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Abstract

The industry of glass production plays an important role in the global energy consumption with
significant CO, direct emissions to the atmosphere due to the conventional fossil fuels that are used as
energy sources. In the past couple of decades considerable research has been made to switch the current
energy sources to achieve reductions in the emissions of greenhouse gases. Among the alternatives, micro-
wave radiation appears to be a promising one, with substantial advantages over the conventional heating
sources.

This work aims to give insight on the microwave absorption heating mechanisms that take place in the
continuous flow glass melting process. The commercial software COMSOL Multiphysics was used to solve
the three-dimensional transient simulations with the coupling of the electromagnetic and thermal physics.
A MATLAB algorithm was developed to autonomously control the process by adjusting the power input,
required to achieve a specific output condition, and the microwave cavity geometry, to maximize the mi-
crowave efficiency. Several studies were performed with the objective of showing how different parameters
influence the continuous glass melting process heated by microwave energy.

The developed MATLAB controller has proven to be a success, providing steady-state solutions for
different operational conditions while respecting the requested output ones and using the minimum possible
power. An innovative parametric study was conducted, and it allowed to find the operational conditions
that maximize the global efficiency of the process. For these conditions, energy savings of almost 54%
relatively to the conventional process were achieved.

Keywords: Microwave numerical modeling, High temperature microwave heating, Continuous flow micro-

wave process, Autonomous microwave and thermal efficiency optimization, Microwave cavity design.

1. Introduction

The glass production industry plays an important role
in the Europe’s energy consumption, as well as in its CO,
emissions, due to the high temperatures needed in the
process of glass melting [1]. In order to reduce costs and
emissions of greenhouse gases, major efforts have been
made to improve the efficiency of the process of glass
melting. Although this research is far from being com-
plete, new energy sources are being extensively studied to
reduce emissions and costs. In the last couple of decades,
microwave energy started being used in glass processing
with promising results namely in the quality of the final
product and in time and energy savings [2,3].

Microwave heating is a very complex phenomenon
which involves the two-way coupling of the Maxwell’s
and heat transfer equations due to the materials dielectric
properties dependence on temperature [4]. Essentially,
when a time-varying electric field reaches a dielectric me-

dium, it suffers some attenuation and lagging mainly due
to the polarization of dipolar molecules. This alternating
reorientation of the molecules generates heat, result of
friction mechanisms. The material response to the exter-
nal electric field is measured by its complex permittivity,
€. There are several factors that influence microwave
heating such as the physical properties of the material
being heated, its geometry and location within the elec-
tric field, the frequency and operating mode of the exter-
nal electric field, the geometry of the microwave cavity,
etc. [5]. One of the most relevant parameters of micro-
wave heating is the penetration depth, § [m], which is the
depth within the material where the external electric field
amplitude falls to 1/e of its value at the material surface.
The penetration depth decreases with the increase of the
frequency of the electric field and with the increase of the
loss factor, which is the imaginary part of the relative
complex permittivity [6].



Concerning the environmental impact, microwave
heating is preferable to the conventional one since it has
no direct CO, emissions [7]. On the other hand, there are
several physical mechanisms in microwave heating that
can turn out to be disadvantageous. Firstly, since the
electromagnetic field is strongly coupled with the thermal
field it is necessary to establish a method to control the
process in order to have efficiencies as high as possible,
i.e., by keeping the electric field peaks over the material
to be heated. This can be done by changing the cavity
geometry or the material position within the cavity. Sec-
ondly, some materials like glass and other ceramics, have
a loss factor, i.e., the imaginary part of the complex per-
mittivity, that increases sharply with the temperature.
Since the power absorbed by the material is proportional
to the loss factor, a feedback mechanism usually called
thermal runeway can occur leading to hotspots whose
temperature grows uncontrollably [8-10].

Besides food industry where microwave heating has
proven to be extremely effective, there are several other
applications, namely in the glass industry, where this
heating source is emerging with promising results.

Clemens and Saltiel [11] presented a detailed numeri-
cal model to solve the coupled electromagnetic-thermal
problem using the finite difference time domain method
(FDTD). The purpose of the study was to understand the
influence of the working frequency, load size and dielec-
tric properties of the heated material. Simulations with
different load sizes indicated that there is a critical size
which is related to the cut-off frequency phenomenon,
i.e., when the distance between the load and the cavity
walls is less than half of a wavelength. The waves are
strongly attenuated as they try to pass around the load
and, consequently, the effective surface area for wave
penetration is reduced leading to a power absorption de-
crease. Taking that phenomenon into account, the study
reports that above the critical size, the microwave effi-
ciency, i.e., the ratio between the power absorbed and the
power input, decreases. Below the critical size, the micro-
wave efficiency rises until critical conditions are achieved.

Mimoso et al. [12] developed a numerical model in
COMSOL Multiphysics in order to simulate the continu-
ous microwave glass melting process in a single-mode
cavity operating at 2.45 GHz in a TE;; mode with an alu-
mina vertical container tube passing through it. A moving
plunger was considered to allow the impedance matching
during the simulations. In order to obtain steady-state
solutions for different operation conditions with high mi-
crowave efficiency and sufficiently high outlet tempera-
tures, a MATLAB code was developed to allow for both
power input and plunger position control during succes-
sive transient electromagnetic-thermal simulations. The
results obtained showed that the plunger adjustment has
a significant impact on the steady-state microwave effi-
ciency.

Yousefi et al. [13] developed a numerical model on
ANSYS Multiphysics software to investigate the effects of
inlet velocity, cavity height and applicator tube diameter
on the process of microwave heating of continuous flowing
water. Regarding the effect of the inlet velocity, the re-
sults showed that the power absorbed increased with the
inlet velocity. Since the power input was kept constant,
it implies that a rise in the inlet velocity will cause an
increase in the microwave efficiency. This was justified by
the increase of the water dielectric properties with de-
creasing temperature. As for the influence of the applica-
tor tube diameter, the results showed that there is a
critical diameter that is dependent on the dielectric
properties, which decreases with the increase of the loss
tangent. This agrees with the conclusions drawn by
Clemens and Saltiel [11]. For diameters below the critical
value, the microwave efficiency increases with increasing
inlet velocity as discussed above. However, the results
showed that for diameters above the critical value, the
microwave efficiency decreases with increasing inlet ve-
locity.

The main objective of this work is to develop a nu-
merical model to study the continuous flow glass melting
process, while using microwave radiation as the heating
source. COMSOL Multiphysics is the selected commercial
software since it has been widely used in several studies
involving the coupling of electromagnetic and heat trans-
fer physics [10],[12]. In order to obtain steady state solu-
tions with maximum efficiency, minimized power input
and with all the material to be processed at the outlet, a
MATLAB algorithm will be developed following the pre-
vious works of Mimoso et al. [12] and Mendes [14]. It is
the purpose of this work to analyze the evolution of the
glass heating and melting process. A parametric study
will be carried out to study the influence of the applicator
tube inner diameter and mean flow velocity in the global
efficiency of the process.

2. Background
2.1. Maxwell’s equations

The Maxwell’s equations are a set of four equations
that constitute the basis for the electromagnetic theory,
describing the interaction between the electric and mag-
netic fields. Faraday’s law of induction, Maxwell-
Ampere’s law, electric and magnetic Gauss’s laws are,

respectively, found below:
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where E is the electric field [V/m], B is the magnetic flux
density [Wb/m?], H is the magnetic field [A/m], J is the



electric current density [A/m?], D is the electric displace-
ment or electric flux density [C/m?], p, is the charge den-
sity [C/m3] and ¢ is time [s]. The following equations are
the constitutive relations that describe the macroscopic
properties of a linear isotropic medium, where the electric
and magnetic fields exist, and show how those fields re-
late to each other:
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where € is the permittivity [F/m], p is the permeability
[H/m] and o is the electrical conductivity [S/m] of the
medium. Assuming that the fields have an harmonic time
dependence, phasor notation can be applied and Equa-
tions (1) and (2) can be rewritten as:

VxE=—joB (8)

VxH=]+jwD (9)

2.2. Complex permittivity and penetration depth
Assuming that all the fields are time-harmonic, re-
calling Equation (5) and knowing that:

D =¢E = ¢E +P (10)
where €, is the permittivity in vacuum and P is the po-
larization [C/m?], the vector D is the result of the sum of
two harmonic waves. Due to polarization of dipole mole-
cules there is a lag in phase between P and E. Knowing
that the sum of harmonic waves with the same angular
frequency, w, but with different phase angles, is still an
harmonic wave with the same angular frequency, w, but
with different phase angle, it can concluded that D will
not be in phase with E. This means that the permittivity,
€, must be a complex number:

€=lele O = €' —je" = ey(el — je

(11)

where €;. is the real part of the relative permittivity, usu-
ally known as dielectric constant, €, is the imaginary part
of the relative permittivity, known as loss factor and &, =
tan~1(e) /€).) is the phase mismatch between D and E.
In the literature tan §; is known as the loss tangent and
its value gives information about the material ability to
absorb microwave radiation and converting it into heat
[15]. The dielectric constant, €, describes the ability of
the material to store electric energy.

The penetration depth, § [m], is an extremely im-
portant parameter in microwave heating. By definition &
is the depth within the material where the external elec-
tric field amplitude has dropped to 1/e, around 37%, of
its value at the material surface. The value of the pene-
tration depth is given by [6]:
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where ¢ = 1/,/uo€y is the speed of light in vacuum [m/s]

and W, is the permittivity in vacuum. Regarding Equa-

(12)

c
" 2nf e

tion (12) it can be concluded that the penetration depth
is influenced by the working frequency, f, decreasing as
the frequency increases. It is also dependent on the die-
lectric constant, €., and on the loss tangent, €, /€;., de-
creasing as both parameters increase.

2.3. Poynting Theorem and microwave dissipated power

The cross product between the electric and magnetic
fields is called the Poynting vector, S , and has units of
W/m?, which means that it represents an energy flux
density. For a closed surface S, the energy flux that
crosses it is given by:

ExH) #dsS = ﬁa—B—E a—D—i* dv
ffeexiy-sas= |-

Equation (13), which consists in an electromagnetic

(13)

energy balance, expresses the Poynting theorem. It states
that the amount of power that leaves the enclosed sur-
face, S, equals the rate of decrease of stored electric and
magnetic energies plus the losses that are dissipated
within the volume, V;. If it is assumed that all the fields
are time-harmonic, the so-called complex phasor form of
the Poynting theorem can be written as:
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It can be shown that the real part of Equation (14)
represents twice the time-averaged power that crosses the
closed surface S. The expression:

Q = (0 + wepel)EE /2 (15)

which units are W/m3, represents the power that is dis-
sipated and converted into heat by Joule effect and
mainly by friction mechanisms due to the dipolar relaxa-
tion phenomena.

2.4. Momentum and continuity equations
A laminar, incompressible flow is characterized by the
continuity and Navier-Stokes equations, respectively:
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where U is the velocity [m/s], P is the pressure [Pa], p is
the fluid density [kg/m3] and v is the kinematic viscosity
[m?/s]. The continuity equation, which describes a mass
balance, shows that for an incompressible fluid, i.e., when
p is contant, the divergence of the velocity is zero. The



Navier-Stokes equation represents a momentum balance
for an infinitesimal control volume.

2.5. Heat equation

The non-stationary heat transfer process is described
by the transient heat equation which gives the thermal
field solution:

a -
57 (PCT) +U-V(pC,T) =V-(kVT) +Q (1)

where C, is the specific heat capacity [J/(kg- K)], T is the
temperature [K], k is the thermal conductivity
[W/(m-K)] and Q [W/m?3] is the heat source term. The
second term on the right-hand side, @, is the power source
which enables the coupling of the Maxwell’s equations
with the heat transfer one. Regarding Equation (15), it is
important to observe that two heating mechanisms are
present, which are the Joule and the dielectric loss effects,
represented, respectively, by the following expressions:
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2.6. Numerical simulations with COMSOL Multiphysics

It was previously stated that the process of microwave
heating involves the coupling of the Maxwell’s and heat
equations. Since the thermal and dielectric properties of
glass are highly dependent on temperature, an iterative
method is necessary to obtain a coupled solution. If it is
assumed that the electromagnetic fields are harmonic and
the frequency is fixed, some simplifications can be made
in the Maxwell’s equations, and after some algebra the
Helmholtz equation in the frequency domain is obtained:

Vx (7 x B) - k3elF + k2 (L+ e;')ﬁ =0 (19)
Hr wEy
Given an initial temperature distribution, the electric

field is calculated using Equation (19). The microwave

power dissipated is then calculated using Equation (15)

and introduced in the heat equation. After that, the ther-

mal field is computed using Equation (17) and the tem-
perature dependent properties are updated, before the

Helmholtz equation is solved again. This iterative scheme

is repeated until a solution is achieved.

3. Numerical model
3.1. Geometry and material properties

In order to numerically simulate the glass melting
process, a geometry of the microwave cavity was defined,
which consists of a standard WR-340 rectangular wave-
guide behaving as a single-mode cavity vertically tres-
passed by an applicator tube, where the glass flows. The
exterior walls of the cavity and tube are covered by an
insulation material intended to minimize the thermal
losses. For a better visualization, the geometry described
above is depicted in Figure 1. The microwave cavity is

filled with air and its length is controlled by the plunger
position. In order to keep the electric field peak near the
load location, maximizing the microwave efficiency, the
plunger position varies during the heating process.

Glass inlet

\nsulation

M-\c(owa‘les' ! Moving plunger

Glass outlet

Figure 1: Microwave cavity geometry designed for the nu-
merical study of the glass melting process.

Regarding the materials used in each domain, an alu-
minum alloy was chosen for the cavity walls and moving
plunger and an alkaline earth silicate wool was considered
for the insulation. Boron nitride was the selected material
for the applicator tube due to its high operating
temperature and microwave transparency behavior and a
soda-lime silica glass was the material chosen to be pro-
cessed and studied in this work. Data for the glass den-
sity, p(T), dielectric constant, €.(T), and loss factor,
€/ (T), were provided by [16]. To obtain the temperature
dependent curves of the thermal conductivity, k(T), and
specific heat capacity, C,(T), a mass weighted method
was applied considering the data found in the literature.
Information about the thermal conductivity was found in
[17-19]. As for the specific heat capacity, information was
obtained in [20]. A reference value for the emissivity of
glass powder, €, and for the glass melting temperature,
Ty [K], was found in [21-22], respectively. Concerning the
value of the latent heat of fusion, Ly [J/kg], a mass
weighted value was obtained with the information found
in [20]. Data for the dynamic viscosity, u, [Pa-s], was
obtained in [23]. During the numerical simulations, a
linear extrapolation was used for temperatures outside of
the ranges, which were defined by the data available in
the literature.

3.2. Boundary and initial conditions

All the boundaries of the wave equation domain were
considered as perfect electric conductor, except for the
cavity inlet and tube inlet and outlet boundaries, where
port and scattering boundary conditions were used,
respectively. In this study, the port boundary simulates
the inlet of a TE;, wave with a specified power, Py, [W],
at a 2.45 GHz fixed frequency. The scattering boundary
condition simulates microwave leakage in the boundaries
where it was applied.

Concerning the boundary conditions used in the ther-
mal interface, an outflow boundary condition was given
to the applicator tube outlet surface. Radiation and



natural convection heat fluxes were imposed to the exte-
rior surfaces of the microwave cavity and the ambient
temperature, Tymp, Was set to 293 K. The convection co-
efficients, h, were calculated for all the exterior surfaces
depending on their orientation relatively to the gravita-
tional vector, g, using empirical correlations found in [24-
25]. To consider the energy exchange by radiation be-
tween the interior walls of the microwave cavity, the dif-
fuse surface boundary condition was applied in those re-
gions simulating surface-to-surface radiative heat fluxes.

Finally, at the applicator tube inlet, a heat flux
boundary condition was applied, which represents the
power required to rise the glass temperature from T, to
T. This heat flux, integrated over the inlet area, S;y,, is
given by:

Qun = ﬂ [p(ﬁ-ﬁ’) fC,,(T)dT dA (20)
Sin T,

where U is the local velocity [m/s], 7 is the surface unit
normal vector, Ty is the temperature at which the glass
is introduced in the system [K], defined as Ty = 293 K,
and T is the local temperature [K]. As for the initial con-
ditions, a temperature of 293 K was set to all domains
except for the glass region, where a linear temperature
profile was assigned, with a value of 293 K at the inlet
and a value of 1293 K at the outlet.

With respect to the boundary conditions applied to
the flow interface, the inner walls of the applicator tube
were modelled with a no-slip boundary condition. For the
inlet surface a mass flow boundary condition was applied
and atmospheric pressure was imposed at the outlet sur-
face.

3.3. Phase change numerical modelling

There are several methods to model numerically a ma-
terial phase-change. COMSOL uses an apparent specific
heat capacity, C,,app (T), in the heat equation to account

for the glass phase-change and given by:

do
Cpapp(T) =C,(T) + Lfﬁ (21)
where 8 represents the fraction of liquid phase, modelled
as a smooth ramp function in the temperature interval
between Ty, —AT/2 and T,, + AT /2, where AT is a user
that

difference between the beginning and the end of the phase

defined parameter specifies the temperature

change process.

3.4. MATLAB microwave melting controller code

To understand the controlling process developed in
this work, some concepts must firstly be introduced to
the reader. The fraction of the power input that is re-
flected is given by:

Pref
— = |8,.]?
oL = 11l

mn

(22)

where Pror [W] and Py, [W] are the reflected and input
microwave powers, respectively, and S;; is the reflection
coefficient. Since the model can compute the radiation
leakage, P, [W], that may occur across the tube inlet and
outlet, the microwave efficiency, nyy, is given by:

P abs

Py
=Nyw = 115112 P (23)

P in in
where P,y [W] is the microwave power absorbed by the
glass and tube. The thermal efficiency, 1, which is the
fraction of the absorbed power that actually contributes
to the heating and phase change of the glass, since some
of it will be lost by radiation and convection across the
external surfaces of the microwave cavity is given by:

Py

P abs

Nr = (24)
where Py is the sum of the sensible heat, SH [W], respon-
sible for the glass temperature rise from Ty to T, which is
the local temperature at the tube outlet, and the latent
heat, LH [W], responsible for the glass phase change:

The global efficiency of the process, 1, represents the
fraction of the total power input that contributes to the
melting of the glass, and is given by:

Py
N = P_'B = Nuwnr0
A

(25)
where the variable 8 is used to penalize the global effi-
ciency when the glass is not totally processed when
leaving the system.

The main goal of this work is to simulate the glass
melting process and study the influence of several opera-
tional conditions on its global efficiency, n;. To achieve
this objective, at steady-state, the glass must be totally
in a melted state at the tube outlet, so it is necessary to
provide enough microwave power to rise the glass tem-
perature from T, to a temperature, T, which must be
greater than the glass melting temperature, Tp,. Since
T = 1450 K, it was decided that an outlet average tem-
perature of Ty, = 1600 K should be obtained at steady-
state. Besides the required sensible heat, the latent heat
must be considered, i.e., the additional power for the
phase-change. The latent heat is defined by the material’s
mass flow rate times its latent heat of fusion. Since the
microwave cavity is not completely insulated, thermal
losses, Pyyss [W], will arise as the system temperature in-
creases. To achieve the desired outlet average tempera-
ture, the power input must account for those thermal
losses. To achieve the desired outlet conditions, another
essential parameter that must be considered in the calcu-
lation of the power input is the microwave efficiency. The
required microwave power input is given by:
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To get a converged solution with the desired outlet
conditions using the required power input it is necessary
to run transient simulations during a defined physical
time, Atg. After each simulation, both microwave effi-
ciency and thermal losses must be extracted from the re-
sults in order to update the power input. This process
must be repeated until the transient term of the heat
equation is below a user defined limit, meaning that
steady-state was achieved. Being this is a very time-con-
suming method that requires constant supervision, a
MATLAB code was developed to automatically control
the glass melting process.

The MATLAB controller code consists of the follow-

ing steps:

1. Set the input parameters for the MATLAB code,
namely: the material mass flow rate, the tube’s inner
diameter, the desired glass outlet average temperature,
Tout = 1600 K in this Thesis, the glass inlet tempera-
ture, the physical duration of the transient simula-
tions, the initial plunger position and the initial micro-
wave efficiency.

2. With the data given in 1, compute the initial power
input using Equation (26) assuming no thermal losses
since they are not known a priori.

3. Load the COMSOL model.

4. Assign the data given in 1 and the power input com-
puted in 2 to the COMSOL model.

5. Start 1% loop: Getting a steady-state solution.

5.1. Run a transient simulation with a total time of
At,.

5.2. Extract all the relevant data, namely the thermal
losses, the microwave leakage, the value of the
transient term of the heat equation and the power
absorbed by the glass.

5.3. Start 2" loop: Plunger position update.

5.3.1. Run a parametric study for the actual and

adjacent plunger positions.

5.3.2. If the maximum value of 1 — |S;4|? is found
on the actual position, with the microwave
leakage obtained in 5.2 compute the new
microwave efficiency. Leave 2™ loop and go
to point 5.4.

5.3.3. If not, the position with the highest value

for 1 —|S;1|? is defined as the actual one
and start 2" loop again from point 5.3.1.
5.4. Compute the new power input with the data ex-
tracted in 5.2 and computed in 5.3.2 using Equa-
tion (26).

5.5. If the value of the transient term of the heat equa-
tion is less than 0.1% of the power absorbed by
the glass, steady-state solution has been achieved.

Save the converged model. Leave 1% loop and go
to point 6.
6. End of the MATLAB controller code.

4. Results and discussion

4.1. Melting process control and converged solution
This section presents the evolution of the melting pro-
cess controlled by the MATLAB code until steady-state
is achieved for a mass flow rate of m = 3.6 kg/h and tube
inner diameter of d; = 30 mm. To improve the heating
uniformity, rotation was imposed to the tube. In the fol-
lowing figures, some relevant variables are plotted versus
the physical time. In Figure 2.a, the evolution of the con-
trol variables from the MATLAB algorithm are pre-
sented. Regarding the microwave efficiency curve, it is
observed that after the initial iterations, the plunger ad-
justment has little influence on the microwave efficiency.
This behavior can be explained by the cut-off frequency
phenomenon reported in [11,13,15].
As the temperature of the glass starts to increase, so do
its dielectric properties [16]. Recalling Equation (12), the
penetration depth, &, decreases when the dielectric
properties increase and, since, in the present case, the ra-
tio §/r; is very small, being r; the inner radius of the
applicator tube, the microwave absorption occurs in a
thin layer facing the incoming radiation, which sees the
glass material as a poor absorber. So, for the present case
where tube’s inner diameter is d; = 30 mm, the distance
between the tube’s inner surface and the waveguide walls
is not enough to allow the propagation of the radiation,
meaning that the electric flied is very low in the region
between the load and the moving plunger. For that rea-
son, the plunger position adjustment has little influence
on the microwave efficiency in this configuration.
Regarding the power input evolution, it is observed
that its continuous increase is mainly caused by the de-
crease in the microwave efficiency following Equation
(26). The thermal losses across the exterior boundaries of
the microwave cavity also contribute to the power input
increase. Relatively to the plunger position adjustment,
it has been mentioned that, for the present case, it has
little influence on the microwave efficiency after the first
couple of iterations. However, by running another simu-
lation with d; = 15 mm, keeping the same mean flow ve-
locity, it was observed that the influence of the plunger
position adjustments in the glass heating process is
clearly dependent on the tube’s inner diameter, d;, in-
creasing as the latter decreases, since for smaller diame-
ters the cut-off frequency effect has a lower influence.
These results showed that the use of plunger position ad-
justments is always a better solution than keeping the
moving plunger in a fixed position, allowing a microwave
efficiency increase of 2.5% and 12% for the cases with
d; = 30 mm and d; = 15 mm, respectively.
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Figure 2: (a) Power input, microwave efficiency, transient term of the heat equation and plunger position, (b) average

outlet glass temperature, maximum glass temperature, maximum tube temperature and outlet fraction of melted

material evolutions during the physical time.

With respect to the transient term of the heat equa-
tion, it is shown that it approaches zero from positive
values, meaning that the energy of the system is
increasing, resulting in the rise of the glass temperature,
until steady-state is achieved.

Figure 2.b presents the evolution of the glass average
outlet and maximum temperatures, the tube maximum
temperature and the outlet fraction of melted glass. Re-
garding the glass average outlet temperature, it is noticed
that during the first iteration, its value drops sharply.
This happens because, in the first iteration, the MATLAB
controller does not consider the thermal losses when com-
puting the required power input. After the first iteration,
the glass average outlet temperature continuously rises
until it stabilizes at 1607 K when steady-state is
achieved. It is also important to observe that, after the
initial phase of the heating process, the tube maximum
temperature approaches the glass maximum temperature,
both being practically the same during the rest of the
simulation. This happens because, as verified above, the
microwave absorption occurs in a very thin layer of glass
near the tube’s inner walls, so both maximum tempera-
ture locations are near each other reducing the margin for
differences. The curve representing the outlet fraction of
melted glass shows that, at steady-state, the exiting glass
is completely processed as desired. The overall steady-
state results are summarized in Table 1 and show that
the MATLAB controller can provide a steady-state solu-
tion with the required outlet conditions. The low global
efficiency value is clearly related to the low ratio §/7;,
which suggests that smaller diameters should be used.

4.2. Tube inner diameter and mean flow velocity com-
bined parametric study

In this subsection a parametric study is presented to

show how the tube inner diameter and mean flow velocity

affect the global efficiency of the melting process and thus

to give some support in the design stage of a microwave

continuous system, and also to find the operational con-
ditions that maximize the global efficiency of this process
within the given study domain. To find the best opera-
tional conditions, several simulations were done with dif-
ferent values of d; and Ugy.. The analyzed tube inner
diameters and mean flow velocities were changed in the
125mm <d; <30mm and 0.64 mm/s <
Ugpe < 11.50 mm/s, respectively.

intervals

Table 1: Steady-state results for the glass melting pro-
cess with d; = 30 mm and 7 = 3.6 kg/h.

Variable Value
Power input, Py, [W] 8722
Sensible heat at outlet [W] 1553
Latent heat at outlet [W] 388
Thermal losses, Pposs [W] 1251
Outlet Fraction of melted material, 8 [%)] 100
Glass average outlet temperature, T,y [K] 1607
Microwave efficiency, nyw [%] 37
Thermal efficiency, ny [%)] 61
Global efficiency, ng [%] 23

For each simulation, the converged values for the mi-
crowave efficiency, npw, thermal efficiency, ny, outlet
fraction of melted material, 8, and global efficiency, 7n¢,
were stored and plotted against both d; and Uy, creating
three-dimensional surfaces. These surfaces are presented
in Figure 3 in a top view for better visualization. The
global efficiency surface provides the information about
the combination between d; and Uy, that should be used
to minimize the energy consumption in the glass melting
process. However, since the global efficiency is obtained
from the product between the values of Ny, Ny and 6,
to understand its behavior, it is indispensable to firstly
examine the trends of the other three quantities. In the
first place, a detailed description of the microwave effi-



ciency surface will be given, followed by a briefer descrip-
tion of the nr and 6 ones.

By observing Figure 3.a, which represents the micro-
wave efficiency dependence on both d; and Ugy,, it can
be observed the existence of two classes of diameters. For
the second-class diameters, d; = 20 mm, there is a clear
tendency for the microwave efficiency to continuously de-
crease as the mean flow velocity increases. This happens
due to the strong influence of the cut-off frequency effect
and to the low penetration depths observed in the glass
material, caused by the very high values of its dielectric
properties at high temperatures [16]. For smaller diame-
ters, belonging to the first class where 12.5 mm < d; <
20 mm, the microwave efficiency firstly increases with the
mean flow velocity and at a certain critical point reaches
a maximum value. Then, for velocities higher than the
critical one, the microwave efficiency starts to drop. The
evolution of this surface also shows that the microwave
efficiency tends to continuously increase as the tube inner
diameter decreases for all mean flow velocities studied. It
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is, however, important to recall that this tendency is
strongly related to the lower penetration depths of the
glass at high temperatures.

Figure 3.b, shows that for almost all simulations the
glass leaves the tube totally processed. It is only for large
diameters and with high mean flow velocities that the
value of 8 starts to drop and affects the global efficiency.
Analyzing Figure 3.d, it can be stated that the thermal
efficiency continuously grows with the increase of both d;
and Ugy,. After analyzing the microwave and thermal ef-
ficiencies surfaces as well as the variation of the outlet
fraction of melted material in the defined study domain,
Figure 3.c, describing the global efficiency, can be com-
mented. It can be observed that, for all studied diameters,
the global efficiency rises with the increase of the mean
flow velocity until a critical value is reached, where a
maximum efficiency is achieved. In a general way, this
critical velocity increases as the diameter decreases. After
the critical velocity, the global efficiency tends to drop
and then stabilize.
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Figure 3: Combined influence of the tube inner diameter, d; [mm], and mean flow velocity, Ug,e [mm/s], on the (a)

microwave efficiency, nyy, (b) outlet fraction of melted material, 8, (¢) global efficiency, ¢, and (d) thermal efficiency,

nr

This behavior is due to the influence of the thermal effi-
ciency on the microwave process. For low velocities, the
global efficiency curve shows low values due to the very
low thermal efficiencies.

Since for high mean flow velocities, the thermal effi-
ciency tends to stabilize for values close to unity, its in-

fluence on the global efficiency vanishes. On the other
hand, the curve of 6 only affects the global efficiency for
diameters close to d; = 30 mm at very high velocities.
For that reason, and since the highest values of the mi-
crowave efficiency are in the region where the thermal
efficiency has little influence and the value of 6 has no



influence at all, the parameters that maximize the global
di=15mm and U,y = 8.50mm/s,
corresponding to a mass flow rate of m = 11.92 kg/h.

efficiency are

The converged results for these operational conditions are
summarized in Table 2 and illustrated in Figure 4.

Table 2: Steady-state results for the glass melting pro-
cess with d; = 15 mm and m = 11.92 kg/h.

Variable Value
Power input, Py, [W] 11952
Power absorbed, Pg,s [W] 7331
Sensible heat at outlet [W] 5129
Latent heat at outlet [W] 1286
Thermal losses, Pposs [W] 916
Microwave efficiency, Ny [%] 61
Thermal efficiency, ny [%)] 88
Global efficiency, n¢g [%] 54
Specific energy consumption, SEC [k]J/kg] 3605

Observing the obtained value for the specific energy
consumption, SEC, which represents the amount of
energy required to process 1 kg of glass, and comparing it
to the reference value for the conventional process,
SEC.ony = 7800 KkJ/kg given in [1], it can be concluded
that energy savings of almost 54% can be achieved using
the microwave melting process.

The results showed that the microwave power re-
flected represents 24% of the microwave power input,
while 15% is escaping as microwave leakage. For these
operational conditions, a microwave efficiency of npyy =
61% was achieved. Of the power that is effectively ab-
sorbed by both glass and tube, 70% is being used to heat
the glass from 293 K to 1600 K, 18% is being used in the
glass phase change and only 12% is being lost as convec-
tion and radiation through the microwave cavity exterior
walls. Since only the sensible and latent heat are useful
power in the process, the thermal efficiency is, for this
case, Ny = 88% and a global efficiency of n; = 54% was
achieved.

m Power reflected
mPower leskage
m sensible heat
M Latent heat

w Thermal losses

Figure 4: Complete energy balance of the microwave
cavity for the case with d; = 15 mm and . = 11.92 kg/h

5. Conclusions

A continuous flow microwave heating unit with the
purpose of melting glass was developed and modelled in
this The COMSOL

Multiphysics was used to numerically simulate the glass

work. commercial software
melting process by coupling the electromagnetic and ther-
mal physics. Three-dimensional transient simulations
were run in order to achieve steady-state results with the
desired outlet conditions and with the lowest possible
power input. To reach this objective, the transient simu-
lations were controlled by a developed MATLAB algo-
rithm coupled to the COMSOL interface. This algorithm
allowed to control the cavity geometry with a moving
plunger, enabling the optimization of the process effi-
ciency, and to control the power input delivered by con-
sidering the thermal losses, the microwave efficiency
variations, as well as the power required to heat and melt
the flowing material.

The thermal history for the given operational condi-
tions was studied in detail showing that the MATLAB
code was able to control the simulation until a steady-
state solution was achieved. The results showed that the
outlet conditions defined by the user were achieved and
temperature-related problems, such as the thermal runa-
way phenomenon, were not observed.

The influence of the applicator tube inner diameter
and mean flow velocity on the global efficiency of the
glass melting process was analyzed through an innovative
parametric study. The results showed that, for the de-
fined study domain, operational conditions that maximize
the global efficiency of the process can be found and that
their values are strongly related to the penetration depth
of the processed material which depends on its dielectric
properties. For these conditions it was observed that
using microwave energy as the heating source for melting
glass allowed for energy savings of almost 54% relatively
to the conventional process.
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