
wavenumber [m~!]

L Tube length [m]

m Mass flow rate [kg/s]

f Exterior normal unit vector [-]

n Avrami exponent [-], refractive index [-]

P Power [W], perimeter [m]

0 Heat source [W]

Orum Electromagnetic heat source [W]

) Electromagnetic heat source per unit vol-

ume [W/m3]

q’ Heat flux per unit area [W/m?]

R Reaction rate [kg/(m? s)]

r Tube radius [m]

S Scattering parameter [-]

T Temperature [K]

t Time [s]

T, Exterior temperature [K]

v Axial bed velocity [m/s]

14 Volume [m?]

Subscripts

adm Admissible

amb Ambient

b Black-body

conv Convection

int Interpolated

m Mutual

max Maximum

min Minimum

opt Optimum

r Relative

rad Radiation

s Surface

sim Simulated

the energy consumption in the order of 80%, while CO, emissions
decrease by 75%. Moreover, the numerical simulation is referred to as
an important tool that should be employed together with laboratory
and large scale experiments to decrease the costs related to the design
and the process intensification of microwave reactors.

Several authors have modelled microwave heating devices, being
the main contributions summarized in Table 1. Zhu et al. [8] in-
vestigated the continuous microwave heating of three different food
liquids. The results show that there is a diameter for which the heat-
ing efficiency is maximum, being highly dependent on the dielectric
properties of the load. Patil et al. [9] studied the microwave heating
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Table 1
Summary of the main contributions in the field of microwave heating.
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Ref. Material Microwave

heating

Impedance
matching

Maximum Comments

efficiency [%]

Design variables

[8] Food liquids Yes No

Tube 99.8
diameter and

position,

cavity shape

« The optimal solution is
highly dependent on the
dielectric properties and
the maximum efficiency
was attained for the
configuration where the
tube is in the centre of the
cavity.

[9] Ethylene Yes Yes, via
glycol moving
plunger

Tube 78%
diameter and
position

« For the continuous flow
case, the heating efficiency
increased monotonously,
reaching a maximum for a
diameter equal to half
wavelength of the
electromagnetic field.

[10] Water Yes No

Inlet velocity 62%
and tube
diameter

« If the dielectric properties
are assumed constant, the
absorbed power remains
practically unchanged for
all velocities, which
justifies the inclusion of
temperature dependent
dielectric properties.

[11] Food liquids Yes No

« The numerical results
show a good agreement
with the experimental data
measured by the authors;

« The differences were
attributed to frequency
fluctuations that occurred
due to the increase of the
magnetron temperature.

Flow rate 95%

[12]' Water Yes No

Port and tube -
locations,
cavity shape

« The load position is one
of the studied parameters,
showing that the position
that guarantees the
maximum efficiency is not
in the centre of the cavity.

[13] Ceramic Yes Yes
composites

Cavity 60%
dimensions

« COMSOL Multiphysics is
used as a design tool to
predict the efficiency, the
thermal history and the
electromagnetic field
distribution during the
heating inside the cavity.

This reference does not contain the required information to estimate the global efficiency and thus a value is not available.

of ethylene glycol under stationary and continuous flow conditions. An
auto tuner was used to maintain the peak of the electric field inside the
load and the thermal losses were computed using natural convection
correlations, being around 30% of the absorbed power. Yousefi et al.
[10] conducted a similar study regarding the microwave heating of
water. The diameter that guarantees the maximum electromagnetic
efficiency is about 40.5 mm and the reduction of the microwave ef-
ficiency for diameters above that value is attributed to the cut-off
phenomenon. Tuta and Palazoglu [11] conducted both numerical and
experimental studies regarding the microwave heating on a helical con-
figuration. The numerical simulations were performed using COMSOL
Multiphysics and the results show that the helical configuration is a
suitable way to increase the heating uniformity inside the tube due
to the radial mixing. Gao et al. [12] studied the heating of a water
film using microwaves in COMSOL Multiphysics and the authors report
good agreement with experimental data, which further validates the
electromagnetic and heat transfer interfaces available in this commer-
cial software. D’Ambrosio et al. [13] study the design of overmoded
resonant cavities, having the conversion efficiency from microwaves to
thermal energy as the most important metric to optimize. The cavity
spectrum (i.e. the dependency of the ), parameter with frequency,

which affects the power reflected in the sample and thus the heating
efficiency) simulated in the commercial software is very similar to that
obtained experimentally.

Microwave heating has emerged as a novel technology in other
fields, such as pyrolysis of biomass [14,15], food drying [16] and
water desalination [17]. Some of these studies focus on the numerical
simulation of microwave heating through a coupled model [4,15,18]

Other works have dealt with the improvement of the heating ef-
ficiency and uniformity using non-conventional techniques: He et al.
[19] used two rotary waveguides, studying the influence of the shape,
position and material of the load; Zhu et al. [20] conducted a similar
study, concluding that the COV decreases from 0.63 to 0.31 when
a rotary radiation structure is used; Tang et al. [21] used frequency
variation, which reveals to be an effective tool to improve the heating
uniformity both in numerical simulations and experiments.

The International Energy Agency (IEA) predicts that the energy
efficiency may be responsible for a reduction in the World energy
consumption from 410 EJ in 2020 to 300 EJ in 2050 [22] (1 EJ =
10'8 J). In this context, the application of optimization techniques
to the microwave heating process has been applied to a wide vari-
ety of materials. Mechenova and Yakovlev [23] used a multivariable
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optimization procedure to determine the set of design variables that
guarantees the maximum efficiency. The results show that the method
is highly efficient in the minimization of the reflection coefficient,
requiring reasonable processing times and converging faster than the
global optimization procedures (such as genetic algorithms). The same
procedure is used by Moon and Yakovlev [24] to study the impact of the
dielectric properties and dimensions of a dielectric insert in the heating
uniformity in a microwave applicator. The procedure is successful in
maximizing the heating uniformity as the relative standard deviation
values associated to the combinations obtained by the procedure (about
20%) are much lower than the non-optimized points in the database
(between 27% and 136%, 78% on average).

Mikeld [25] presents a practical tutorial regarding the use of exper-
imental design combined with response surface methodology (RSM).
The model is also highly effective on predicting the response using
values out of the original dataset, as long as those values are within
the range used to build the model. On the other hand, Fan et al. [26]
studied the optimization of the microwave induced carbonization of
rapeseed shell, with bio-oil and bio-chart as the products. To enhance
microwave heating, a susceptor (SiC) was used and the heat patterns as
well as the product yield were optimized via RSM. The results indicate
a good fit by the response surfaces to the experimental data.

In energy intensive industries, the most common microwave heat-
ing devices fall into two categories: conveyor belts and rotary kilns.
Conveyor belts are commonly used in the food industry to heat food
materials [27,28]. This technology is also frequently used in dry-
ing processes [28,29] and in the cement industry [30] to promote
homogenization of the microwave energy inside the cavity.

Regarding the conventional heating in rotary kilns, these are used
in the industry for a few decades [31,32], even in the pigment sec-
tor [33,34]. On the other hand, rotary kilns have been recently studied
to attest their capabilities when combined with microwave heating as
part of European Projects like DAPhNE [35] and the follow-up project
DESTINY [36,37]. For example, Goncalves et al. [38] numerically
study the production of limestone through microwaves in a rotary kiln
system. These systems are very popular due to their higher mixing
capacity when compared to the conveyor belt system.

The production of pigments in a rotary kiln was addressed in Ramos
et al. [39] for doped TiO,, including chemical reactions and heat
transfer. The proposed methodology outlined by Ramos et al. [39] con-
tributes to the design of microwave heating devices. The calculation of
both the electromagnetic and thermal efficiencies allows to understand
where the major energy losses are occurring, simplifying the design of
such reactors. The highest global efficiency was 54% for a mass flow
rate of 2.26 kg/h in the three-dimensional case.

In this work, two different geometrical configurations are studied:
the 2D configuration is virtually related with conveyor belt produc-
tion line while the 3D geometry is directly related with the rotary
kiln production. From the pigments with available dielectric proper-
ties [40], the Brown 24 pigment was chosen over other pigments due
to its lower thermal conductivity and increasing loss tangent with
temperature, which may pose problems during microwave heating, like
thermal-runaways. As such, this material is a more challenging choice
in the design and optimization of microwave cavities with numerical
simulations, highlighting the benefits of the proposed optimization
methodology.

The aim of this work is to optimize a microwave cavity that pro-
cesses ceramic pigments and make the microwave technology more
competitive. Moreover, this work aims at improving the heating of
high loss tangent materials when chemical reactions occur at the same
time. The ultimate objective is the decarbonization of energy intensive
industries through the electrification of the heating source.

The novelty of this work consists at combining optimization tech-
niques and automatic controllers with the numerical simulation of
microwave processing at high temperatures, which is an unexplored
issue in the Literature — as the majority of the works only cover
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microwave heating at low temperature and none of them includes
ceramic pigments as the load. As far as the authors know, this is the first
work addressing the modelling, simulation and optimization of high
temperature continuous microwave reactors coupled with a MATLAB
controller that guarantees maximum electromagnetic efficiency and
total chemical conversion.

In Section 2, some theoretical insight regarding microwave heating
is presented, namely the governing equations; in Section 3, the com-
putational model is described, with an emphasis on the geometry and
boundary conditions; in Section 4, the results are presented for the
2D and 3D geometries; and in Section 5, the main conclusions will be
summarized.

2. Multi-physics model

In this section, the three physical interfaces (chemical, thermal and
electromagnetic) will be briefly described, with an emphasis on the
equations that are being solved for each interface.

2.1. Chemical model

Regarding the chemical species interface, the aim is to compute
the local conversion degree (a). The conversion degree is a metric of
how far the chemical reactions that conduct to the synthesis of the
pigment are from the end (i.e. the total conversion state). The chemical
model used in this work is the same used in the previous article of the
authors [39]. As such, the details will be omitted for the sake of brevity.

As the chemical conversion of reactants into products is highly
complex for the pigment studied, a global and simpler model assuming
a one-step reaction mechanism was employed. The reaction mechanism
adopted here is the JMAK model (also known as the Avrami equation)
and the kinetic triplet used to compute the local source of the con-
version degree was extracted from experimental data present in the
Literature [39]. The model was also validated against that data and the
numerical results were very similar to the experimental profiles [39].

The differential equation that describes the chemical species trans-
port is given by Eq. (1) [41]. This equation assumes no diffusion and
stationary regime (9/0t = 0, where ¢ is the time [s]).

p(v-Va)=R=pkT) f(a) M

where p represents the density [kg/m’], v is the velocity vector [m/s],
a is the conversion degree, R represents the source due to chemical re-
actions [kg/(m? s)], k indicates the reaction constant [s~'], T represents
the temperature [K] and f(«) is the kinetic model.

As it was mentioned before, the Avrami equation was used as the
kinetic model, which is formally given by Eq. (2).

f(@)=n(1—a)[-In(1 —a)]l’% @

where n represents the Avrami exponent.
The reaction constant is given by Eq. (3), which couples the reaction
rate R to the local temperature T.

k(T) =k Ea 3)
=R P\ TRt
where k, represents the pre-exponential factor [s~!], E, indicates the
activation energy [J/mol] and R = 8.314 J/(molK) represents the
universal gas constant.

2.2. Thermal model

Regarding the thermal model, the energy equation, given by Eq. (4),
is solved to compute the temperature field within the domain [42].

LG+ VGOV - (" + ) = Ol + Oy @

rad chem

where C, represents the specific heat at constant pressure [J/(kg K)], q"’
represents the conduction heat flux [W/mz], q; ’a 4 is the radiative heat
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flux [W/m?], Q:";tem is the heat source due to chemical reactions [W/m’]
and Q'g’M is the electromagnetic heat source [W/m3]. The Fourier Law
is used to compute the heat flux due to conduction: q”/ = —kVT, where
k is the thermal conductivity [W/(mK)].

The Eq. (4) describes a differential (local) energy balance. On the
left-hand side, this equation includes the transient term, the convective
term and the conduction term, while on the right-hand side there is
the net heat generation (Q), that has contributions due to the chemical
reactions and the electromagnetic heating.

Integrating Eq. (4), one obtains an integral (global) energy balance,

which is given by the set of Egs. (5).

By+ B+ By, + By, —B; — B, =0 (5a)

- 9
By = ///C i (pC,T)dV (5b)
B, = /// v V(pC,T)dV (5¢)
cv

B,, = // WT =T,,)dA +/ (—kVT)-fdA (5d)
S S
By, = —// g dA (5e)
3
By =0Opy (5f)

B4=(AV‘|V-VaK—AH)pdV (58)
cv

where CV means ’control volume’, 4 represents the convection coef-
ficient [W/(m?K)] on the boundaries where there is heat transfer by
convection (i.e. boundaries denoted by S;; the other boundaries are
denoted by S,), T,,; = 293.15 K is the ambient temperature, fi repre-
sents the exterior normal vector, qxl " indicates the net radiative heat
flux [W/m?] in the exterior boundaries given by S5, O, represents
the electromagnetic heat source [W] and AH indicates the enthalpy of
reaction [J/kg]. The energy balance is formally given by Eq. (5a), where
B, is the transient term [W], B, is the convective term [W], B,, accounts
for the thermal losses by convection [W], B,, accounts for the thermal
losses by radiation [W], B; quantifies the dissipated thermal energy
from the electromagnetic interface [W] and B, is the term related to
the power that is absorbed (AH > 0) or released (AH < 0) due to the
chemical reactions [W].

Regarding the radiative heat transfer, the main equations will be
presented as follows [42]. Considering an opaque surface at tempera-
ture T, the net radiative heat flux is given by the difference between
the irradiation (the radiative flux that arrives to the surface, G) and the
radiosity (the radiative heat flux that is going out of the surface, J):
Qg =G—J (6)

rad

where ¢’/ , is the net radiative heat flux [W/m?], G is the irradiation
[W/mz] and J is the radiosity [W/mz].

The radiosity is given by the sum of the total emissive power of the
surface and the portion of the irradiation that is reflected by the body:

J =p,G+ee,(T) 7

where p, is the surface reflectivity (which is the portion of the ir-
radiation that is being reflected by the surface), ¢, is the surface
emissivity (defined as the ratio of the emissive power of the body at
a given temperature T by the black body emissive power at the same
temperature, given by e,(T) [W/m?]).

Substituting Eq. (7) into Eq. (6), one obtains:

Q=G =J =(1=p)G - e;e,(T) ®)

If one assumes the body to be as an ideal grey body, then the
absorptivity is equal to the emissivity (o, = ¢;) [42]. As such, as the
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transmissivity is null, because the body is opaque, one obtains that
a;, =1 — p, = ¢,. Consequently, the radiative heat flux becomes:

g = €1G = e,(T)] (9a)
Ly = —dlh = —€,[G - ey(T)]h (9b)

where e,(T) = n?>6T*, which is the Stefan-Boltzmann law, being n
the refractive index of the medium (» = 1 was used for air) and
6 =5.67x10"8 W/(m? K*) is the Stefan-Boltzmann constant.

Eq. (8) is used as a radiative boundary condition for the boundaries
that are in the interface between an opaque body and a transparent
medium (such as the air). The heat flux 4,,, is used as a source term
in the energy equation so that the radiation heat transfer is being
accounted for.

The irradiation (G) is the sum of the ambient irradiation (G,
from the surroundings) and the mutual irradiation (G,,, from the other
surfaces). For a given element i, the mutual irradiation will have contri-
butions from all the other elements j, depending on the corresponding
view factor between each pair of surfaces:

N
Gpi= D FyJ; (10)
j=1

where Fj; is the view factor between the surfaces that contain the
elements i and ;.

The radiosities can finally be determined by substituting Eq. (10)
into Eq. (7):

N
J, = —es,,.)<2 F,J; +Gamb> +e, 2T} a1
j=1

where G,,;, = F,,,n*cT* is a known quantity once the view factor
for the surroundings (F,,,) is determined and 7, = 293.15 K is the
surroundings temperature.

Eq. (11) is an implicit relation between the radiosity on a given
element i and the radiosities on the other elements j. This equation,
applied to all the elements that have non-zero mutual radiation, allows
to relate the radiosities.

Note that the temperature appears in the independent term of
Eq. (11) and the radiosities also appear in the energy equation (because
q;/a 4 in Eq. (92) is used as a source in the energy equation). Hence,
Eq. (11) needs to be solved simultaneously with the energy equation to
determine the temperature and the radiosities in each element (i.e. the
radiative heat flux associated to each element).

2.3. Electromagnetic model

The electromagnetic interface comprises the determination of the
electric and magnetic field by solving the Maxwell’s equations, given
by the set of Egs. (12) [43].

JB

VxE:—E (12a)

VxH= 9D +J (12b)
ot

V-D=p, (120)

V-B=0 (124d)

where E represents the electric field [V/m], B indicates the magnetic
flux density [Wb/m2], H represents the magnetic field [A/m], D indi-
cates the electric flux density [C/mz], J represents the electric current
density [A/mz] and p, represents the electric charge density [C/m3].
The electric flux density D, the magnetic flux density B and the
electric current density J can be related to the computational variables
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(the electric and magnetic fields, E and H, respectively) through the
constitutive relations, given by Egs. (13).

D =c¢E (13a)
B=uH (13b)
J=0E (13c)

where the electric permittivity is given by ¢ = ¢ — je¢” [F/m], the
magnetic permeability is given by u = ' — ju’’ [H/m] and ¢ represents
the electric conductivity [S/m] of the material.
The Maxwell’s equations may be combined with the constitutive
relations to relate all the variables with the electric field E, obtaining
the Helmholtz equation — given by Eq. (14).

in(VxE)—k3<e,—ﬁ>E=0 14
Hr weq

where ¢, = €/¢, represents the relative dielectric permittivity, u, =
H/ o indicates the relative magnetic permeability, ko = @4/uge, repre-
sents the vacuum wave number [m~'], ¢, = 8.854 x 1072 F/m indicates
the dielectric permittivity in vacuum, y, = 47x 10~ H/m represents the
magnetic permeability in vacuum, o indicates the angular frequency
[rad/s] and j = \/—_1 is the imaginary unit.

The electric permittivity (¢) and the magnetic permeability (x) may
be complex numbers: the real part of these quantities refers to the
ability of the material to store electric or magnetic energy, respectively;
on the other hand, the imaginary part accounts for the losses due to
damping of the electric or magnetic dipole moments [44] within the
medium, respectively. In the present case, the magnetic dissipation was
not considered (" = 0) and the Joule effect due to conduction was
included in the complex permittivity. As such, the total heat generation
is given by Eq. (15).

Oeu = [ - ierav as)
cv

where the electric field norm is given by |E| [V/m].

The penetration depth (6) is defined by the distance from the
surface of the medium at which the electric field norm drops to 1/e
(approximately 37%) of its value at the surface. This variable is a
measure of the attenuation of the electric field in the medium and is
given by Eq. (16).

-05

¢ e\ 2 05
5:—27”‘ 7 |:1+<€—£> ] -1 (16)

where ¢y = 1/4/Ho€, represents the speed of light in vacuum [m/s] and
f indicates the frequency [s~!].

2.4. Coupling

The three physical interfaces earlier introduced interact with each
other, making the model highly coupled and non-linear. The dissipated
heat is obtained from the electromagnetic interface (Eq. (15)) and
affects the energy equation. Moreover, the dielectric permittivity is
highly dependent on temperature.

On the other hand, the reaction constant k also depends on tempera-
ture (Eq. (3)) and the chemical reactions may produce/release heat that
has to be accounted for in the energy equation (via Eq. (5g)). The major
dependencies between the three physical interfaces are summarized in
Fig. 1.

3. Computational domain
In this section, the main features of the model will be presented,

with an emphasis on the description of the geometry and the boundary
conditions.
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heat source is an Thermal enthalpy is
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Fig. 2. Conveyor belt: schematic representation of the 2D cavity used in the model.
In the present model, a = 86.36 mm and all the dimensions are in mm. The parameters
b and d will be part of the parametric study carried out in Section 4.

3.1. Model geometry

Concerning the bidimensional case, the geometry is represented in
Fig. 2, where it is possible to see the relative position between the
electromagnetic port and the load as well as the different materials
that were used in the model. The material enters at the inlet, in sub-
domain D, and exits at the outlet, in sub-domain F. The material flows
vertically in the figure and the electromagnetic field propagates in
the normal direction to the flow. Note that the figure is rotated and
the gravitational acceleration is horizontal in this representation. Some
dimensions are presented (in mm) and the parameters » (bed height)
and d (cavity height) will be defined latter as they will be changed
during the parametric study.

The 2D geometry intends to simulate the production of the pigment
in a conveyor belt, where the material velocity has only an axial
component. The geometry shows the medium plane of the cavity,
which is crossed by a conveyor belt, where the bed material is being
processed. It was assumed no variation of the computational variables
in the z-direction (d/dz = 0). Since the waveguide is operating in the
TE,, mode, we have that E, = E, = 0 and JE,/dz = 0; for the
magnetic field, H, =0 and dH,/dz = dH,/0z = 0. As such, there is no
variation of the electromagnetic field in z-direction, which justifies the
2D assumption. Concerning the thermal and chemical interfaces, the
local variations are also zero in the z-direction since the plane shown
in Fig. 2 is a symmetry plane, again justifying the 2D approach.

Concerning the 3D case, the geometry is presented in Figs. 3a and
3b, showing the rectangular cavity being crossed by a circular tube.
The tube is partially filled with the material with a filling angle I (see
Fig. 3b). The main geometrical parameters are summarized in Table 2.
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parameters are summarized in table 2.
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Fig. 3. Rotary kiln: schematic representation of the 3D cavity used in the model.

Table 2

Geometrical parameters of the 3D geometry.
Parameter Value
Tube internal diameter - D; [mm] 20-35
Tube thickness [mm] 7
Tube length — L [mm] 300
Filling angle — I' [°] 150
Cavity length [mm] 566
Cavity thickness [mm] 7
Plunger thickness [mm] 15

The tube is rotating and the material flows from the inlet to the outlet.
The cavity and the tube outlet are insulated with an insulation material,
shown in red in Fig. 3b.

The choice of these two geometries is understandable as these
configurations are the most common in industrial microwave heating
devices: the conveyor belt configuration is more common in the food
industry and in drying processes and the rotary kiln is preferred in
the steel and cement sectors. As the high temperature microwave
processing of pigments is still an evolving field, it is beneficial to
keep the design of these devices as comprehensive as possible. For this
reason, both configurations were studied and compared.

In both the 2D and the 3D case, the cavity is filled with static
air at the atmospheric pressure. The rectangular waveguide WR-340
(with a cross section a X b = 86.36 x 43.18 [mm?]) is used, operating
at f = 2.45 GHz. A moving plunger is also used to change the cavity
length to put the electromagnetic field peak on top of the material in
the reaction zone (which is defined as the portion of the tube that
is inside the waveguide). Hence, the plunger allows to automatically
tune the impedance of the cavity, maintaining the heating efficiency
at its maximum. The position of the plunger is chosen by a controller
developed in MATLAB, which will be addressed latter in this article.

It is worthwhile mentioning that the plunger is assumed to be
perfect, which means that the magnetic flux across it is null (no
magnetic leakage through the plunger). This is a common practice
in the Literature [45]. This approach is considered realistic since the
gap between the plunger and the waveguide walls is much smaller
than the cut-off distance (which is half of the wavelength inside the
waveguide). This means that the cut-off phenomenon will strongly
attenuate the field in the area between the plunger and the waveguide.
Moreover, filters may also be used to effectively eliminate the leakage
in a microwave device [46].

3.2. Domains and boundary conditions

The equations solved for each interface were already presented in
Section 2: Eq. (1) is solved in the chemical interface; Eq. (4) — the
energy equation — for the thermal one; and Eq. (14) - the Helmholtz
equation — for the electromagnetic interface.

The chemical interface is only solved in the bed material as this is
the only sub-domain where chemical reactions are being considered.
The electromagnetic interface is solved for every point in the area
between the electromagnetic port and the moving plunger. Finally, the
thermal interface is solved all over the domain. As an example, in the
2D case, the chemical interface is solved for sub-domains D, E and F;
and the Helmholtz equation is solved for domains A, B, C, D, E, F and
G (see Fig. 2).

The boundary conditions, for the chemical interface, are:

1. Prescribed conversion degree: « = 0.001 at the inlet, meaning
the absence of products and the existence of reactants;

2. Outflow: n - Va = 0 at the outlet, meaning that the chemical
transport occurs only via convection;

3. No flux: —n - V(pva) = 0 at the remaining boundaries, meaning
that there is no transport across those boundaries.

For the thermal interface, the boundary conditions are:

1. Prescribed temperature: T = 300 K at the inlet, meaning that
the reactants enter at ambient temperature;

2. Adiabatic boundary: —n - ¢ = 0 at the outlet, assuming that
the temperature field would not change after exiting the tube;

3. Convective boundary: —n - q” = ¢ = h(T,,, —T) at the re-
maining boundaries, meaning that there is heat transfer through
convection in those boundaries. T,,, = 293.15 K is the exterior
temperature; in the 3D case, the convection coefficient 4 was
computed assuming free convection [39], while in the 2D case
the average value h = 2.5 W/(m? K) was used;

4. Diffuse surface: —n - ¢ = ¢’ = ¢][G, + F,,n*cT! —

e,(T)] at the boundaries that are in the interface between an

opaque body and a transparent medium (i.e., the air). This

boundary condition accounts for radiative heat transfer on those

boundaries.

Note that the boundary conditions 3 and 4 for the thermal inter-
face represent the energy balance applied to a surface where pure
convective or pure radiative heat transfer is occurring, respectively.

For the electromagnetic interface, the following boundary condi-
tions were used:
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Fig. 4. Temperature dependence of the pigment dielectric properties [40].

1. Port: this condition was applied to the electromagnetic port (see
Figs. 2 and 3) and assumes that there is wave excitation;

2. Perfect electric conductor: E x n = 0 at the remaining bound-
aries. This condition assumes the waveguide walls reflect all the
incident wave, without absorbing or transmitting any electro-
magnetic radiation.

Finally, the initial conditions prescribed are:

1. « = 0.001 for the chemical interface, meaning the presence of
reactants and the absence of products;

2. E =0 for the electromagnetic interface;

3. a linear temperature profile between the inlet of the tube (at
T = 300 K) and the outlet of the reaction zone (at T = 1100 K
in the 2D case and 7' = 1800 K in the 3D case).

3.3. Physical properties

For the sake of conciseness, the physical properties of the pigment
and the chemical model used to predict the conversion degree are
summarized in the previous work published by the authors [39]. The
dielectric properties are represented in Fig. 4, which shows the temper-
ature dependence of both the real and imaginary parts of the dielectric
permittivity [40]. The loss tangent, given by the ratio of the real part
to the imaginary part (tan(8) = €' /¢}), is also presented. The electric
conductivity was set to zero (¢ = 0 S/m) as the losses associated to
the Joule effect were taken into account in the imaginary part of the
permittivity.

The tube was considered to be made from KVS-164, a low loss re-
fractory material made of 65% alumina (Al,05) and 34% silica (SiO,).
This material exhibits low absorption of microwave energy at high tem-
peratures and is highly recommended for microwave applications [47].
The dielectric properties are presented in Fig. 5, which clearly shows
that the material is practically transparent to the electromagnetic field,
as the loss factor is very close to zero.

Regarding the thermal properties, the specific heat was computed
based on the composition, according to Eq. (17):

C

paube = 0.65Cy a0, +0.34C, 50, 17)

The specific heats of alumina and silica were computed based on
Eq. (18) [48]:

C,=4.1868(a+ 107 bT +10° c T7%) 18)

where a, b and ¢ are constants that can be found in Table 3 for the
chemical species involved [48].

The thermal conductivity of the tube is shown in Fig. 6 and its
density was set to p,,;, = 300 kg/m® [49].
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Fig. 5. Temperature dependence of the tube dielectric properties [47].
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Fig. 6. Temperature dependence of the tube thermal conductivity [49].
Table 3

Input parameters used to compute the specific heats of both alumina and silica,
according to Eq. (18) [48].

Species a b c Range [K]
Si0, —a 10.49 0.24 -1.44 298-84

Sio, — p 14.08 2.40 0.00 848-2000
Al,O4 25.48 4.25 —6.82 298-2072

Finally, the MATLAB controller used in this work is the same used
in previous works of the authors [39], where the reader may find
all the details. The controller was adapted from the works published
in [50,51]. The input power is computed using Eq. (19), which imposes
stationary regime (0/0t = 0) and total chemical conversion.

B, + By, + By, — 0.999 in (~AH)

NEM

P

port =

19

where P, is the input power [W], the convective term B, is calculated
with Eq. (5¢), the thermal losses terms B,, and B,, are determined
using Egs. (5d) and (5e), respectively, s is the mass flow rate [kg/s]
and ng,, is the electromagnetic efficiency.

3.4. Key performance indicators (KPI)

The key performance indicators (KPI) used in this work will be
briefly introduced in this sub-section. The electromagnetic efficiency,
given by Eq. (20), comes from the electromagnetic energy balance and
reflects the ability of the load to absorb electromagnetic energy and
dissipate it into heat. Thus, the electromagnetic efficiency increases as
the reflected power decreases.

0
'lEle_lSlllz:% (20)

port



P.A.V. Ramos et al.

where 7, is the electromagnetic efficiency and S}, is the fraction of
the input power that is reflected from the load. For a single port device,
this parameter is measured through the portion of the electromagnetic
field that returns to the port after the interaction with the load.

The thermal efficiency is a metric of how efficient is the absorbed
power used to increase the temperature of the system. This KPI is
defined in Eq. (21), as the ratio of the convective term (interpreted
here as the useful component of the absorbed power) by the total heat
generation (including the heat released during the chemical reactions).

__ B

Oy + By
where 7, is the thermal efficiency, B, is the convective term [W]
defined in Eq. (5¢), Q,, is the absorbed power [W] defined in Eq. (15)
and B, is the heat released [W] during the chemical reactions, defined
by Eq. (5g).

The global efficiency, given in Eq. (22) by the product of the elec-
tromagnetic and the thermal efficiencies, is a metric of the overall per-
formance of the microwave reactor, including both the electromagnetic
and thermal phenomena.

nr 21

Mg =Ngm Nt (22)

where 7 is the global efficiency.

The specific energy consumption, introduced in Eq. (23), gives the
amount of energy necessary to produce 1 kg of pigment and is thus
a useful metric to compare the pigment production under different
conditions.

P

port

C, = (23)

Ny m
where C, is the specific energy consumption [J/kg] and #,, = 0.85 [44]
is the magnetron efficiency, which quantifies the efficiency conversion
from electricity to microwaves. im = p Av is the yield (i.e., the mass
flow rate) [kg/s], where p = 3931.1 kg/m> is the pigment density, A is
the cross section area [m?] and v is the axial solids velocity [m/s].

The average heat source is given by Eq. (24a) and the heat source
standard deviation is defined in Eq. (24b). The standard deviation is
a metric of how the heat source deviates from the mean value and
quantifies the heating uniformity inside the reactor.

Q" gy = 1 // oY, dv (24a)
V- Wcv
(@) = \/ < // Q" = O gy P dV (24b)
CcVv
1"
0y = “5IEP (24¢)

where Q" -, is the average heat source [W/ m>], V is the volume in the
reaction zone [m3], )", is the local heat source [W/m?] and o0,
is the heat source standard deviation [W/m?].

3.5. Solution procedure

The present results were obtained by solving the mathematical
model described in Section 3 together with the boundary conditions
and material properties depicted in Section 2. Whether for the 2D
or 3D case, the procedure is the same: the electromagnetic, temper-
ature and conversion degree fields are initialized according to the
initial conditions showed in Section 2 and a transient computation is
done until steady state conditions are obtained, following the pseudo-
transient method. While marching in time, the plunger position is
chosen at pre-defined time instants, depending on the temperature field
at that instant. The solution is then assumed to be converged when the
conversion degree is close to unit at the exit of the tube (in this case
a > 0.999 was considered, to account for a tolerance) and when the term
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B, from the energy balance equation (see Eq. (5b)) is less than a pre-
determined fraction of the electromagnetic heat source (By/Q gy < 5%
was considered).

Regarding the plunger adjustment, the main idea is to restrict the
length of the cavity in such a way that the electromagnetic field
peak remains on top of the load (i.e., the pigment). At the beginning
of the simulation, all plunger positions are tested and the one that
gives the highest efficiency is chosen. Since the dielectric properties
vary significantly with temperature, then the impedance of the cavity
will also vary with time. This means that the position of the plunger
that guarantees the maximum efficiency may vary with time. As a
consequence, periodic checks are done by the controller to test if the
current position is still the one that maximizes the heating efficiency.
If this is not the case, the MATLAB controller performs additional
electromagnetic simulations with constant temperature to check the
plunger position that yields the maximum efficiency for the current
temperature field.

An example of how the electromagnetic efficiency changes with the
plunger position is given in Appendix, Fig. 20a. Moreover, a flowchart
of the controller algorithm is also shown in the same appendix, see
Fig. 20b.

4. Results and discussion
4.1. 2D results — conveyor belt

The results of this section are obtained for the bidimensional case of
Fig. 2, for the conveyor belt configuration. The set of Figs. 7a-f presents
the results obtained for the global, electromagnetic and thermal effi-
ciencies, as well as the input power, the maximum temperature and
the heat source standard deviation, respectively.

4.1.1. Influence of the cavity height, d

Fig. 7a shows one of the main advantages of having an opening of
the cavity in the direction perpendicular to the direction of propagation
of the electromagnetic field: the global efficiency increases significantly
with d, specially for the higher bed heights, for which the increase may
reach 15%.

One of the consequences of increasing the global efficiency for
higher cavity heights is the reduction of the input power, as can be
seen in Fig. 7d. Note that the mass flow rate is independent of the
cavity height, which means that the same amount of material is being
processed using lower amounts of energy per unit time, contributing to
a higher global efficiency.

The increase in the global efficiency is clearly due to a higher
electromagnetic efficiency, as can be seen in Fig. 7b. As such, increasing
the value of d has a much more significant effect on the electromagnetic
interface than on the thermal one, as the thermal efficiency remains
practically constant for all values of d — see Fig. 7c.

The reasons that contribute to an increase of the electromagnetic
efficiency with d can be found by inspecting the distribution of the
absorbed power (Figs. 8a and 9a). In this figures, one may conclude
that the absorbed power assumes a more volumetric distribution for
the higher value of d, leading to higher electromagnetic efficiencies.

These results are consistent with the heat source standard devia-
tion (o(Q’E”M)), which is a measure of the heating uniformity and is
presented in Fig. 7f. This figure shows that the heat source assumes a
less dispersive behaviour for higher cavity heights, which thus exhibit
higher heating uniformity.

The volumetric heating is promoted by a low temperature region
in the entry of the reaction zone, which is much wider for the higher
values of d (as can be seen in Figs. 8b and 9b, which shows the
temperature field obtained for both geometries). This low temperature
region is associated to lower loss tangent values, making the thermal
load more permeable to the electromagnetic field in that region — see
Figs. 8c and 9¢, which show the electric field distribution for the lowest
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Fig. 7. Results obtained for the bidimensional case, namely the dependence of several variables on the cavity height (d) and the bed height (b).

x10°

2.2
2

18
1.6
1.4
12
1

0.8
0.6
0.4

(b) Temperature

(a) Heat source

x10°

3

. 2.5
2
15
1
0.5
0

(c) Electric field norm

0.45
\ 04
0.35
0.3
0.25
0.2
0.15
0.1
0.05

(d) Penetration depth

Fig. 8. Representation of several properties for d = 150 mm (b = 80 mm). Only region E is shown here (see Fig. 2).

10



P.A.V. Ramos et al.

x10°

16
14
12
1

058
0.6
0.4

(b) Temperature

(a) Heat source

Energy 309 (2024) 133123

‘ x10°

= 0.5
25 0.45
\ 0.4
2 0.35
‘ 0.3
15 0.25
: 0.2
0.15
0.5 0.1
0.05

0

(c) Electric field norm (d) Penetration depth

Fig. 9. Representation of several properties for d =240 mm (b = 80 mm). Only region E is shown here (see Fig. 2).

and highest cavity heights. Consequently, for higher cavity heights, the
electromagnetic field penetrates deeper in the bed and attacks it by two
fronts, contributing to a more volumetric heating.

This feature can be further corroborated by inspecting the pen-
etration depth distribution over the reaction zone, which is shown
in Figs. 8d and 9d. In this figures, it is quite clear that the low
temperature region, where the loss tangent is smaller, is associated to
high penetration depths, which causes the electric field to penetrate
deeper in the bed. For the highest cavity height, the region where the
penetration depth is higher becomes wider, making the heating more
volumetric and increasing the electromagnetic efficiency. By comparing
Figs. 9c and 9d, it is possible to note that the region where the electric
field norm is higher is the same region where the penetration depth is
increased, due to the lower local attenuation of the field.

The electromagnetic heating of high loss tangent materials poses
a serious problem because of the superficial heating caused by the
attenuation of the electric field in the load [39]. This problem is
aggravated when the loss tangent increases with temperature as a ther-
mal runaway may occur more frequently. Moreover, when a specified
value of temperature is to be attained in all regions of the bed, the
superficial heating may lead to higher maximum temperatures, because
the difference between the maximum and the average temperatures
increases with the heating heterogeneity [39]. This is the case when
chemical reactions are being considered, as the local temperature must
reach the reaction temperature so that the chemical reactions occur
completely. Having this into account, the electromagnetic heating of
high loss tangent materials that undergo chemical reactions is usually
associated with very high temperatures, which may jeopardize the
product quality or even damage the apparatus.

Fig. 7e shows another advantage of increasing the cavity height,
which is the reduction of the maximum temperature of the bed. As
such, besides the increase in the global efficiency of the process and the
load heating uniformity, increasing the cavity height contributes to a
better product and to a lower risk of melting the reactants that are used
to produce the pigment, which is a common problem in microwave
heating.

4.1.2. Influence of the bed height, b

Regarding the influence of the bed height (b), the first conclusion
that is possible to achieve is the significant increase of the global
efficiency with b, as shown in Fig. 7a. Although the electromagnetic
efficiency decreases with b (Fig. 7b), the thermal efficiency increases
very significantly with increasing b (Fig. 7c) and dominates the overall
behaviour of the global efficiency.

The dependence of the thermal efficiency on the bed height is
explained through the balance between the heat generation inside the
domain and the heat dissipation through the boundaries. Considering a
bidimensional case, the heat generation is a surface phenomenon, being
proportional to the surface area of the domain; on the other hand, the
dissipation of heat on the boundaries is proportional to the total length
of the boundaries (i.e. the perimeter).
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Fig. 10 shows the ratio perimeter/area for the cases presented so
far. This figure allows to conclude that the geometries for which the
ratio perimeter/area is higher exhibit lower thermal efficiencies. This
is the case for the lower bed heights, for which the heat generation
is practically equal to the thermal losses, leading to an inefficient use
of the absorbed energy. As the bed height increases, the surface area
also increases and the heat generation becomes more dominant when
compared to the heat dissipation on the boundaries. Consequently,
for the higher values of b, the ratio perimeter/area decreases and the
thermal efficiency increases significantly.

Note that the perimeter/area ratio only depends on the bed height
(b), being practically independent of the cavity height (d). This be-
haviour is also observed for the thermal efficiency (Fig. 7c), which
further reinforces the importance of the perimeter/area ratio on the
thermal analysis of the system.

Regarding the electromagnetic efficiency, it is possible to observe
its reduction with b in Fig. 7b. The reduction of the electromagnetic
efficiency for higher bed heights is justified by the attenuation phe-
nomenon that occurs in a dissipative load. When the electromagnetic
field propagates in a material having a non-zero loss tangent, some of
the electromagnetic energy is converted into heat and the electric field
norm decreases in the direction of propagation. The penetration depth
(8), introduced before and given by Eq. (16), is one of the metrics used
to quantify the attenuation of the field.

Fig. 11 shows the evolution of the ratio §,,,/b with the cavity
height (d) and the bed height (b). In this figure, §,,, is the minimum
penetration depth observed in the reaction zone of the bed.

It is possible to conclude that this ratio decreases significantly for
higher values of b, being around 0.1 for b = 80 mm. This means that the
field is propagating inside a medium where the characteristic length in
the direction of propagation (b) is one order of magnitude higher than
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the minimum penetration depth observed in the load, which leads to
a very strong attenuation of the field. Consequently, there is a wider
region where the electric field norm is very low, as the electric field
drops to about 37% only in the first 8 mm of propagation (according to
the definition of penetration depth introduced before).

For lower values of b, the dimensions of the load are of the same
order of magnitude of the minimum penetration depth, which makes
the electric field norm to decrease less in the direction of propagation.
As such, the heat dissipation occurs through all the regions of the bed,
reducing the superficial effects of the microwave heating and increasing
the electromagnetic efficiency.

Fig. 7e shows that the maximum temperature increases for both
the lowest and the highest bed heights. Regarding the lower values of
b, the temperature increases significantly because the bed is too thin,
making the volumetric heat source very high and leading to very high
maximum temperatures.

For the higher values of b, the reason is related to the total con-
version condition together with the superficial heating that occurs
for these geometries. When the heating becomes more superficial, the
temperature field gets more heterogeneous. As the controller imposes
total conversion for all geometries, the maximum temperature will
increase for the higher values of » to increase the local temperature
in the regions of the bed more distant to the electromagnetic port.
In those regions, the temperature is the lowest but has to be higher
than the reaction temperature, to ensure that the total conversion
requisite is fulfilled. As such, the temperature in the regions closer
to the electromagnetic port will arise drastically, which justifies the
maximum temperatures obtained for higher bed heights. The low ther-
mal conductivity of the pigment (k = 0.5 W/(mK)) contributes to a
higher difference between the average and the maximum temperature,
aggravating the increase of the latter to ensure the total conversion.

4.1.3. Constrained optimization

The profiles presented in Fig. 7e may be used in a constrained opti-
mization problem to choose the best configuration from the ones pre-
sented in the graph. From this graph, it is possible to see that the max-
imum temperature values obtained are within the range 1400-2400 K.
In order to avoid the melting of the product and damage the apparatus,
it is recommended that the maximum temperature should be less than
an admissible temperature, which is chosen according to the refractory
used in the experimental apparatus. For KVS-164, the refractory mate-
rial considered in this study, the maximum service temperature is about
1873 K. This value was chosen as the admissible temperature and is
marked with red in Fig. 7e.

For each cavity height (d), the value of b that leads to the highest
global efficiency while respecting the criterion T < T,,;,, = 1873 K must
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Table 4

Results obtained for the constrained optimization problem. b,, is the
bed height, from the ones studied in this work, that is a solution of the
optimization problem defined by Eq. (25).

d [mm] by [mm] ng [%]
150 55 48.8
180 65 48.7
210 55 50.8
240 85 66.4

be chosen. The optimization problem is then formally defined by the set
of Egs. (25).

maximize 7
subject to

< Tpym = 1873 [K]
a; > 0.999
5 <b <85 [mm]

150 < d <240 [mm)]

Tmax,i

(25)

where T,,,; is the maximum temperature, T,,,, = 1873 K is the
maximum admissible temperature and «, is the conversion degree at
the outlet.

Note that the global efficiency increases monotonically with the
bed height b, which means that the highest global efficiency will be
associated to the highest value of b. This characteristic of the problem
is specially useful since it avoids a compromise between mass flow rate
and global efficiency — the highest mass flow rate and the highest
global efficiency are obtained for the same geometry.

Table 4 presents the results obtained for the constrained optimiza-
tion problem described by the set of Egs. (25). In this table, b,,, is the
bed height, from the ones studied in this work, that is a solution of the
optimization problem defined by Eq. (25).

The results show that for the lower cavity heights d, the temperature
condition (7,,,, < T,;,) does not allow to choose the higher bed
heights, which would benefit from a higher global efficiency and mass
flow rate. Nevertheless, for the highest cavity height, d = 240 mm,
the maximum temperature is less than the admissible temperature for
all the nine bed heights, which allows to choose the value of b that
conducts to the highest global efficiency (» = 85 mm). Note that as
increasing the cavity height leads to a reduction of the maximum tem-
perature, the range of bed heights that fulfil the temperature criterion
increases for d = 240 mm. Consequently, by decreasing the maximum
temperature, the highest cavity height allows to choose a bed height
for which the global efficiency is significantly higher.

Those results further reinforce the advantage of choosing a cavity
with a higher value of d. In particular, an increase of about 15% in the
global efficiency is obtained when selecting d = 240 mm when com-
pared to the other cavity heights. As such, this combination (marked
with bolt in Table 4) should be selected from the ones studied in this
work.

To conclude this sub-section, note that the configuration that leads
to the highest global efficiency is not the same that produces the highest
heating uniformity (i.e., the minimum standard deviation for the heat
source distribution — see Fig. 7e). The highest heating uniformity
is obtained for » = 45 mm and d = 240 mm. Nevertheless, in this
study, the authors assumed that the global efficiency has priority to
the heating uniformity as the main aim is to minimize the specific
energy consumption of the process. Moreover, for » = 85 mm, the
increase in the standard deviation for the heat source is only about 40%
when compared to the minimum value for the heating uniformity KPI,
a(Q’E”M). As such, b = 85 mm and d = 240 mm should be the selected
configuration.
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Fig. 12. Distribution of the conversion degree (a) for several geometries: (a) b = 85 mm
and d = 180 mm; (b) b =85 mm; d =240 mm; (¢) b = 90 mm; d =240 mm.

4.1.4. Total conversion requisite

As it was mentioned in the previous sub-sections, the global effi-
ciency increases with the bed height. As such, it would be beneficial to
test values for the bed height higher than 85 mm. Nevertheless, as the
heating becomes more superficial with increasing b, the regions of the
bed far from the electromagnetic port will have a lower temperature.
Consequently, the local temperature may not reach the reaction tem-
perature and the total conversion will not occur if the bed height is too
high.

Fig. 12 shows the distribution of the conversion degree («) for
several geometries. As the figure demonstrates, for b = 85 mm, the total
conversion only occurred for d = 240 mm, which is another advantage
of choosing the highest value of d. As mentioned earlier, for d = 240 mm
the heating is more volumetric and the bed is more permeable to the
electric field, which justifies the higher maximum b for which the total
conversion occurred, when compared to the other cavity heights. This
is also the reason why d = 240 mm is the only cavity height for which
there is data for » = 85 mm in the previous sub-sections.

Fig. 12 also shows that, despite the higher heating uniformity
obtained for d = 240 mm, if the value of b is increased to b = 90 mm,
the total conversion is no longer verified, proving that » = 85 mm
is the upper limit for the bed height if the total conversion is to be
attained. As such, the total conversion requisite is implicitly included
in the optimization domain for the values of b in Eq. (25) and is verified
for all combinations studied in the previous subsections.

4.1.5. Response surface methodology (RSM)

The data presented in Fig. 7 may be interpolated to generate a
continuum evolution (i.e. the response surface) of the studied variables
in the domain of the optimization problem (defined in Eq. (25)). This
procedure would allow to estimate the value of those variables between
the data points that were simulated without the need of performing
more simulations.

The interpolation was carried out using cubic splines as this tech-
nique produces a smooth behaviour between the data points, both
when the solution varies significantly and when the solution assumes a
more constant evolution [52]. The results were obtained with MATLAB
R2021 and are presented in Fig. 13, which shows the obtained response
surfaces for the global, electromagnetic and thermal efficiencies as well
as for the maximum temperature.

The conclusions that were achieved in the previous sub-sections
may also be reached with the contour plots, which could be used in
the design and optimization of the microwave cavity, as it was done
before. For example, it is very clear from Fig. 13a that the global
efficiency varies more significantly with the cavity height (d) for higher
bed heights (b) than for the lower values of b. From the same figure,
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it is also possible to see that » = 85 mm and d = 240 mm is the opti-
mum configuration as all admissible directions are descent directions,
i.e., lead to a design configuration with lower global efficiency.

To test the error associated to the interpolation procedure without
simulating any other combinations, one way is to apply the method
after eliminating one of the data points of the data sample. The inter-
polated surface obtained without considering that point is then used
to predict the interpolated variables in the eliminated point. This pro-
cedure may be repeated to every point of the sample, which may also
help to conclude which points are more relevant to the interpolation
technique.

Repeating this procedure to all the four variables studied in this sub-
section, one obtains the contour plots presented in Fig. 14, which shows
the distribution of the interpolation relative error within the domain
of the optimization problem. The relative error is calculated through
Eq. (26).

e, = |¢inr - ¢sim|

d)sim
where e, is the relative error, ¢,,, is the value of the variable obtained
with the interpolated surface and ¢, is the value of the same variable
obtained with the numerical simulation.

As can be seen in this figure, the errors are relatively low, spe-
cially in the interior region of the domain. As the maximum error is
mainly located on the boundary of the domain, the exterior points are
significantly important to increase the reliability of the interpolation.
Also note that the corners cannot be removed as the error would be
infinite because an extrapolation would occur. This is the reason why
the corners are not represented in these graphs.

The maximum relative error is obtained for the global efficiency,
being about 12.85%. As such, it is possible to conclude that this interpo-
lation technique allows the determination of the system response with
relatively high accuracy, specially in the interior region of the domain.
This fact combined with the avoidance of extra numerical simulations
is the main advantage of using an interpolation technique to extract a
response surface from a finite data set.

(26)

4.2. 3D results — rotary kiln

Regarding the results obtained in the tridimensional case, Fig. 15
shows the influence of the axial bed velocity and the tube radius on
the global, electromagnetic and thermal efficiencies. The input power
and the maximum temperature are also shown. Fig. 16 shows the pen-
etration depth distribution for different geometries used in this study;
Fig. 17 shows the heat source distribution for the same geometries.
Recall that these results were obtained for the tridimensional geometry
depicted in Fig. 3.

4.2.1. Electromagnetic, thermal and global efficiencies

The axial bed velocity has a major influence on the efficiencies
obtained in the tridimensional study. When increasing the bed veloc-
ity, there are two opposite effects on the electromagnetic efficiency:
first, increasing the bed velocity makes the maximum temperature to
increase (see Fig. 15e), which in turn makes the loss tangent to increase,
leading to lower penetration depths and thus lower electromagnetic
efficiencies; second, increasing the bed velocity makes the convective
flux to increase, which pushes the reaction zone — where the tempera-
ture is higher and the penetration depth is lower — downstream of the
tube, because of the reduction in the residence time. This effect may
be beneficial to the electromagnetic efficiency as a high penetration
depth area occurs when the velocity is higher, increasing the power
dissipation in the bed.

The second effect described may be seen in Fig. 16: comparing
images (a) to (b) and (c) to (d), it is quite clear that the area where
the penetration depth varies the most is becoming nearer to the outlet
of the reaction zone as the velocity increases. This makes a high
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Fig. 13. Response surfaces obtained through the interpolation of the data presented in Fig. 7.
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Fig. 14. Distribution of the relative error within the domain of the optimization problem.

penetration depth zone to appear inside the reaction zone, which in
turn benefits the electromagnetic efficiency: higher penetration depths
make the bed more permeable to the electric field, increasing the
absorbed power for the same input power (i.e., the power delivered
by the electromagnetic port). Consequently, these zones cause the
electromagnetic efficiency to increase.

Although the convective flux effect is quite clear for both radii in
Fig. 16, it is also clear that, for the higher radius, the high penetration
depth zone is wider than for the lower radius (compare images (b)
and (d) in Fig. 16). Increasing the radius leads to an increase in the
surface area of the tube that is being subjected to the electromagnetic
field. Consequently, for the higher radius, the electric field is more
distributed within the bed region surface, making the temperature to
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increase nearer the outlet of the reaction zone. This effect superimposes
with the effect of increasing the convective flux, making the high
penetration depth area even wider. This is why this area expands more
for the higher radius than for the lower one.

The effect of increasing the radius on the expansion of the high
penetration depth area is clearly dominant when compared to the
increase in the velocity magnitude. This is also why the expansion of
this area is more prominent for the higher radius than for the lower
one.

Having this into account, for the lower radius, the expansion of
the high penetration depth zone is quite subtle because the surface
area is lower. Thus, the electromagnetic efficiency dependency is more
affected by the maximum temperature evolution. As such, the highest



P.A.V. Ramos et al.

Global efficiency

09
> .3
208 3
o b
2 ]
k=] 07 3
o ]
5 06 g @
S ]
5 05 ]
e s A IS M S — ¢
03 1
25 26 27 28 29 30 31 32 33 34 35
Tube radius (r) [mm]
=@y =5e-5m/s -B-v=1e-4mls
<@V = 2,6e-4 m/s & v =5e-4 m/s
(a) Global efficiency
Thermal efficiency
13
0'9 : ........... AR SCLITTITTS DIPPTOPIIN
2 E
508
£07 ]
— [ T A S S S S SRR SUUUPIUIOY WORPPPIOR {a1]
g 06 o @ :
305 7
[= ]
0,4 !
0,3 e

N
a

26 27 28 29 30 31

Tube radius (r) [mm]

32

=@V = 5e-5 m/s
=@V = 2,5e-4 m/s & v = 5e-4 m/s

~B-v="1e4mls

(c) Thermal efficiency

Energy 309 (2024) 133123

Electromagnetic efficiency

>
[3)

0,975
0,95
0,925

o
©

0,875
0,85
0,825
0,8

Electromagnetic efficien

25 26

27

28

29
Tube radius (r) [mm]

32

33 34

35

=0 v = 5e-5m/s
=@ v =2 5e-4 m/s-&--v="5e-4m/s

=@V = 1e-4 m/s

(b) Electromagnetic efficiency

Input power
4000
3500
E;sooo
5 2500
2 2000
o
5 1500
Q.
£ 1000

B

WD NI ST TSR ET I

(o)
o
S

o
4

27

28

29 30 31
Tube radius (r) [mm]

32

33

34

35

N
o
N
()

~@--v=5e-5m/s -B-v=1e-4m/s

@V = 2,5e-4 m/s -y = 5e-4 m/s

(d) Input power

Maximum temperature

ul

N
o
o
o

1800

1600

1400

Lol

1200

Maximum temperat

1000

29

31

32

33

30

Tube radius (r) [mm]

+-@--v = 5e-5 m/s
<@V = 2,5e-4 m/s

~Bv=1e-4 m/s

&V = be-4 m/s

—— Admissible temperature

(e) Maximum temperature

Fig. 15. Results obtained for the tridimensional case, namely the dependence of several variables on the tube radius (r) and the axial bed velocity (v).

velocities lead to lower electromagnetic efficiencies (Fig. 15b) as they
are associated with higher maximum temperatures (Fig. 15e).

For the higher radius, although the maximum temperature still
increases with the axial velocity, the electromagnetic efficiency depen-
dency is dominated by the appearance of the high penetration depth
zone. For this radius, this zone becomes even wider when the velocity
is increased. As such, the electromagnetic efficiency increases with the
axial velocity (Fig. 15b).

Fig. 18 shows the evolution of the absorbed power and the thermal
losses with the axial bed velocity and the tube radius. It is quite clear
that increasing the bed velocity increases significantly the absorbed
power within the bed material. Comparing both images (a) and (b) for
a given radii, it is possible to conclude that the increase in the absorbed
power is much more significant than the increase in the thermal losses.
Consequently, the thermal efficiency increases with the bed velocity
(Fig. 15c¢).

15

Regarding the influence of the tube radius on the thermal efficiency,
Table 5 shows the evolution of the area/volume ratio with the tube
radius. As expected, the area/volume ratio decreases with the tube
radius. In the 3D simulations, the thermal losses are surface phenomena
and the heat generation is a volumetric process. As such, it would be
expected the thermal efficiency to increase with increasing the tube
radius. Nevertheless, the maximum temperature also increases with
the tube radius, which would cause the opposite effect: the thermal
efficiency to decrease for higher radii. The combined result of these two
effects is that the thermal efficiency does not vary significantly with the
tube radius (Fig. 15¢), as two contradictory effects are coexisting in the
simulations.

The global efficiency will be affected by the physical effects de-
scribed for both the electromagnetic and the thermal interfaces. It is
clear from Fig. 15a that the axial bed velocity has a more significant
effect on the global efficiency than the tube radius. However, for
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Table 5
Dependency of the ratio area/volume on the tube
radius.

Radius [mm] Ratio area/volume

25 1617.0
30 1133.2
30 839.9

the two highest velocities, the differences in the global efficiency are
reduced when compared to the two lowest values. These results also
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show that a proper choose for the axial solids velocity may more than
double the global efficiency, reducing the operational costs and the
carbon footprint in the pigment sector.

4.2.2. Maximum temperature and input power

As stated previously, the input power is implicitly computed using
Eq. (19) to impose stationary regime and total conversion. The input
power increases significantly with the axial velocity (Fig. 15d) due to
the convective term B; used in Eq. (19). Moreover, the input power
also increases with the tube radius (Fig. 15d) as the volume integration
is increasing in the calculation of the term B, and the thermal losses
(given by B,, + B,,) also increase with the tube radius (Fig. 18b).
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Table 6

Results obtained for the constrained optimization problem defined by Eq. (25).
Radius [mm] Velocity [m/s] ng [%]
25 5x107* 85.1
30 5x 1074 77.3

Table 7

Summary of the key performance indicators (KPI) obtained in this work and comparison
with the results available in the Literature.

KPI Present work Ref. [39]
ng [%] 85.1 53.8
C, [MJ/kg] 1.22 1.54
i [kg/h] 4.66 2.26

Regarding the maximum temperature (Fig. 15e), the evolution is
quite similar to that of the input power: both variables increase with in-
creasing the velocity and the tube radius. The reason for the maximum
temperature to increase with the input power is related to the absence
of mixing in the bed region. The velocity field is purely axial, which
means that no transverse movement is occurring inside the reaction
zone. As such, when the material enters the reaction zone and is heated
up, only the axial component of the position vector is changing and
the distance of the material to the electromagnetic port is practically
unchanged. Consequently, the bed particles that enter the reaction zone
in the area where the heat source is higher (see Fig. 17) will remain
there, causing the maximum temperature to increase abruptly.

Moreover, the total conversion requisite is also responsible for
the higher maximum temperatures obtained: to guarantee the total
conversion, the controller increases the average temperature of the bed,
which makes the maximum temperature to increase abruptly when no
mixing is occurring.

Increasing the velocity or the tube radius is not a good strategy
to reduce the maximum temperature, contrary to what happened in
the bidimensional case, where increasing the cavity heigh 4 helped
to reduce the maximum temperature. However, significant increases
in the global efficiency may be obtained by increasing the velocity
magnitude.

4.2.3. Constrained optimization

Following the same procedure used in the bidimensional study,
the optimization problem defined by Eq. (25) was re-solved for the
tridimensional data set. The optimization domain is now defined as
follows: v € [5x 1075, 5 x 107 m/s A r € [25, 35] mm.

By inspecting Fig. 15a, it is possible to see that the global efficiency
is higher for v = 5x 107 m/s for all the radii studied. At the same time,
Fig. 15e shows that for v = 5x 107 m/s and r = 35 mm, the maximum
temperature exceeds the thermal limit prescribed in this work (given
by the red line in the same figure). Consequently, that point must be
excluded as it does not fulfil the temperature criterion.

From these observations, it is possible to conclude that the max-
imum global efficiency will be given by one of the two points that
remain for v = 5 x 10™* m/s. These two points are shown in Table 6
with the associated global efficiencies.

From Table 6, it is possible to choose the configuration that pro-
duces the highest global efficiency, marked with bolt in the table:
r=25mmand v = 5% 10~* m/s. In this case, the lower radius is the
best configuration, to benefit from a higher electromagnetic efficiency.

4.2.4. Specific energy consumption and yield

Table 7 shows the main key performance indicators (KPI) obtained
for the best configuration (which was chosen in the previous section).
The specific energy consumption (C,) and the yield (/) are included
in this table and a comparison with the previous work done by the
authors [39], where a different microwave cavity was used, is made.
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Table 8
Results obtained for the parametric study regarding
the input power for r =20mm and v=5x 10"*m/s.

Variable Value
Poortmin [W] 1100
ng %] 65.4
ey (%] 88.3
nr (%] 74.1
C, [MJ/kg] 1.33

The results show that the present configuration allows an increase
in the global efficiency close to 30%, while the specific energy con-
sumption decreases about 21%. The yield increases through a factor of
2, which means that this new configuration is more attractive for all
the variables used as KPIL

The reasons for this improvement are related to the opening of
the cavity and the use of thermal insulation in the areas where the
temperature is higher. The thermal efficiency is the main driver for this
improvement as it increases from 54.0% to 90.1%, due to a significant
reduction in the thermal losses of the system.

4.2.5. The constant power case

As the controller uses Eq. (19) to compute the input power, it
imposes automatically the stationary regime (0/dr = 0) and total
conversion (a¢ = 0.999 at the outlet of the reactor). This ensures that
the power that is delivered to the system is the minimum required to
process all the material inside the reactor.

Nevertheless, for the cases with low thermal efficiency, as for the
configurations with lower radii or lower velocities, Eq. (19) may un-
derestimate the input power and the total conversion may not occur at
all, which happened for r = 20 mm, the lowest radius studied in this
work. As such, the authors decided to perform a parametric study on
the input power to access the minimum power necessary to process the
material.

The results are shown in Table 8. The minimum input power for
which all material reacted is shown in the table, which is around
1100 W. If the input power is increased above this value, the total
conversion requisite will still occur but the input power will not be at
its minimum. Consequently, the specific energy consumption will not
be minimized. Moreover, if the input power is reduced below 1100 W,
the material will not react completely.

The results also show that this configuration is less efficient than
the one obtained in Section 4.2.3 as the optimal configuration: the
global efficiency is only 65.4% and the specific energy consumption
is about 0.11 MJ/kg higher than the value obtained for r = 25 mm and
v =5x10"* m/s. These results were expected as a lower radius is being
used, which jeopardizes the thermal efficiency (about 16% lower than
the optimal case).

4.3. Potential of microwave technology to decarbonize the sector

The future carbon footprint associated to the microwave production
may be estimated knowing that electricity is the energy source for
microwave devices. The electricity conversion factors allow to estimate
the green-house gas (GHG) emissions in the production phase of the
pigment. This may be done using Eq. (27), which uses the specific
energy consumption estimated earlier in this work:

Eco,,, = fona Ce @7)

where ECOz_Cq is the estimated specific GHG emissions to produce 1 kg
of pigment (kgco, ., /Kepigment]s fona 18 the conversion factor from
electricity [kgCOz,eq /MIJ] and C, is the specific energy consumption
(M /Kgpigment -

The conversion factors will depend on the energy mix available in
each country or region, particularly on the renewable electricity share
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Table 9
Results obtained for the GHG specific emissions.
Country fena Eco,,,
[kco, , /kWh] [Keco, . /Kepigmen]
Germany 0.33866 0.115
USA (Maine) 0.1035 0.0351
Sweden 0.00567 0.00192

present on the energy mix. The conversion factors for different regions
are shown in Table 9, for comparison. The specific energy consumption
will be set to C, = 1.22 MJ/kgiomen = 0.339 kWh/kgpiomene» s this was
the value estimated by the numerical simulations combined with the
optimization procedure.

Table 9 also shows the results obtained for the GHG emissions using
microwave technology. Eq. (27) together with the conversion factors
presented in the same table were used to calculate these values, which
may be compared to the reference value for the conventional process,
Ecom =0.385 kgCOZqu /kgpigmenl [39]

In the regions considered, the amount of GHG emitted to the at-
mosphere is significantly lower using microwave technology, as the
value presented in the third column in Table 9 is less than 0.385 for
all regions. This is due to the use of electricity combined with high
shares of renewable sources in the energy mixes available in these
regions and higher efficiencies obtained for the microwave process. As
such, microwave heating is a promising and successful technology to
decarbonize the pigment sector.

Note that these calculations only consider the energy used to pro-
duce the pigment (i.e. electricity in microwave heating vs natural gas
in the conventional process). The energy used in other stages of the
process (raw material preparation, transport, storage, etc.) was not
considered as those processes are out of the scope of this work.

Now that the specific GHG emissions are estimated, it is possible to
estimate the cumulative GHG emissions in this sector through the years.
This is specially useful to predict when the carbon neutrality will be
achieved in the pigment sector. To estimate the cumulative emissions,
the following assumptions were made:

» The total worldwide production in the pigment sector was 6
million tonnes in 2024 (the same value as in 2005 [53]); this
value will be assumed to increase at a constant rate of 0.5% per
year, which will allow to estimate the pigment production in the
upcoming years;

Two scenarios were considered: scenario 1, where no transition
for microwave technology occurs and the production will con-
tinue through the conventional process; and scenario 2, where
microwave technology will substitute the conventional process —
initially only partly and afterwards fully;

In scenario 2, at first the total production is shared by the con-
ventional process and the microwave technology. The fraction of
pigments produced by microwave devices will be defined as s.
In the first 4 years, we assumed that microwave technology will
not participate in the production for industry adaption (s = 0).
Afterwards, the microwave technology share will increase at a
constant rate ds — the microwave growth rate. Several values
for ds were considered (3, 5, 7 and 10% per year).

Following the procedure presented earlier, the specific GHG emis-
sions associated to the fraction that is produced by microwave
technology will be calculated using Eq. (27). For the conventional
process, an average value of Eco,,, = 0.385 kgcozeq /KEpigment Was
used [39];

In this analysis, we will assume that this pigment is representative
of all the pigment production worldwide, as there is no data
for all the pigments produced in the world. Hence, the value
C, = 1.22 MJ/kgyiomen Will be assumed to be valid for the total
pigment production in the world;
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» To implement a conservative approach, the specific energy con-
sumption (C,) and the conversion factors from electricity (f;pg)
will be assumed to be constant during the next decades. This
will ignore any improvements in the energy efficiency of mi-
crowave devices and any increases in the share of renewable
energy sources — although both changes are likely to occur.

For each year, the total production capacity is estimated and the
fraction of microwave technology is then computed. Knowing the
amount of pigments that is produced through the conventional pro-
cess and using microwave technology, then it is possible to calculate
the GHG emissions in that year by applying the procedure already
described. The cumulative emissions are then calculated by summing
up all the emissions from the past years.

The results are shown in Fig. 19. Fig. 19a shows the influence of the
microwave growth rate (ds) on the fraction of pigments produced by
microwave technology and by the conventional process. It is evident
that for microwave growth rates lesser than 5% the conventional
process will still be used in 2050. As such, to fulfil the goals established
by the Intergovernmental Panel on Climate Change (i.e., a null emission
balance in 2050), a minimum value of ds = 5% must be implemented.

These same conclusions may also be achieved through Fig. 19b: note
that for ds = 5%, the carbon neutrality in the process stage will be
achieved in 2046, while for ds = 10% the emissions will stabilize 10
years earlier, in 2036. For the ds = 3%, the emissions will not stabilize
in 2050.

Note that the null emission balance is represented in this graph by
a practically horizontal line in the cumulative emissions (meaning that
the emissions will not increase significantly as the conversion factor is
very low in Sweden). Nevertheless, during the transition, for the best
case scenario (ds = 10%), the calculations predict that more than 20
million tonnes of GHG will be emitted to the atmosphere, which further
reinforces the urgency to implement microwave technology.

Fig. 19c shows the influence of the conversion factor in the cumu-
lative emissions for an intermediate value of the microwave growth
rate (ds = 7%). These results clearly show that, even if microwave
technology has a share of 100% in the pigment sector, the emissions
will continue to increase if the electricity is produced from fossil fuels.
Note that the countries where the conversion factor (f;y, see Table 9)
for electricity is higher (the case of Germany) exhibit a higher slope in
the cumulative emissions in 2050. On the other hand, in the countries
where the renewable sources are more developed (the case of Sweden),
the cumulative emissions will practically stabilize as soon as microwave
technology achieves a 100% share in the pigment sector.

Finally, despite the simple calculations employed in this section,
these results clearly show that to implement a real decarbonization
strategy, microwave technology will have to participate further in the
pigment production and the renewable sources of electricity will have
to be developed in some countries. This emission projection will also be
useful to the decision makers in the development of energy policies that
may contribute to achieve the goals for the industry decarbonization.

5. Concluding remarks

As part of the decarbonization goals, microwave technology has
been emerging as a promising way to reduce the GHG emissions in the
industry sector. This work addresses the high temperature processing
of the Brown 24 ceramic pigment through a detailed numerical study.
The mathematical model includes the coupling between the chemical,
thermal and electromagnetic interfaces and a moving plunger was
used to impose the impedance matching in the cavity, maximizing
the electromagnetic efficiency. The plunger position was automatically
managed by a controller developed in MATLAB and adapted from
previous works.

The influence of several design variables was addressed, which
allowed to choose the best configuration from the ones studied in this
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Fig. 19. Results obtained for the emissions analysis: (a) share of conventional and microwave technologies on the total production for different microwave growth rates (ds); (b)
cumulative GHG emissions in Sweden for different microwave growth rates; (¢) cumulative GHG emissions in different countries/regions for a microwave growth rate of ds = 7%.

work. The design variables include the cavity height (d) and the bed
height (b) in the bidimensional study and the axial solids velocity (v)
and the tube radius (r) in the tridimensional one. The optimization was
based on several key performance indicators (KPI), namely the global,
electromagnetic and thermal efficiencies, the yield, the specific energy
consumption and the heat source standard deviation.

The main conclusions achieved in the bidimensional study are
addressed as follow:

@

(i)

The cavity height (d) has a major effect on the global efficiency
of the process, particularly on the electromagnetic interface. As
the cavity height increases, a low temperature region in the
inlet of the reaction zone becomes wider. That region is highly
permeable to the electric field due to higher local penetration
depths, which increase the electric field norm inside the load
and, consequently, the absorbed power. As such, increasing
the cavity height leads to an increase in the electromagnetic
efficiency up to 20%. Moreover, as the cavity height increases,
the maximum temperature and the heat source standard devia-
tion reduce, which is another advantage of this geometry. This
may be specially beneficial for the heating of high loss tangent
materials that undergo chemical reactions, as the heating het-
erogeneity may lead to lower local temperatures and thus to an
incomplete conversion of reactants into products. Additionally,
reducing the maximum temperature decreases the risk of melting
the load;

The electromagnetic efficiency decreases significantly with the
bed height (), due to the attenuation phenomenon that occurs.
This is caused as the characteristic length of the bed (in this
case, b) is much higher than the local penetration depth, lead-
ing to a superficial heating that penalizes the electromagnetic
efficiency. Nevertheless, the global efficiency increases with b as
the thermal efficiency increases significantly for the higher bed
heights;

19

(iii)

@iv)

W)

The configuration that produces the highest global efficiency is
b =85 mm and d = 240 mm with 5; = 66.4%. By increasing the
cavity height (d), the reduction in the maximum temperature
allowed to choose a bed height for which the global efficiency
is higher, while for the lower cavity heights the configurations
with higher global efficiency had to be rejected for not fulfilling
the temperature criterion (T < T,,,). This aspect is another
advantage of increasing the value of d;

The maximum bed height for which the total conversion requi-
site is fulfilled is b = 85 mm for d = 240 mm and » = 80 mm for
the remaining values of d. As such, increasing the cavity height
proved to be a successful way of increasing the maximum bed
heigh for which the total conversion occurs;

The obtained numerical data may be interpolated with high
accuracy to produce smooth response surfaces that may be used
in the design of microwave cavities. Moreover, the response sur-
faces may help to predict the behaviour of a configuration that
has not been simulated, avoiding extra numerical simulations,
with error below 12%.

Regarding the tridimensional study, the main conclusions are:

®

(i)

The global efficiency is highly affected by the axial solids veloc-
ity. In particular, differences up to 45% in the global efficiency
may be obtained between the lowest and the highest velocities
tested in this work. Increasing the tube radius or the axial
velocity is not a suitable strategy to decrease the maximum
temperature due to the absence of mixing in the bed region;
The configuration that leads to the highest global efficiency is
v =5x10"* m/s and r = 25 mm, for which n; = 85.1%, C,
1.22 MJ/kg and m = 4.66 kg/h. Significant improvements for
these variables were obtained when compared to the microwave
cavity tested by the authors in previous works [39].
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Fig. 20. Some features of the MATLAB controller. Details may be found in Section 3.

Comparing the conveyor belt and the rotary kiln configurations, one
may conclude that the latter is more efficient and allows a higher mass
flow rate. Moreover, in the rotary kiln, the maximum temperatures are
lower, which makes this configuration more suitable for this material
when compared to the conveyor belt counterpart. Nevertheless, the
solids velocity inside the bed is much simpler to solve for the conveyor
belt configuration and an optimization study including more design
variables may lead to better results for this configuration. In particular,
testing cavity heights higher than 240 mm may be of interest to see the
effect in the global efficiency.

These results also show that some typical problems related to mi-
crowave heating (as the high maximum temperatures and the melting
of the load) may be overpassed through a proper design of the mi-
crowave cavity — being the increase in the cavity height an example
of such a situation. It is important to mention that the overall gains,
obtained through optimization, for the different KPI were obtained with
same MATLAB controller.

The results obtained in this work clearly demonstrate that mi-
crowave technology is a promising alternative to the conventional
heating. Firstly, the higher global efficiencies related to microwave
heating allow to decrease the energy consumption of the process and
thus reduce the carbon footprint in the pigment sector. Secondly, the
specific GHG emissions are lower when using microwave energy.

20

Microwave technology is a promising way of decarbonizing the
pigment sector, allowing a practical null emission balance right in 2050
if electricity is produced mainly from renewable sources. The results
clearly show that to achieve the decarbonization goals prescribed by
the IPCC, the industry must move ahead towards a more sustainable
heating mechanism, which would have to occur in the next decade.

Finally, the results show the importance of an energy efficiency
study in the context of a decarbonization era: reducing the energy
consumption of the processes will be mandatory as it decreases the
operational costs, makes new technologies more feasible in the techno-
economic field and increases the chances of a process to depend exclu-
sively on renewable energy sources.
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Appendix. Details about the MATLAB controller

Some details regarding the controller are presented in Fig. 20,
including the dependence of the electromagnetic efficiency with the
plunger position and a flowchart of the controller algorithm. The details
of the computational model may be found in Section 3.
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